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1) Treatment Scenarios 82 
This section outlines the main assumptions and sources of data used for modeling the different 83 
treatment scenarios. It includes system boundaries and flow diagrams for the treatment scenarios 84 
not shown in the research article (CAS+AD and AeMBR+AD, Figure S1). The influent 85 
wastewater for each system was assumed to be medium strength domestic wastewater, as defined 86 
by Metcalf & Eddy (Table S1).1 Grit removal was assumed to remove 90% of inert solids in the 87 
influent.  88 
 89 

 90 
 91 
Figure S1. System boundary of CAS+AD and AeMBR+AD. 92 

 93 
Table S1. Typical composition of untreated domestic wastewater. 94 

Concentration
1
 

Contaminants Unit Medium strength High strength 

Solids, total (TS) mg/L 720 1230 

Dissolved, total (TDS) mg/L 500 860 

Fixed mg/L 300 520 

Volatile mg/L 200 340 

Suspended solids, total (TSS) mg/L 210 400 

Fixed mg/L 50 85 

Volatile mg/L 160 315 

Settleable solids mg/L 10 20 

Biochemical oxygen demand, 5-d mg/L 190 350 

Total organic carbon (TOC) mg/L 140 260 

Chemical oxygen demand (COD) mg/L 430 800 

Nitrogen (total as N) mg/L 40 70 

Organic mg/L 15 25 

Free ammonia mg/L 25 45 

Nitrites mg/L 0 0 
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Nitrates mg/L 0 0 

Phosphorus (total as P) mg/L 7 12 

Organic mg/L 2 4 

Inorganic mg/L 5 8 

Chlorides mg/L 50 90 

Sulfate mg/L 30 50 

 95 

A. Anaerobic Membrane Bioreactor (AnMBR) 96 
The process flow diagram for AnMBR is shown in Figure S1. AnMBR performance was based 97 

on published performance results from pilot and lab scale systems. Specifically, AnMBR COD 98 
removal was assumed to be 90% at 25°C2-4 and 85% at 15°C2, 5, 6 for medium and high strength 99 
domestic wastewater. It was not modeled using GPS-X, which uses deterministic models, 100 
because the current anaerobic models (e.g., ADM1) are not accurate for direct anaerobic 101 
treatment of domestic wastewater at ambient temperatures as they were designed for high 102 
strength wastewater and sludge treatment at mesophilic and thermophilic temperatures. The ratio 103 
of COD to BOD5 in the effluent was assumed to be 3.04:1, based on bench-scale results.6 The 104 
kinetic and stoichiometric constants used to describe the biomass inventory are given in Table 105 
S2. The amount of sludge wasted to achieve a 200-day SRT was calculated based on equation 1 106 
from Grady et al.7 The mixed liquor suspended solids (MLSS) concentration was calculated 107 
using equation 2.  108 

 109 

Figure S2. Process flow diagram for AnMBR. 110 
 111 
Table S2. Kinetic parameters used for AnMBR biomass inventory. 112 

Parameter Symbol Units Value Arrhenius Reference 

Decay coefficient fD mgTSS mgTSS-1 0.2 1 7 
Decay rate bH day-1 0.02 (at 35 °C) 1.04 7 

Yield YTSS mgTSS mgCOD-1 0.076 1 8 

 113 
 114 

  ������,� � �
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�	����� �  (eq. 1) 115 

 116 
 WTOTAL,T = Biomass wastage, kgTSS day-1 117 
 Q = Influent flow, L day-1 118 
 XI,O = Influent inert solids, mg L-1 119 
 YT = Yield, mgTSS mgCOD-1 120 
 θ = SRT, days 121 

Influent 
Fine Screen/  
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AnMBR Effluent 

Gravity Belt 
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Land Application 
or Landfill 

Incinerator 



 S5

 fD = Decay coefficient, mgTSS mgTSS-1 122 
 bH = Decay rate, day-1 123 
 SS,O = Influent soluble carbon, mg L-1 124 
 SS = Effluent soluble carbon, mg L-1  125 

 126 

 �,� � �� � !�,� � �	��������������,�����
	���� "   (eq. 2) 127 

  128 
 XM,T = MLSS, mgTSS L-1 129 
 XI,O = Influent inert solids, mg L-1 130 
 YT = Yield, mgTSS mgCOD-1 131 
 θ = SRT, days 132 
 τ = HRT, days 133 
 fD = Decay coefficient, mgTSS mgTSS-1 134 
 bH = Decay rate, day-1 135 
 SS,O = Influent soluble carbon, mg L-1 136 
 SS = Effluent soluble carbon, mg L-1  137 

 138 
Biogas production from the AnMBR was calculated by subtracting the COD used for sulfate 139 
reduction and the COD associated with biomass from the total COD removed. Dissolved 140 
methane was calculated using Henry’s law (equation 3) and assuming an oversaturation of 1.5 141 
times.6 142 
 143 

  #$%,&'(()*+,& � -./�0	
2/�0

3 �4�54�6207�89��1000�  (eq. 3) 144 

 145 
CH4,dissolved = dissolved methane concentration, mg L-1 146 
PCH4 = partial pressure of methane, atm 147 
HCH4 = Henry’s constant for methane, atm 148 
M = Molarity of solution, mol L-1 149 
MWCH4 = molecular weight of methane, g mol-1 150 
OS = Oversaturation (assumed 1.5) 151 

 152 
The membranes were assumed to be GE ZeeWeed 500D hollow fiber membranes (HFMs). The 153 
membranes themselves were the only materials accounted for in the LCA as they were the only 154 
component of the membrane unit replaced at the end of the membranes’ life. The membranes 155 
were made of polyvinylidene fluoride (PVDF), a thermoplastic material. Material quantities were 156 
estimated based on HFM dimensions, PVDF density, and membrane area required to achieve a 157 
given flux. ZeeWeed 500D HFM specifications are given in Table S2.  158 
 159 
Table S3. GE ZeeWeed 500D hollow fiber membrane specifications. 160 

