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ABSTRACT OF THE  DISSERTATION 

UNIT ENERGY CONSUMPTION, PRODUCTION, AND COST OF INNOVATIVE 

TREATMENT SYSTEMS FOR DIFFERENT WASTEWATER STREAMS 

by 

Jinze Li 

Florida International University, 2021 

Miami, Florida 

Professor Walter Z. Tang, Major Professor 

Innovative technologies such as micro-sieving, Anammox, and up-flow anaerobic 

sludge blanket (UASB) hold the key in the sustainable design of Water Resource Recovery 

Facility (WRRF). In the past, assessment metrics on the effectiveness and economic 

feasibility of these technologies have not been systematically investigated. According to 

the twelve design principles of Sustainable Environmental Engineering, Unit energy and 

cost metrics could provide universal benchmarks in the design of WRRF. Therefore, the 

objectives of this study are to design innovative WRRF systems to achieve energy positive. 

These WRRFs were modeled by developing an Excel model to estimate the unit energy 

metrics. Database of different wastewater quality was developed according to literature 

data. An Excel model was also developed to estimate the cost due to the energy saving of 

innovative systems. 

In treating young, medium, and old leachate, systems with the innovative technologies 

could save the unit energy consumption by 2.24-4.07 kWh/kg Nremoved and the unit cost by 

$0.86-2.09/kg CODremoved than conventional technologies. Treatment of young leachate 

costs less than other leachate in terms of per kg COD removed. Although micro-sieving 
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decreases CH4 production, it reduces the size of the UASB. As a result, micro-sieving could 

reduce the unit cost by 27% compared with systems without primary treatment. The major 

saving was contributed by UASB which converts BOD to CH4. In addition, partial 

nitrification/anammox (PN/A) consumes less oxygen in removing nitrogen, which helps 

food processing treatment system achieve energy positive. In treatment of meat processing 

wastewater, tannery wastewater, and textile wastewater, the mean unit energy 

consumptions in innovative systems were 1.49, 1.37, and 1.39 kWh/kg Nremoved. Mean unit 

energy consumption is close to the unit energy consumption of PN/A. The average unit 

costs for three types of industrial wastewater are 0.54, 0.57, and 1.12 $/kg CODremoved, 

respectively. Therefore, meat processing wastewater can be the most efficiently treated by 

using innovative technologies due to its high biodegradability.  

For WWTPs in China, anaerobic-oxic plus anaerobic-anoxic-oxic, oxidation ditch, and 

sequencing batch reactor were the main technologies. Due to lower energy consumption, 

SBR is the best technology in small and medium WWTPs in China. 
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1. INTRODUCTION 

1.1. Statement of problem 

Most wastewater treatment plants applied energy-intensive aerobic activated sludge 

processes [1, 2]. According to statistics, WWTPs in China consumed electricity of 10,000 

GWh in 2011, which made up for 0.2 % of the total industrial electricity consumption [3]. 

From 2011 to2017, the water supply and wastewater treatment accounted for 

approximately 0.67-0.75% of the total industrial energy consumption in China [4-10]. 

Energy consumption of electricity in the water production and supply industry increased 

by the rate of 5.7-10.7% per year in China. Increasing number and capacity of WWTPs to 

meet fast urbanization results in increased greenhouse gas production and resource 

consumption. Therefore, energy consumption has become a critical issue in the operation 

of WWTPs [11-13].   

After vigorous research and development in the last two decades, innovative 

technologies such as micro-sieving, mainstream up-flow anaerobic sludge blanket, and 

partial nitrification/Anammox became effective, efficient, and practicable technologies in 

reducing energy consumption in WWTPs. These innovative technologies could be used 

either in retrofitting WWTPs to recover energy and nutrients from the wastewater or 

designing a new Water Resources Recovery Facility (WRRF). Properly adopted, they 

could turn conventional WWTPs from energy negative to energy-positive facilities.  In 

literature, research focused on comparing the energy consumption and the demand of 

wastewater treatment systems based on specific wastewater quality.  However, wastewater 

could be classified as leachate, food processing wastewater, industrial wastewater, and 

municipal wastewater.  To my knowledge, there has never been a study that systematically 
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assesses innovative technologies as key processes in designing energy-positive WWTPs or 

WRRF.  The effectiveness, efficiency, and economic feasibility of these technologies have 

never been evaluated in terms of unit energy consumption, production as well as operation 

cost per unit mass of pollutants removed for the different types of wastewater. This research 

attempts to apply the design metrics of Sustainable Environmental Engineering and to 

quantitatively evaluate innovative systems to achieve an energy positive design [14]. 

1.2. Literature review 

1.2.1. Micro-sieving 

Micro-sieving, or a rotating belt filter (RBF), offers more sustainable alternative than 

a traditional primary clarifier with a smaller footprint and lower capital costs [15, 16].  

Since the land requirement of RBF is typically 10% of that of a primary clarifier [17], the 

capital cost of primary treatment could be saved by approximately 50% with RBFs 

compared with the conventional primary clarifier (PC) [18]. Typically, RBF can divert at 

least 50% of total suspended solids and 20% of biochemical oxygen demand from the main 

treatment stream to a mesophilic anaerobic digester [15, 19].  As a result, micro-sieving 

decreases the amount of oxygen needed for aeration by reducing the organic loading rate 

to aerobic biological treatment processes such as activated sludge.  In addition, it increases 

biogas production for energy recovery because major chemical oxygen demand is diverted 

directly to anaerobic digesters in the form of primary sludge.  

1.2.2. Up-Flow Anaerobic Sludge Blanket (UASB) 

Mainstream UASB is the key technology in converting a wastewater treatment plant 

from energy consumption to energy production. In the treatment scheme, biodegradable 

COD in wastewater is converted into methane at an operating temperature between 15 and 
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35℃ [20].  Mainstream UASB eliminates the aeration process required during the removal 

of dissolved biodegradable COD, produces energy in the form of CH4, and generates a 

much smaller amount of sludge to be disposed of [21]. These advantages reduce the 

operational cost when compared with conventional wastewater treatment systems [22, 23].   

1.2.3. Partial Nitrification/Ammonia (PN/A) 

Developed in the beginning of the 1990s, the PN/A process is a cost-effective way to 

remove total nitrogen in wastewater [24].  PN/A process is a two-step biological 

transformation of ammonia to nitrogen gas.  The first step is termed as partial nitrification.  

Ammonia oxidizing bacteria convert approximately 50% of the ammonia to nitrite under 

conditions that restrict nitrite-oxidizing bacteria growth. The second step is referred to as 

anaerobic ammonium oxidation or Anammox. Ammonium-Nitrogen is oxidized under 

anaerobic conditions by anaerobic ammonium oxidation bacteria that can use nitrite as the 

electron acceptor to produce N2 [25].  Compared to the nitrification-denitrification process, 

PN/A process could reduce 60% of oxygen demand in the aeration process and eliminate 

organic carbon source requirements. 
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2. OBJECTIVES AND APPROACH 

2.1. Objectives 

The objectives of this dissertation are to assess the efficiency and economic feasibility 

of innovative technologies in treating different streams of wastewater. This is 

accomplished by characterizing the influence of industrial wastewater and leachate on the 

wastewater treatment system. Industrial wastewater and leachate have different 

concentrations of pollutants and biodegradability, which significantly affect the 

performance of micro-sieving, UASB, and PN/A.  Besides wastewater quality, parameters 

such as treatment technologies, design capacity, operation loading rate, and COD removal 

efficiency also have a significant influence on the energy consumption or production of 

WWTPs.  Therefore, the objectives are as follows: 

1) To evaluate the effects of primary treatment of micro-sieving vs. traditional primary 

clarifier and secondary treatment (biological process) in leachate treatment and analyze the 

unit energy and cost of different leachate treatment systems with innovative technologies 

such as Anammox and UFAB. 

2) To evaluate the influence of micro-sieving on the treatment performance of the 

system with UASB and PN/A and compare sustainable assessment metrics of treatment 

systems using micro-sieving in terms of unit energy and cost. 

3) To compare the unit energy consumption and production of different industrial 

wastewater treatments and conduct a unit cost analysis of the system based on various 

industrial wastewater qualities. 