Parameter Value Units 

Outer diameter 0.0019 m 
Inner diameter 0.0008 m 
Density, PVDF 1.78 g (cm3)-1 

 161 
Membrane cleaning requirements were based on GE recommendations for their ZeeWeed 500D 162 
units.9 Membranes were cleaned in-situ by back flushing with 12% sodium hypochlorite and 163 
citric acid. Recovery cleans involved removing the membranes from the system and soaking 164 
them in a bath of 12% sodium hypochlorite followed by a soak in citric acid. 165 
 166 

 167 
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 168 
B. High Rate Activated Sludge with Anaerobic Digestion (HRAS+AD) 169 
HRAS+AD was modeled using GPS-X (Hydromantis, Inc.). The process flow diagram is given 170 
in Figure S3. Kinetic and stoichiometric parameters used in the model are shown in Table S4 and 171 
were taken from Grady et al.7 The parameters were based on measurements made using biomass 172 
from CAS systems. HRAS, which operates at a significantly shorter SRT than CAS, might select 173 
for different organisms than CAS with slightly different kinetics and yields. However, because 174 
there is limited information published on kinetic parameters specific to HRAS, CAS parameters 175 
were used in the model. While this is a limitation in that it may not accurately capture sCOD 176 
uptake and storage, COD oxidation, and bioflocculation, the performance of the modeled HRAS 177 
was consistent with real systems’ performances.  The nitrifier parameters were of limited 178 
importance in the HRAS system as the SRT is 1.5 days, which is below the minimum SRT for 179 
nitrifying populations (ammonia and nitrite oxidizing bacteria). A sludge volume index (SVI) of 180 
210 ml/mg, consistent with the selected SRT, was used for modeling secondary clarification. The 181 
kinetic parameters in Table S4 were also used to model the CAS and AeMBR. Effluent quality 182 
for HRAS+AD, CAS+AD, and AeMBR+AD were based on GPS-X outputs. 183 
 184 

 185 
 186 
Table S4. Kinetic and stoichiometric parameters for heterotrophs (H) and nitrifiers (N) used in GPS-X 187 
models (µ = specific growth rate; K = half saturation coefficient; Y = yield; b = decay rate; fD = decay 188 
coefficient). 189 

Parameter Units Value at 25°C Arrhenius

µH, max day-1 6.00 1.094 
Ks mg-COD L-1  20.0 1 

YH,T mg-TSS mg-COD-1 0.50 1 

bH day-1 0.396 1.029 
fD mg-TSS mg-TSS-1 0.20  
    

µN, max day-1 0.77 1.114 

KNH mg-N L-1 1.93 1 
KO,N mg- O2 L

-1 0.74 1 
YN,T mg-N L-1 0.20 1 

bN day-1 0.10 1.029 

 190 
The anaerobic digester (AD) was designed with a retention time of 20 days and a side-depth of 6 191 
m. AD temperature was assumed to be 35 °C. In the 15 °C scenario, the earth and air 192 
temperatures were assumed to be 10 and 0 °C, respectively. In the 25 °C scenario, the earth and 193 
air temperatures were assumed to be 10 and 17 °C, respectively. Heat loss coefficients for the 194 
walls, floor, and cover of the digester and the specific heat of sludge are given in Table S5 (all 195 
values taken from Metcalf & Eddy1). The heat required to heat the digester to 35 °C was 196 
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Figure S3. Process flow diagram for HRAS+AD. 
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calculated based on the sludge capacity of the digester, the specific heat of the sludge, and the 197 
heat lost via the walls, roof, and floor of the digester. Waste heat from cogeneration was used to 198 
heat the digester. If additional heat was needed, biogas was used directly for heating the digester 199 
and was calculated assuming an energy content of biogas of 0.0338 m3 MJ-1. 200 
 201 
Table S5. Heat loss coefficients and specific heat of sludge for AD design. 202 

Parameter Value Units 

Walls with insulation 0.7 W m-2 C-1 
Floor in contact with moist earth 2.85 W m-2 C-1 

Floating cover with insulation 0.95 W m-2 C-1 
Specific heat of sludge 4,200 J kg-1 C-1 

 203 

C. Conventional Activated Sludge with Anaerobic Digestion (CAS+AD) 204 
The CAS+AD process flow diagram is presented in Figure S4. An SRT of 10 days was assumed, 205 
allowing for nitrification. The kinetic parameters used to model the CAS are given in Table S3. 206 
The AD used to digest the sludge was designed as described for HRAS+AD. 207 
 208 

 209 
 210 
D. Aerobic Membrane Bioreactor with Anaerobic Digestion (AeMBR+AD) 211 
AeMBR+AD process flow diagram is presented in Figure S5. The membrane materials and 212 
cleaning requirements were estimated as described for AnMBR. The SRT was assumed to be 10 213 
days for the AeMBR, which was sufficient for nitrification to occur, to be consistent with 214 
CAS+AD. The kinetic parameters used to model the AeMBR are given in Table S3. The AD was 215 
designed as described for the HRAS+AD.  216 
 217 
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Figure S4. Process flow diagram for CAS+AD. 
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E. Summary of System Modeling 218 
 219 
Table S6. Model Process Parameters and Effluent Quality for Baseline Scenario (15°C medium strength wastewater). 220 
 221 

System SRT HRT MLSS 

 

cBOD5 

 

COD 

 

Ammonia 

 

Nitrate + 

Nitrite 

 

TSS 

 

 (d) (hr) (mg L-1) (mg O2 L
-1) (mg O2 L

-1) (mg N L-1) (mg N L-1) (mg L-1) 

CAS 10 8 1,380 10.1 53.9 0.5 26.9 18.7 

HRAS 1.5 2 1,210 14.8 57.3 30.7 0.0 18.3 

AeMBR 10 8 3,240 0.8 29.0 0.3 27.0 0.0 

AnMBR 200 8 14,020 21.2* 64.5 40.0 0.0 0.0 

SRT=solids retention time; HRT=hydraulic retention time; MLSS=mixed liquor suspended solids; Q=influent flow rate; SGD=specific gas demand; cBOD5=carbonaceous five-day biochemical 222 
oxygen demand; COD=chemical oxygen demand; TSS=total suspended solids. 223 
*BOD5 224 
 225 
 226 
 227 
 228 
 229 
 230 
 231 
 232 
 233 
 234 
 235 
 236 
 237 
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2) Sludge Handling Scenarios 238 
In all treatment scenarios, the sludge underwent gravity belt thickening and centrifuge 239 
dewatering. Centrifuge dewatering was assumed to produce a cake with 20% solids.1 In the 240 
HRAS and CAS scenarios, primary sludge and thickened waste activated sludge (WAS) were 241 
blended before AD. Polymer (acrylonitrile) was dosed at 5 g per kg of dry solids in both the 242 
thickening and dewatering processes.1  243 

 244 
A. Landfill 245 
For HRAS+AD, CAS+AD, and AeMBR+AD, sludge was stabilized by AD and AnMBR sludge 246 
was lime stabilized.  247 

  248 
B. Land application 249 
Sludge was stabilized for each system as described in the landfill scenario to meet class B 250 
biosolids specifications. Nutrients present in land-applied biosolids were assumed to offset 251 
artificial nitrogen and phosphorus fertilizer use. Biosolids was assumed to offset 0.0196 g of 252 
artificial nitrogen fertilizer and 0.0274 g of artificial phosphorus fertilizer per g VSS of biosolids 253 
applied.10 Electricity consumption and diesel for biosolids application was assumed to be 58.5 254 
kWh and 0.73 kg per dry ton of biosolids.11 255 

 256 
C. Incineration 257 
Incineration was assumed to be an on-site fluidized bed incinerator. The ash produced was 258 
hauled to a landfill for disposal.  259 
 260 

3) Emissions 261 
 262 

A. Life Cycle Inventory 263 
 264 

Energy calculations 265 
Use-phase electrical energy requirements were calculated for each treatment scenario. Pumping 266 
energy requirements were calculated using equation 3.2 from Judd et al.12 Blower energy 267 
requirements were calculated using equation 5-56a from Metcalf & Eddy.1 Gravity belt 268 
thickening and centrifuge dewatering energy requirements were calculated using equations 4 and 269 
5, which were adapted from CAPDETWorks.13 Mechanical mixing energy requirements in the 270 
AnMBR were based on anoxic reactor mixing requirements (8 kW/ 103 m3, Metcalf & Eddy1) 271 
and assuming that the mixer was only “on” a fraction of the time because some degree of mixing 272 
results from the production of biogas. Blend tank design and mixing energy were based on 273 
Qasim (section 16-9).14 274 

 <=>?? , @�A/CDE � �%FF,GHF	IJK
LM ��NO�	'P�,�NQ�R.TU0V
HWX.FX	&YZ(/Z[     (eq. 4) 275 

 #\]>?? , @�A/CDE � �X,
F%,GFX	^_`/Z[��6?a�	'P�,�NQ��Hb,WbH	^_`/Z[
HWX.FX	&YZ(/Z[  (eq. 5) 276 

 277 

Unit Processes Included 278 
Table S6 lists the unit processes considered in the life cycle inventory. Emissions data were 279 
taken from Ecoinvent,15 U.S. LCI,16 and ELCD.17 Table S6 also indicates when modifications 280 
were made to the original database’s emissions and where U.S. data were substituted for 281 
European data. Emissions data for PVDF production were not available in any life cycle 282 
inventory databases, so emissions for polyvinylidene chloride (PVDC) production, a similarly 283 
structured thermoplastic, were used instead. Citric acid, one of the membrane cleaning solutions, 284 
was also not found in any of the life cycle inventory databases. Organic chemical production 285 
(from the Ecoinvent database, which averages emissions from the top 20 organic chemicals 286 
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produced) was used in its place. Land application of biosolids includes offset of artificial 287 
nitrogen and phosphorus fertilizer production, methane emissions, and diesel used during 288 
application.10  289 
 290 
Table S7. Unit processes in life cycle inventory. 291 
Unit Process Source(s) of Emissions Data 

Electricity generation and distribution (U.S. average) U.S. LCI 
Quicklime production U.S. LCI 
Single unit, diesel powered truck U.S. LCI 
Nitrogen fertilizer production U.S. LCI 
Phosphorus fertilizer production U.S. LCI 
Landfill of sludge, including landfill gas utilization ELCD modified with U.S. electricity from U.S. 

LCI 
Incineration process Ecoinvent 
Sodium hypochlorite production, 15% in water Ecoinvent modified with U.S. electricity from U.S. 

LCI 
Cogeneration with biogas engine  Ecoinvent 
Heat produced using biogas (diffusion absorption heat pump 
4kW) 

Ecoinvent modified with U.S. electricity from U.S. 
LCI 

Acrylonitrile (polymer) production U.S. LCI 
Land application of biosolids Ecoinvent and U.S. LCI 
Organic chemical production (top 20 averaged) Ecoinvent 
Polyvinylidene chloride (PVDC) production Ecoinvent 

 292 
 293 
 294 
 295 
 296 
 297 
 298 
 299 
 300 
 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
 309 
 310 
 311 
 312 
 313 
 314 
 315 
 316 
 317 
 318 
 319 
 320 
 321 
 322 
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B. Net energy balance 323 
Net energy balance (NEB) for each treatment system at the two wastewater temperatures 324 
considered (15 and 25°C) for medium strength wastewater is shown in Figure S6 and for high 325 
strength wastewater in Figure S7. 326 
 327 
(A) 328 