4) To compare the unit energy consumption of different treatment technologies in 

WWTPs in China and study relationships between the unit energy consumption and design 



5 

 

capacity, operation loading rate, COD removal efficiency, and influent concentration of 

contaminants. 

2.2. Materials and methods 

Data concerning industrial wastewater, leachate at various landfill ages, and municipal 

wastewater are from peer-reviewed papers. Municipal wastewater flow rate, influent 

pollutant concentration, and treatment technologies were compiled from the China Urban 

Drainage Statistical Yearbook 2016.  Innovative technologies can save energy and reduce 

carbon sources for removing COD and TN in WWTPs. However, it requires investment in 

innovative technologies and increases capital cost. On the other hand, the O&M costs could 

be significantly reduced due to the increased heat and electricity harvested by the new 

innovative technologies as well as sustainable engineering design.  For quantifying the 

impacts of innovative technologies and design, it is necessary to determine if the 

cumulative benefit of energy-saving would be greater than increased capital cost and the 

reduced cumulative operation and maintenance (O&M) cost by the innovative technologies 

in the life cycle of the equipment. Therefore, unit energy and cost analysis are used to 

compare the economic feasibility of conventional methods and innovative technologies for 

treating different kinds of wastewater.  For designing an energy positive WRRF, data was 

compiled from the peer-reviewed papers [26-28].  Excel 2010 and IBM Statistical Package 

for the Social Sciences (SPSS) Statistics 21.0 software were used to estimate energy and 

cost for different wastewater treatment systems. The effect of wastewater quality, flow rate, 

operation loading rate, treatment technologies on energy consumption was quantified by 

using these models.  The current study collected different wastewater quality data and then 

an Excel-based model was developed.  To reduce the space of the section, the performance 



6 

 

of treatment systems with different technologies is shown in Appendix. Figure A.18, A.19, 

A.20, A.21, A.22, A.23, A.24 illustrate these results.  

The unit energy consumption (kWh/kg CODremoved) of different treatment processes in 

China were calculated based on design capacity, operation loading rate, COD removal, 

influent and effluent concentration of contaminants, and energy consumption in Excel as 

shown in Figure A.25. The unit energy consumption, production, and cost of leachate, food 

processing wastewater, and industrial wastewater system were estimated by the following 

equations [17, 26, 29-39]:  

(kg/d))digester  anaerobic and  UASBfrom production (CH

 )combustion of(Enthalpy  recovery)(Energy  = (kWh/d)productionEnergy 

4

 

4CH kWh/kg 13.9=combustion ofEnthalpy 

38%=recoveryEnergy 

 where

 

(kg/d) removal BOD

(kWh/d)productionEnergy 
=)BOD (kWh/kgproductionenergy Unit removed  

(2.1) 

Energy consumption  
OT

/d)(kgO processaeration  of demandAeration 
=

a

2  

where  

aOT =Oxygen transfer efficiency (actual)=1.2 kg 2O /kWh 

Unit energy consumption (kWh/ kg Nremoved)  
(kg/d) removal  N

(kWh/d)nconsumptioEnergy 
=  

(2.2) 
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It was assumed that UASB combining the heat and power technologies could convert 

38% of CH4 (formed in the mainstream and the side stream anaerobic digestion) to 

electricity with an energy density of approximately 13.9 kWh/kg CH4 [40]. The energy 

demand of a WWTP mainly includes the power consumption of the wastewater lift pump, 

aeration equipment, and sludge treatment. The energy consumption of biological treatment 

accounts for 50–70% of the overall energy consumption [41]. Therefore, the aeration 

energy of the biological treatment process was the dominant energy demand.  Since 

biodegradable COD in wastewater is  converted into CH4 at 15 and 35 ℃ [20], the 

operating temperature of the treatment system was assumed to be 25 ℃. The unit energy 

consumption is estimated based on O2 mass demand and oxygen transfer efficiency at 25 

℃ [26]. 