 329 
 330 
(B)331 

 332 
Figure S6. Net energy balance (NEB) for medium strength (A) and high strength (B) domestic wastewater at 333 
15 and 25°C. Triangles ( , ) represent the 95% confidence interval of net energy demand from the 334 
uncertainty analysis. For AnMBR, triangles represent uncertainty based on the developed parameter values.  335 
 336 
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C. Impact Assessment  337 
(a)  338 

 339 
 340 
(b)  341 
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(c)  348 
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(d)  351 
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(e) 359 
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(f)  362 
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(i)  381 

 382 
 383 
Figure S7. Environmental impacts of each sludge disposal scenario for medium strength wastewater at 15°C. 384 
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D. Uncertainty parameters 386 
 387 
Table S8. Uncertainty parameters: ranges and data sources. 388 

Uncertainty parameters Units System Baseline 

value 

Low value High value Distribution 

Recycle flow *Influent flow AnMBR (C&F) 2 2 4 Uniform 
*Influent flow AeMBR 2 2 4 Uniform 

Flux LMH AnMBR (C) 10 7 17 Uniform 
LMH AnMBR (F) 10 10 30  
LMH AeMBR 20 15 30 Uniform 

Membrane lifetime Years AnMBR (C&F) 10 5 15 Triangular 
Years AeMBR 10 5 15 Triangular 

Dissolved methane recovered % AnMBR (F) 0 0 100 Uniform 
Methane oversaturation  AnMBR (C&F) 1.5 1 2 Triangular 

 HRAS-AD 5 1 10 Triangular 
 AeMBR-AD 5 1 10 Triangular 
 CAS-AD 5 1 10 Triangular 

Specific gas demand m3 m-2 h-1 AnMBR (C) 0.23 0.10 0.50 Uniform 
  AnMBR (F) 0.23 0.082 0.23 Uniform 
Intermittent biogas sparging % time on AnMBR (C) 100 100 10000 Uniform 

% time on AnMBR (F) 100 25 100 Uniform 
% time on AeMBR 100 10 200 Uniform 

Mixing % time on AnMBR (C&F) 10 0 100 Uniform 
In-situ membrane cleaning 
frequency 

Times/month AnMBR (C&F) 4.33 1.44 4.33 Uniform 
Times/month AeMBR 4.33 1.44 4.33 Uniform 

Recovery cleaning frequency Times/year AnMBR (C&F) 1 1 2 Uniform 
Times/year AeMBR 1 1 2 Uniform 

Heating efficiency of biogas in AD  HRAS-AD 0.75 0.55 0.95 Triangular 
 AeMBR-AD 0.75 0.55 0.95 Triangular 
 CAS-AD 0.75 0.55 0.95 Triangular 

Sludge transport distance (landfill) km (All) 100 10 160 Uniform 
Sludge transport distance (land 
application) 

km (All) 50 10 160 Uniform 

Sludge transport distance 
(incineration) 

km (All) 50 10 160 Uniform 

Note: AnMBR (C) parameters were varied to reflect uncertainty in AnMBR in its current technological state. 389 
AnMBR (F) parameters were varied to reflect uncertainty related to potential future development in AnMBR 390 
technology.  391 
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E. Emissions Magnitudes 
Table S9. The base case, mean, 2.5th, and 97.5th percentile values from each system’s Monte Carlo simulation (medium strength wastewater, aggregate sludge practice). 

   
Acid. Car. Eco. Eut. GW NC OD RE Smog 

CAS 

15o
C 

Base case 6.95E+02 3.64E-05 1.12E+03 -1.87+00 1.76E+03 1.29E-04 5.37E-05 1.69E+00 1.09E+02 

Mean 7.06E+02 3.67E-05 1.11E+03 -1.85E+00 1.79E+03 1.30E-04 5.39E-05 1.72E+00 1.10E+02 

2.50% 5.58E+02 3.17E-05 8.80E+02 -2.03E+00 1.42E+03 1.03E-04 5.21E-05 1.33E+00 8.56E+01 

97.50% 9.39E+02 4.44E-05 1.37E+03 -1.58E+00 2.33E+03 1.67E-04 5.68E-05 2.38E+00 1.40E+02 

25 o
C 

Base case 7.59E+02 3.24E-05 1.17E+03 -1.94E+00 1.89E+03 1.21E-04 5.08E-05 1.85E+00 1.20E+02 

Mean 7.65E+02 3.26E-05 1.16E+03 -1.93E+00 1.91E+03 1.22E-04 5.09E-05 1.87E+00 1.20E+02 

2.50% 7.35E+02 3.15E-05 1.00E+03 -1.97E+00 1.78E+03 1.12E-04 5.06E-05 1.82E+00 1.08E+02 

97.50% 8.48E+02 3.53E-05 1.33E+03 -1.84E+00 2.11E+03 1.36E-04 5.19E-05 2.10E+00 1.33E+02 

HRAS 

15o
C 

Base case -9.85E+01 3.59E-05 4.61E+02 -2.02E+00 1.91E+01 7.69E-05 6.13E-05 -4.82E-01 1.94E+00 

Mean -7.87E+01 3.65E-05 4.63E+02 -2.00E+00 7.12E+01 7.94E-05 6.15E-05 -4.22E-01 3.52E+00 

2.50% -2.17E+02 3.19E-05 2.31E+02 -2.15E+00 -2.92E+02 5.40E-05 5.99E-05 -7.84E-01 -2.00E+01 

97.50% 1.76E+02 4.50E-05 7.35E+02 -1.69E+00 6.64E+02 1.20E-04 6.47E-05 3.01E-01 3.64E+01 

25 o
C 

Base case -5.48E+01 3.29E-05 5.01E+02 -2.09E+00 1.08E+02 7.07E-05 5.93E-05 -3.76E-01 9.28E+00 

Mean -5.19E+01 3.29E-05 4.88E+02 -2.09E+00 1.22E+02 7.06E-05 5.94E-05 -3.64E-01 8.73E+00 

2.50% -7.91E+01 3.19E-05 3.25E+02 -2.11E+00 -1.13E+01 6.16E-05 5.91E-05 -4.06E-01 -2.74E+00 

97.50% 1.69E+01 3.52E-05 6.53E+02 -2.01E+00 2.94E+02 8.22E-05 6.02E-05 -1.72E-01 2.06E+01 

AeMBR 

15o
C 

Base case 2.39E+03 4.37E-05 2.87E+03 -1.44E+00 5.56E+03 2.51E-04 3.15E-05 6.46E+00 3.41E+02 

Mean 2.53E+03 4.24E-05 2.94E+03 -1.47E+00 5.87E+03 2.56E-04 2.88E-05 6.85E+00 3.60E+02 

2.50% 2.07E+03 3.70E-05 2.45E+03 -1.66E+00 4.85E+03 2.20E-04 2.61E-05 5.61E+00 2.97E+02 

97.50% 3.09E+03 5.00E-05 3.57E+03 -1.25E+00 7.10E+03 3.00E-04 3.26E-05 8.35E+00 4.36E+02 

25 o
C 

Base case 2.53E+03 4.03E-05 2.98E+03 -1.20E+00 5.85E+03 2.51E-04 2.77E-05 6.83E+00 3.62E+02 

Mean 2.67E+03 3.89E-05 3.04E+03 -1.25E+00 6.15E+03 2.55E-04 2.47E-05 7.20E+00 3.79E+02 

2.50% 2.21E+03 3.31E-05 2.54E+03 -1.44E+00 5.12E+03 2.19E-04 2.17E-05 5.96E+00 3.16E+02 

97.50% 3.23E+03 4.68E-05 3.68E+03 -1.01E+00 7.41E+03 3.00E-04 2.89E-05 8.74E+00 4.57E+02 

AnMBR  

(Current) 

15o
C 

Base case 1.76E+03 6.51E-05 2.72E+03 1.04E+00 1.63E+04 2.16E-04 9.70E-05 4.61E+00 2.46E+02 

Mean 2.47E+03 6.30E-05 3.20E+03 1.04E+00 1.78E+04 2.51E-04 9.06E-05 6.47E+00 3.40E+02 

2.50% 2.46E+02 4.74E-05 1.10E+03 3.47E-01 1.13E+04 9.38E-05 7.85E-05 4.60E-01 3.81E+01 

97.50% 6.01E+03 8.76E-05 6.61E+03 2.15E+00 2.64E+04 5.05E-04 1.04E-04 1.60E+01 8.20E+02 

25 o
C 

Base case 1.54E+03 7.08E-05 2.58E+03 1.19E+00 1.38E+04 2.08E-04 1.13E-04 3.92E+00 2.14E+02 

Mean 2.26E+03 6.88E-05 3.08E+03 1.19E+00 1.53E+04 2.45E-04 1.07E-04 5.83E+00 3.10E+02 

2.50% -1.95E+01 5.31E-05 9.28E+02 4.85E-01 9.08E+03 8.29E-05 9.61E-05 -3.20E-01 1.40E+00 

97.50% 5.93E+03 9.38E-05 6.58E+03 2.33E+00 2.39E+04 5.07E-04 1.19E-04 1.58E+01 8.08E+02 
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AnMBR 

(Future) 

15o
C 

Base case 1.76E+03 6.51E-05 2.72E+03 1.04E+00 1.63E+04 2.16E-04 9.70E-05 4.61E+00 2.46E+02 

Mean -2.57E+02 4.99E-05 6.17E+02 2.99E-01 5.68E+03 6.06E-05 9.87E-05 -9.60E-01 -3.09E+01 

2.50% -1.19E+03 4.00E-05 -2.65E+02 1.29E-02 -1.55E+03 -2.50E-06 8.18E-05 -3.50E+00 -1.57E+02 

97.50% 1.04E+03 6.47E-05 1.97E+03 7.80E-01 1.38E+04 1.57E-04 1.14E-04 2.59E+00 1.46E+02 

25 o
C 

Base case 1.54E+03 7.08E-05 2.58E+03 1.19E+00 1.38E+04 2.08E-04 1.13E-04 3.92E+00 2.14E+02 

Mean -5.00E+02 5.48E-05 4.58E+02 4.29E-01 4.09E+03 5.07E-05 1.13E-04 -1.68E+00 -6.51E+01 

2.50% -1.41E+03 4.53E-05 -4.25E+02 1.38E-01 -2.16E+03 -1.25E-05 9.86E-05 -4.17E+00 -1.89E+02 

97.50% 8.37E+02 6.98E-05 1.87E+03 9.30E-01 1.12E+04 1.52E-04 1.27E-04 1.97E+00 1.17E+02 
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Table S10. The base case, mean, 2.5
th

 and 97.5
th

 percentile values from each system’s Monte Carlo simulation (high strength wastewater, aggregate sludge practice). 

 

   
Acid. Car. Eco. Eut. GW NC OD RE Smog 

CAS 

15o
C 

Base case 1.14E+03 5.77E-05 1.92E+03 -2.44E+00 2.85E+03 2.05E-04 9.11E-05 2.71E+00 1.85E+02 

Mean 1.18E+03 5.92E-05 1.94E+03 -2.38E+00 2.96E+03 2.11E-04 9.17E-05 2.85E+00 1.89E+02 

2.50% 1.09E+03 5.60E-05 1.61E+03 -2.48E+00 2.69E+03 1.88E-04 9.08E-05 2.66E+00 1.64E+02 

97.50% 1.44E+03 6.79E-05 2.28E+03 -2.07E+00 3.57E+03 2.53E-04 9.49E-05 3.58E+00 2.26E+02 

25 o
C 

Base case 1.43E+03 5.76E-05 2.17E+03 -2.37E+00 3.50E+03 2.23E-04 8.85E-05 3.52E+00 2.25E+02 