Capital cost of preliminary treatment($)= EXP [3.25972 +0.61915 ln(flow to the 

treatment plant(MGD)) ]1000 

Operation labor hour of preliminary treatment (hr/yr) = EXP [6.39872 + 0.23096 x + 

0.16496 x2 - 0.0146 x3] 

Maintenance labor hour of preliminary treatment (hr/yr) = EXP [5.8461+ 0.20651 x + 

0.06884 x2 + 0.02382 x3 - 0.00441 x4] 

Total material and supply cost of preliminary treatment ($/yr) =EXP [7.23566 + 0.39994 

x - 0.22498 x2 + 0.1101 x3 - 0.01103 x4] 

Electrical energy demand of grit removal (kwh/yr) = EXP [6.30864 + 0.23453 x - 

0.35844 x2 + 0.00871x3] 

Electrical energy demand of flow measurements and screening (kwh/yr) = EXP [7.1497 + 

0.28856 x - 0.07886 x2 + 0.014662 x3] 
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The total electrical energy demand of preliminary treatment (kWh/yr) = Electrical energy 

demand of grit removal (kWh/yr) + Electrical energy demand of flow measurements and 

screening (kWh/yr) 

where  

x=In(Q) 

Q=flow to the treatment plant, MGD 

(2.3) 

Capital cost of rotating belt filter($)= 0.55Capital cost of priamry clarifier with 50% TSS 

removal($) 

Capital cost of priamry clarifier=-0.00002(Q)2+19.29(Q)+220,389 

Q=32.6/surface overflow rate (influent flow rate) 

Operating Power Consumption of rotating belt filter =129.6 kWh/d 

Maintenance Materials cost of rotating belt filter ($/yr) = 2% of capital costs of rotating 

belt filter 

(2.4) 

TSS removal of primary clarifier (%) =-0.004006[Surface overflow rate(m/d)] +0.73782 

TSS removal of rotating belt filter (%) =16.45ln [Influent TSS concentration(mg/L)]-29.1 

(2.5) 

Capital and O&M costs of preliminary and primary treatment are related to the flow 

rate. To quantify the influence of different wastewater quality on treatment systems, 1 

MGD was assumed as the flow rate for different wastewater treatment systems.  A rotating 

belt filter has a typical operating power consumption of 1.8-3.6 kW for a flow rate of 0.6 

MGD [17]; two rotating belt filters with total energy consumption of 5.4 kW were used for 
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treating wastewater. Since micro-sieving could reduce the capital cost by 30%-60% when 

it is compared with conventional primary clarifier, it is assumed that the capital cost of 

micro-sieving is 55% of that of primary clarifier with 50% TSS removal according to the 

literature data. Maintenance cost is equal to 2% of capital cost [1].  Since the cost of the 

primary clarifier is calculated based on the same flow rate, the costs of rotating belt filters 

are the same for different wastewater treatment systems.  However, TSS removal efficiency 

is positively correlated to the TSS concentration before the micro-sieving process [30]. 

Different wastewater quality leads to different treatment performance of micro-sieving. 

The capital cost of UASB($)=(cost factors)(Volume of UASB (m3)) 

(unit capital cost of UASB($/m3)) 

Volume of UASB (m3)=(sludge production from UASB(m3/d))(sludge age(d)) 

where  

sludge age=60 d for the leachate treatment system 

sludge age=40 d for food processing and industrial wastewater treatment system 

Cost factors=(fi)(fac) 

fac= factor for costs for construction of additional units=1.43 

fi= factor for additional capital costs (non-construction related) =1.72 

unit capital cost of UASB=721.31 $/m3 volume 

(2.6) 

Cavalcanti et al. [42] studied the performance of UASB reactors for treating raw 

wastewater. The results show that UASB could produce stable sludge at an anaerobic 

sludge age of 40 to 50 days at 25 ℃. In the municipal wastewater treatment system, 40 to 

60% of the influent COD could be converted into CH4 by UASB reactors at an anaerobic 
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sludge age of 30 to 60 days at 15 to 30 ℃.  In practice, the sludge age of UASB is greater 

than 20 to 40 days [26].  Old leachate has very low biodegradability, sludge age is assumed 

to be 60 days and 40 days for keeping stable performance of leachate and industrial 

wastewater treatment systems.  When the flow rate of different wastewater treatment 

systems is 1 MGD or 3785.4 m3/d, fac, fi, and unit capital cost of UASB are 1.43, 1.72, and 

721.31 $/m3 volume, which were calculated based on equations (A.6, A.7, and A.1).  