Mean 1.43E+03 5.74E-05 2.14E+03 -2.37E+00 3.50E+03 2.21E-04 8.85E-05 3.52E+00 2.23E+02 

2.50% 1.39E+03 5.59E-05 1.85E+03 -2.41E+00 3.33E+03 2.06E-04 8.82E-05 3.47E+00 2.03E+02 

97.50% 1.47E+03 5.90E-05 2.43E+03 -2.33E+00 3.68E+03 2.36E-04 8.87E-05 3.57E+00 2.43E+02 

HRAS 

15o
C 

Base case -2.94E+02 5.87E-05 7.54E+02 -2.72E+00 -2.85E+02 1.17E-04 1.06E-04 -1.20E+00 -8.08E+00 

Mean -2.51E+02 6.01E-05 7.61E+02 -2.67E+00 -1.78E+02 1.23E-04 1.06E-04 -1.07E+00 -4.48E+00 

2.50% -3.38E+02 5.70E-05 4.32E+02 -2.78E+00 -4.62E+02 1.00E-04 1.05E-04 -1.25E+00 -3.00E+01 

97.50% 2.94E+01 6.94E-05 1.12E+03 -2.33E+00 4.73E+02 1.68E-04 1.10E-04 -2.78E-01 3.41E+01 

25 o
C 

Base case -1.90E+02 5.92E-05 8.50E+02 -2.71E+00 -5.28E+01 1.25E-04 1.06E-04 -9.17E-01 6.37E+00 

Mean -1.94E+02 5.91E-05 8.20E+02 -2.71E+00 -5.12E+01 1.23E-04 1.06E-04 -9.20E-01 4.38E+00 

2.50% -2.36E+02 5.74E-05 5.14E+02 -2.75E+00 -2.42E+02 1.07E-04 1.05E-04 -9.71E-01 -1.66E+01 

97.50% -1.51E+02 6.07E-05 1.13E+03 -2.67E+00 1.44E+02 1.39E-04 1.06E-04 -8.69E-01 2.53E+01 

AeMBR 

15o
C 

Base case 3.68E+03 6.13E-05 4.28E+03 -2.06E+00 8.57E+03 3.81E-04 4.48E-05 9.90E+00 5.30E+02 

Mean 3.82E+03 5.99E-05 4.33E+03 -2.10E+00 8.88E+03 3.85E-04 4.21E-05 1.03E+01 5.48E+02 

2.50% 3.35E+03 5.39E-05 3.76E+03 -2.31E+00 7.81E+03 3.43E-04 3.91E-05 8.99E+00 4.80E+02 

97.50% 4.39E+03 6.80E-05 5.01E+03 -1.85E+00 1.01E+04 4.33E-04 4.60E-05 1.18E+01 6.27E+02 

25 o
C 

Base case 3.85E+03 5.91E-05 4.41E+03 -1.70E+00 8.92E+03 3.84E-04 4.35E-05 1.03E+01 5.53E+02 

Mean 3.99E+03 5.76E-05 4.47E+03 -1.74E+00 9.22E+03 3.87E-04 4.05E-05 1.07E+01 5.71E+02 

2.50% 3.52E+03 5.05E-05 3.89E+03 -1.98E+00 8.16E+03 3.44E-04 3.71E-05 9.43E+00 5.03E+02 

97.50% 4.57E+03 6.65E-05 5.15E+03 -1.47E+00 1.05E+04 4.37E-04 4.49E-05 1.23E+01 6.51E+02 

AnMBR  

(Current) 

15o
C 

Base case -1.50E+02 9.91E-05 1.47E+03 1.16E+00 1.21E+04 1.42E-04 1.98E-04 -9.52E-01 -1.54E+01 

Mean 5.68E+02 9.70E-05 1.96E+03 1.16E+00 1.36E+04 1.79E-04 1.92E-04 9.51E-01 8.01E+01 

2.50% -1.65E+03 8.13E-05 -1.47E+02 4.70E-01 7.06E+03 2.10E-05 1.80E-04 -5.04E+00 -2.21E+02 

97.50% 4.12E+03 1.21E-04 5.35E+03 2.28E+00 2.21E+04 4.34E-04 2.05E-04 1.06E+01 5.63E+02 

25 o
C 

Base case -5.73E+02 1.08E-04 1.19E+03 1.40E+00 9.11E+03 1.25E-04 2.24E-04 -2.20E+00 -7.50E+01 

Mean 1.60E+02 1.06E-04 1.70E+03 1.41E+00 1.07E+04 1.63E-04 2.18E-04 -2.59E-01 2.25E+01 

2.50% -2.13E+03 9.01E-05 -4.70E+02 6.95E-01 4.45E+03 -1.50E-07 2.07E-04 -6.46E+00 -2.89E+02 

97.50% 3.81E+03 1.31E-04 5.18E+03 2.55E+00 1.92E+04 4.24E-04 2.30E-04 9.61E+00 5.18E+02 
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AnMBR 

(Future) 

15o
C 

Base case -1.50E+02 9.91E-05 1.47E+03 1.16E+00 1.21E+04 1.42E-04 1.98E-04 -9.52E-01 -1.54E+01 

Mean -2.17E+03 8.38E-05 -6.40E+02 4.20E-01 1.42E+03 -1.29E-05 2.00E-04 -6.51E+00 -2.92E+02 

2.50% -3.10E+03 7.39E-05 -1.53E+03 1.30E-01 -5.82E+03 -7.65E-05 1.83E-04 -9.05E+00 -4.19E+02 

97.50% -8.81E+02 9.86E-05 7.26E+02 9.01E-01 9.65E+03 8.36E-05 2.15E-04 -2.99E+00 -1.16E+02 

25 o
C 

Base case -5.73E+02 1.08E-04 1.19E+03 1.40E+00 9.11E+03 1.25E-04 2.24E-04 -2.20E+00 -7.50E+01 

Mean -2.61E+03 9.20E-05 -9.36E+02 6.40E-01 -6.08E+02 -3.20E-05 2.24E-04 -7.80E+00 -3.54E+02 

2.50% -3.53E+03 8.24E-05 -1.82E+03 3.45E-01 -6.84E+03 -9.54E-05 2.10E-04 -1.03E+01 -4.79E+02 

97.50% -1.29E+03 1.07E-04 4.60E+02 1.13E+00 6.46E+03 6.79E-05 2.38E-04 -4.19E+00 -1.74E+02 

 

 



 S22

 
Figure S8. Global warming versus net energy balance (NEB) for HRAS+AD, AnMBR, CAS+AD, and AeMBR+AD for high strength domestic wastewater at 15°C. Open 

markers represent the baseline conditions. Colored dots indicate the values outputted by Monte Carlo simulations for HRAS+AD, AnMBR (current and future), CAS+AD, 

and AeMBR+AD. 
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F. Sensitivity Analysis 

 
Table S11. Medium strength domestic wastewater at 15

o
C and aggregate sludge handling: Emissions categories sensitive (|ρ|>0.6)

*
 to a particular uncertainty 

parameter. 

 
Table S12. High strength domestic wastewater at 15

o
C and aggregate sludge handling: Emissions categories sensitive (|ρ|>0.6)

*
 to a particular uncertainty 

parameter. 

Note: 
*ρ: rank correlation coefficient indicates ranking sensitivity of emissions categories to a particular uncertainty parameter. Negative and positive signs indicate 

correlation. Abbreviations: Acid.=acidification (H+ moles equivalent); Car.=carcinogenics (benzene equivalent); Eco.=ecotoxicity (kg 2,4-D equivalent); Eut.=eutrophication (kg nitrogen 

equivalent); GW=global warming (kg CO2 equivalent); NC =noncarcinogenics (toluene equivalent); OD=ozone depletion (kg CFC-11 equivalent); RE=respiratory effects (kg PM2.5 
equivalent); and Smog=Smog (kg NOX equivalent).
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AeMBR, AnMBR(C&F) 
 

CAS, HRAS, AeMBR 

OD -CAS, -HRAS AeMBR  
 

-AnMBR(C) AnMBR(F) 
  

 

RE -CAS, -HRAS 
 

 AeMBR  
 

AeMBR, AnMBR(C&F) 
 

 

Smog 
  

 
 

 
 

AeMBR, AnMBR(C&F) 
 

CAS, HRAS, AeMBR 
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4) Life Cycle Costing 

 

A. Costs Appended to CAPDETWorks Cost Estimates 

 
Table S13. Supplemental costs appended to CAPDETWorks cost estimations 

Supplemental Costs Unit Cost Unit Lifetime (yr) Reference 

Quicklime 0.18 $/lb  18 
Membranes 4,097,192 $/5MGD 10 9 
Tank cover 295,487 $/each 40  
Gas safety 76,000 $/each 20 18 
PLC & cleaning CIP 135,000 $/each 20 9 
Permeate pump 81,000 $/each 20 9 
RAS pump (MBRs) 99,900 $/each 20 9 
Piping (blower & RAS; MBRs) 135,000 $/each 40 9 
Membrane labor, installation, & 
commissioning 

405,000 $/each 40 9 

CHP 800 $/kW 20 19 
CHP maintenance 0.0134 $/kWh/yr  19 
Hypochlorite $0.75 /gallon  20 
Citric acid 1.98 $/kg  21 

 

B. Construction and Equipment Cost Estimates 

 
Table S14. Construction and equipment costs for land application and landfill scenarios. 

HRAS AnMBR CAS AeMBR 

Blower System $55,300.00 $772,000.00 $509,000.00 $677,000.00 

Equalization Basin $0.00 $340,000.00 $0.00 $340,000.00 

Preliminary Treatment $347,000.00 $493,000.00 $347,000.00 $493,000.00 

Primary Clarification $338,000.00 $0.00 $338,000.00 $0.00 

Secondary Clarification $379,000.00 $0.00 $375,000.00 $0.00 

Secondary Treatment $901,000.00 $1,290,000.00 $1,930,000.00 $1,260,000.00 

Anaerobic Digester $2,100,000.00 $0.00 $2,020,000.00 $1,610,000.00 

Gravity Belt Thickener $1,840,000.00 $676,000.00 $1,300,000.00 $1,300,000.00 

Centrifuge $1,920,000.00 $357,000.00 $1,380,000.00 $829,000.00 

Hauling and Landfill $293,000.00 $247,000.00 $291,000.00 $269,000.00 

Membrane System $0.00 $8,204,873.64 $0.00 $4,564,274.71 

CHP $166,426.46 $283,738.39 $140,507.38 $31,571.41 

Cover and Gas Safety $0.00 $387,792.66 $0.00 $0.00 

Mixer $0.00 $8,950.00 $0.00 $0.00 

Blend Tank $39,400.00 $0.00 $24,400.00 $0.00 

Other $14,900,000.00 $14,140,000.00 $15,200,000.00 $16,140,000.00 

Total $23,279,126.46 $27,200,354.70 $23,854,907.38 $27,513,846.13 
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Table S15. Construction and equipment costs for incineration scenario. 