Capital cost of PN/A($) =Equipment Cost of PN/A($)(Capital cost/Equipment Cost) 

where 

Capital cost/Equipment Cost=2.405 

Equipment Cost of PN/A($) =(Volume of PN/A(MG))166438+155108 

(2.7) 

In the current study, the PN/A process was operated in a sequencing batch reactor 

(SBR). SBR with different volumes and corresponding equipment costs were summarized 

by the U.S. Environmental Protection Agency report [32]. Therefore, the equipment cost 

of PN/A SBR was estimated based on reactor volume, as shown in figure A.19 and equation 

(A.9). Capital cost includes equipment and construction costs. Cost of piping, installation, 

electrical, instrumentation, engineering, construction management (structural and civil) 

accounts for 85% of equipment cost [29]. Due to contingency, the capital cost is 30% 

higher than the designed capital cost [29]. Therefore, the ratio between capital cost and 

equipment cost is 2.405. 

Capital cost of activated sludge process with nitrification and denitrification($) 

=(costing factors)(Volume of activated sludge process with nitrification and 

denitrification (m3)) (unit capital cost of activated sludge tank ($/m3)) 
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=fac fi Vactivated sludge process with nitrification and denitrification(Unit capital cost of activated sludge 

tank) 

where  

Cost factors=(fi)(fac) 

fac= factor for costs for construction of additional units=1.43 

fi= factor for additional capital costs (non-construction related) =1.72 

unit capital cost of activated sludge tank =244.64 $/m3 volume 

(2.8) 

If the flow rate of different wastewater treatment systems is 1 MGD or 3785.4 m3/d, 

fac, fi, the unit capital cost of the activated sludge tanks are 1.43, 1.72, and 244.64 $/m3 

volume, which were calculated based on equations (A.6, A.7, and A.2).  

Capital cost of final clarifier($)=(cost factors)(flow rate to final clarifier(m3/d))(Sfd 

(Hd/v0)EXP (kXt)) (unit capital cost of final clarifier($/m3)) 

where  

Sfd=settler safety factor=2 

Hd=settler height (m)=4m 

v0= vesilind constant=216 m/d  

k= vesilind constant=0.35 L/gTSS 

Xt=activated sludge concentration=4.006 g/L 

Cost factors=(fi)(fac) 

fac= factor for costs for construction of additional units=1.43 

fi= factor for additional capital costs (non-construction related) =1.72 

unit capital cost of final clarifier=412.40 $/m3 volume 
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(2.9) 

van Haandel and van der Lubbe [26] used 2 and 4 m as the default values for the safety 

factor and height of the final clarifier. Thus, these default values were selected for 

estimating the cost of the final clarifier. Sludge settleability affects the value of the Vesilind 

constants [26]. Without UASB, sludge to the final clarifier shows poor settleability. The 

Vesilind constants v0 and k are assumed to be 144 m/d and 0.46 L/ g TSS. Since the 

settleability of sludge following mainstream UASB is good, Vesilind constants v0 and k 

are 216 m/d and 0.35 L/ g TSS. As shown in table A.4, solid content and the specific gravity 

of the bulk sludge for activated sludge are 0.2-0.6% and 1-1.003. 0.4% and 1.0015 were 

assumed to be the corresponding solid content and the specific gravity of the bulk sludge. 

Therefore, the wet bulk sludge concentration of activated sludge equals 4.006 g/L. When 

the flow rate of different wastewater treatment systems is 1 MGD or 3785.4 m3/d, fac, fi, 

the unit capital cost of final clarifier are 1.43, 1.72, and 412.40 $/m3 volume, which were 

calculated based on equations (A.6, A.7, and A.3).  