HRAS AnMBR CAS AeMBR 

Blower System $55,300.00 $772,000.00 $509,000.00 $677,000.00 

Equalization Basin $0.00 $340,000.00 $0.00 $340,000.00 

Preliminary Treatment $347,000.00 $493,000.00 $347,000.00 $493,000.00 

Primary Clarification $338,000.00 $0.00 $338,000.00 $0.00 

Secondary Clarification $379,000.00 $0.00 $375,000.00 $0.00 

Secondary Treatment $901,000.00 $1,290,000.00 $1,930,000.00 $1,260,000.00 

Anaerobic Digester $2,100,000.00 $0.00 $2,020,000.00 $1,610,000.00 

Gravity Belt Thickener $1,840,000.00 $676,000.00 $1,300,000.00 $1,300,000.00 

Centrifuge $1,920,000.00 $357,000.00 $1,380,000.00 $829,000.00 

Incinerator $1,730,000.00 $1,570,000.00 $1,730,000.00 $1,610,000.00 

Hauling and Landfill $239,000.00 $238,000.00 $239,000.00 $238,000.00 

Membrane System $0.00 $8,204,873.64 $0.00 $4,564,274.71 

CHP $166,426.46 $283,738.39 $140,507.38 $31,571.41 

Cover and Gas Safety $0.00 $387,792.66 $0.00 $0.00 

Mixer $0.00 $8,950.00 $0.00 $0.00 

Blend Tank $39,400.00 $0.00 $24,400.00 $0.00 

Other $16,200,000.00 $15,240,000.00 $16,400,000.00 $17,340,000.00 

Total $26,255,126.46 $29,861,354.70 $26,732,907.38 $30,292,846.13 
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C. Present Worth, Construction, and Yearly Cost Estimates 
 

Table S16. Present worth, construction, and yearly cost estimates for land application scenario (8% discount rate). 

System Present Worth Project Operation (/yr) Maint. (/yr) Material (/yr) Chemical (/yr) Energy (/yr) Total (/yr) 

HRAS 25_Landapp 32,675,208.42 23,279,126.46 453,000.00 125,117.06 193,000.00 28,500.00 -70,027.29 729,589.77 

AnMBR 25_Landapp 37,784,698.89 27,200,354.70 299,000.00 110,502.01 141,000.00 201,711.29 69,643.00 821,856.31 

CAS 25_Landapp 36,350,189.99 23,854,907.38 489,000.00 142,984.05 195,000.00 24,000.00 119,253.38 970,237.42 

AeMBR 25_Landapp 40,652,433.90 27,513,846.13 386,000.00 95,516.77 165,000.00 112,876.39 260,795.82 1,020,188.97 

HRAS 15_Landapp 32,777,576.61 23,279,126.46 453,000.00 123,887.12 193,000.00 28,500.00 -60,848.63 737,538.48 

AnMBR 15_Landapp 38,300,035.07 27,200,354.70 299,000.00 104,405.28 141,000.00 202,324.97 115,141.04 861,871.29 

CAS 15_Landapp 36,455,406.45 23,854,907.38 489,000.00 141,719.89 195,000.00 24,000.00 128,687.42 978,407.30 

AeMBR 15_Landapp 40,711,818.92 27,513,846.13 386,000.00 94,803.26 165,000.00 112,876.39 266,120.47 1,024,800.12 

 
Table S17. Present worth, construction, and yearly cost estimates for landfill scenario (8% discount rate). 

System Present Worth Project Operation (/yr) Maint. (/yr) Material (/yr) Chemical (/yr) Energy (/yr) Total (/yr) 

HRAS 25_Landfill 39,603,885.75 23,279,126.46 432,000.00 125,117.06 752,000.00 28,500.00 -70,027.29 1,267,589.77 

AnMBR 25_Landfill 38,286,963.61 27,200,354.70 296,000.00 110,502.01 183,000.00 201,711.29 69,643.00 860,856.31 

CAS 25_Landfill 42,892,509.85 23,854,907.38 470,000.00 142,984.05 722,000.00 24,000.00 119,253.38 1,478,237.42 

AeMBR 25_Landfill 44,103,893.98 27,513,846.13 375,000.00 95,516.77 444,000.00 112,876.39 260,795.82 1,288,188.97 

HRAS 15_Landfill 39,706,253.94 23,279,126.46 432,000.00 123,887.12 752,000.00 28,500.00 -60,848.63 1,275,538.48 

AnMBR 15_Landfill 38,802,299.79 27,200,354.70 296,000.00 104,405.28 183,000.00 202,324.97 115,141.04 900,871.29 

CAS 15_Landfill 42,997,726.31 23,854,907.38 470,000.00 141,719.89 722,000.00 24,000.00 128,687.42 1,486,407.30 

AeMBR 15_Landfill 44,163,279.00 27,513,846.13 375,000.00 94,803.26 444,000.00 112,876.39 266,120.47 1,292,800.12 

 
Table S18. Present worth, construction, and yearly cost estimates for incineration scenario (8% discount rate). 

System Present Worth Project Operation (/yr) Maint. (/yr) Material (/yr) Chemical (/yr) Energy (/yr) Total (/yr) 

HRAS 25_Incineration 39,075,623.48 26,255,126.46 474,000.00 148,117.06 190,000.00 28,500.00 154,872.71 995,489.77 

AnMBR 25_Incineration 40,990,997.17 29,861,354.70 320,000.00 121,402.01 125,000.00 190,152.78 107,643.00 864,197.79 

CAS 25_Incineration 42,512,228.50 26,732,907.38 511,000.00 165,984.05 191,000.00 24,000.00 333,253.38 1,225,237.42 

AeMBR 25_Incineration 45,405,720.58 30,292,846.13 409,000.00 112,816.77 152,000.00 112,876.39 386,795.82 1,173,488.97 

HRAS 15_Incineration 39,177,991.67 26,255,126.46 474,000.00 146,887.12 190,000.00 28,500.00 164,051.37 1,003,438.48 

AnMBR 15_Incineration 41,498,430.13 29,861,354.70 320,000.00 115,305.28 125,000.00 190,152.78 153,141.04 903,599.10 

CAS 15_Incineration 42,617,444.96 26,732,907.38 511,000.00 164,719.89 191,000.00 24,000.00 342,687.42 1,233,407.30 

AeMBR 15_Incineration 45,465,105.60 30,292,846.13 409,000.00 112,103.26 152,000.00 112,876.39 392,120.47 1,178,100.12 
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