Capital cost of anaerobic digestion ($) 

=(costing factors)(Volume of anaerobic digestion(m3))(unit capital cost of anaerobic 

digestion ($/m3)) 

= fac fiVsludge thickener(Unit capital cost of anaerobic digestion) 

where  

Cost factors=(fi)(fac) 

fac= factor for costs for construction of additional units=1.43 

fi= factor for additional capital costs (non-construction related) =1.72 

unit capital cost of anaerobic digester=700.46 $/m3 volume 
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(2.10) 

Since combined heat and power could convert the CH4 formed in UASB and anaerobic 

digestion to heat for operating anaerobic digester at high temperature, operation 

temperature is assumed to be 35 ℃  in the anaerobic digester.  Whene the flow rate of 

different wastewater treatment systems is 1 MGD or 3785.4 m3/d, fac, fi, and unit capital 

cost of anaerobic digester are 1.43, 1.72, and 700.46 $/m3 volume, respectively, which are 

calculated based on equations A.6, A.7, and A.4.  

Capital cost of Package Granular Activated Carbon Columns($)=(1+(Miscellaneous 

costs)/(construction cost))(0.0084 Q3–5.2233Q2+1318.4Q+27144) 

Capital cost of Granular Carbon Regeneration ($)=(1+(Miscellaneous 

costs)/(construction cost))( 2E–8x3   – 0.0018 x2  + 93.965 x  +2000000) 

O&M cost of Package Granular Activated Carbon Columns($/yr)=(0.0005 Q3–0.3763  

Q2+140.13Q+4959) 

O&M cost of Granular Carbon Regeneration ($/yr)=15.503 x + 128481 

O&M cost of virgin Carbon  ($/yr)=(Activated carbon loss)(365d/y)(Cost of virgin 

carbon) x 

where  

Q = plant flow (gpm) 

x = regeneration capacity of activated Carbon (lb/day) 

(Miscellaneous costs)/(construction cost)=0.28 

Activated carbon loss=6% 

Cost of virgin carbon=0.95$/lb 

(2.11) 
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Sharma [36] summarized the capital and the O&M cost of granular activated carbon 

columns, while the cost of granular carbon regeneration was calculated based on the flow 

rate and regeneration capacity of activated carbon.  Capital cost includes construction cost 

and miscellaneous costs such as those for site works, overhead, profit, administration, and 

interest, which are equal to 28% of construction cost [36].  On average, the price of virgin 

carbon was $0.70/lb-$1.20/lb, while 5% to 7% of Granular Activated Carbon is lost during 

normal operation [43].  Thus, the cost of virgin carbon and activated carbon loss were 

assumed to be 0.95$/lb and 6%, respectively. 

Capital cost of aeration equipment($)=(cost factors)(Energy consumption of aeration 

process (kWh/d)) (unit capital cost of aeration equipment($/kW))/(24h/d) 

where  

Cost factors=(fi)(fac) 

fac= factor for costs for construction of additional units=1.43 

fi= factor for additional capital costs (non-construction related) =1.72 

unit capital cost of aeration equipment=5276.43 $/kw 

(2.12) 

Since the flow rate of different wastewater treatment systems is 1 MGD or 3785.4 m3/d, 

fac, fi, the unit capital cost of aeration equipment are 1.43, 1.72, and 5276.43 $/kW, which 

were calculated based on equations A.6, A.7, and A.5. 

O&M cost ($/yr)=(p+o+n+ 0.3mciv+0.7 mme&i)Capital cost 

where  

p= personnel cost =3.5 % of capital cost/yr  

o= operation cost =1 % of capital cost/yr 
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mciv=maintenance cost for civil works=0.75 % of capital cost/yr  

mme&i =maintenance cost for mechanical, electrical and instrumentation equipmen=1.75 % 

of capital cost/yr  

n=insurance cost=0.3% of capital cost/yr 

(2.13) 

The operation and maintenance costs (O&M costs) include items such as cost for 

personnel, operation, insurance, and maintenance, which are taken as percentages of the 

capital costs for cost estimation. Personnel, operation, insurance, and maintenance costs 

for civil works and for mechanical, electrical and instrumentation equipment (E&I) are 

equal to 2-5%, 0.5-1.5%, 0.2-0.4%, 0.5-1%, and 1-2.5% of the capital cost, respectively. 

30% and 70% were used as the percentages of maintenance cost for civil works and for 

mechanical and E&I [26]. Therefore, it was assumed that the personnel, operation, 

insurance, and maintenance costs for civil works and for mechanical and E&I are 3.5%, 

1%, 0.3%, 0.75%, and 1.75% of the capital cost, respectively. 

O&M costs of sludge(US$/yr)=(sludge production from AD(ton TSS/yr))(sludge disposal

 cost($⁄ton TSS)) 

where  

sludge disposal cost($⁄ton TSS)=280 $/ton TSS 

(2.14) 

On average, the price of sludge disposal is 60 $/ton TSS-500 $/ton TSS [26]. Thus, the 

cost of sludge disposal is assumed to be 280$/ ton TSS.  

Capital cost($/yr)=Capital cost($)/a_(i, n)  
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n,ia

cost($) Capital
=cost($/yr) Capital  

n

n

n i,
)i1(i

1i)(1
=  a

+

−+
 

where  

ai, n=annualization factor 

i =interest rate (annual)=6% 

n=economic lifetime of the treatment plant in years=20 (yr) 

(kg/d) removal COD

d/yr) (365cost($/yr) Capital
=)COD ($/kgcost  capitalUnit removed  

(2.15) 

(kg/d) removal COD

d/yr) (365cost($/yr) M& O
=)COD ($/kgcost  M&OUnit removed  

(2.16) 

Unit cost($/kg CODremoved)=Unit capital cost($/kg CODremoved)+Unit O&M cost($/kg 

CODremoved) 

(2.17) 

For comparing the costs of different treatment systems, the total capital cost ($) was 

annualized over the expected lifetime of the WWTP.  Economic lifetime and interest rates 

were assumed to be 20 years and 6% [26]. Capital costs ($) were transformed into 

annualized capital costs ($/yr) based on the interest rate and lifetime.  The total unit cost 

was calculated as the combination of the unit capital costs and the unit operational costs. 
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3. UNIT ENERGY AND COST COMPARISON OF TWO INNOVATIVE 

TREATMENT SYSTEMS OF YOUNG, MEDIUM AND OLD LEACHATES 

3.1. Abstract  

An Up-flow anaerobic sludge blanket reactor (UFAB) followed by a partial 

nitrification/anammox (PN/A) reactor was reported as one of the energy-positive systems 

in removing N from municipal wastewater.  However, there are few cases of research 

assessing the efficiency and economic feasibility of this energy-positive process in treating 

young, medium, and old leachates with different treatment trains.  The current study 

collected leachate quality data at different ages and developed an energy and cost 

estimation Excel model to compare systems using these innovative technologies with 

conventional leachate treatment.  From energy and cost perspectives, two innovative 

biological processes could save conventional leachate treatment unit energy by 2.24-4.07 

kWh/kg Nremoved and cost by $0.86-2.09/kg CODremoved.  Since the secondary treatment 

could only remove 10.2-37.3% of COD from old leachate, COD removal of old leachate 

mainly depends on the physical-chemical process rather than the biological process.  

Therefore, innovative biological technologies are more suitable for treating young leachate 

than old leachate.  This study quantifies the cost benefits of the innovative technologies for 

treating leachate at different ages, which provides a valuable reference for future 

sustainable design of leachate treatment systems.  

3.2. Introduction  

Solid waste production increases with population and economic growth [44].  

Landfilling is one of the common and important disposal methods of urban solid wastes 

worldwide [45]. In the United States and China, more than 53% and 80% of total solid 
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waste were disposed of in landfills, respectively [46-48]. Leachate, which is an unavoidable 

by-product in solid waste landfilling, contains a high concentration of organic matter and 

ammonia nitrogen [49, 50]. It would have a long negative effect on the aquatic environment 

if it were discharged directly into surface water and groundwater [51-53].  Therefore, 

landfill leachate as a unique wastewater pollution source must be properly treated before 

being discharged [45, 50, 54]. Leachate exhibits different compositions depending upon a 

variety of factors such as the quality and quantity of solid waste received, mode of 

operation, climatic conditions, depth of fill, and age of the landfill [55-58].   

Landfilling age, which represents the degree of stabilization of the solids, is one of the 

most important parameters used in selecting a suitable leachate treatment method. 

Properties of leachate such as chemical oxygen demand (COD), biological oxygen demand 

(BOD), biodegradability, the content of humic substances, and ammonium nitrogen 

(NH4
+_N) dramatically change during solid waste decomposition in landfills [59-61]. 

Based on age, landfill leachates are commonly divided into young, medium, and old groups 

[59, 62-64]. Young leachate is commonly characterized by a high level of COD, high ratio 

of BOD/COD (ranging from 0.5 to 1), and a relatively low concentration of NH4
+_N [64-

67]. The features of old leachate are relatively low COD concentrations, little 

biodegradability (BOD/COD≈0.1), high content of non-biodegradable soluble organic 

matter in the form of humic substances, high ammonia-nitrogen concentration, and low 

carbon-to-nitrogen ratio [64, 67-71]. The characteristics of medium leachate are 

somewhere between those values of the young and the old [72, 73].  

Since leachate at various ages have a high concentration of NH4
+_N, COD, and 

different BOD/COD ratios, conventional treatment systems include primary physical 
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treatment, biological processes, and physical-chemical treatmentunits to meet the 

discharge requirements.  Among these processes, biological processes were mostly applied 

for removing nitrogen and BOD from leachate [74-79]. For example, the activated sludge 

system with an autotrophic nitrification/heterotrophic denitrification process was 

commonly applied [50, 80].  Nitrification in a conventional activated sludge system 

converts most of the organic matters and ammonia nitrogen in leachate to CO2 and NO3
--

N under aerobic condition, while denitrification converts NO3
− to N2 with carbon source 

under anaerobic or anoxic conditions.  However, nitrification and denitrification are 

relatively expensive in removing nitrogen, because it commonly requires external carbon 

sources, consumes a lot of energy for aeration, and produces large amounts of sludge [67].   

Compared to the conventional methods, innovative technologies such as mainstream 

up-flow anaerobic sludge blanket (UASB) and partial nitrification/Anammox (PN/A) are 

considered as sustainable technologies. Mainstream UASB is the key technology in 

converting a wastewater treatment plant from energy consumption to energy production. 

In the treatment scheme, biodegradable COD in wastewater is converted into CH4 at the 

operating temperature between 15 and 35℃ [20]. Mainstream UASB eliminates the 

aeration process required during the removal of dissolved biodegradable COD, produces 

energy in the form of CH4, and generates a much smaller amount of sludge to be disposed 

[21]. These advantages reduce operational costs when compared with conventional 

wastewater treatment [22, 23].  

PN/A discovered in the 1990s is a two-step biological transformation of ammonia to 

nitrogen gas (N2) [24, 81, 82]. During the partial nitrification step, 50-60% of ammonia in 

the influent is oxidized to nitrite [83, 84]. The remaining ammonia is subsequently 
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denitrified with nitrite to form N2 and small amounts of nitrate in the Anammox step [85, 

86]. In general, the PN/A process could save oxygen demand in nitrification by 

approximately 60%, eliminate external organic carbon source requirement for 

denitrification, and reduce sludge by 80-90% as compared to conventional nitrogen 

removal process [87-89].  As a result, mainstream UASB and partial 

nitrification/Anammox are considered as  the most sustainable technologies to remove 

nitrogen.   Garrido et al. [90] made mass and energy balances analysis of three kinds of N-

removal systems and demonstrated that the use of the mainstream anammox process 

offered an opportunity to recover the electricity.  McCarty [91] compared O2 consumption, 

CH4 production, and biosolid production of different N-removal systems and mainstream 

anaerobic treatment followed by mainstream anammox treatment.  It has been shown 

conceptually  to be the best energy-positive system for removing N. This research focused 

on comparing energy consumption and demand of wastewater treatment systems based on  

assumed wastewater quality using average values of reported wastewater quality.  

However, there are few cases of research assessing the efficiency and economic feasibility 

of this kind of energy positive process in treating young, medium, and old leachates with 

different compositions.  Therefore, the current study aims to assess the leachate treatment 

system using UASB and PN/A from the energy and cost dimensions. The objectives of this 

study are to (1) evaluate the efficiency of secondary treatment (biological process) and 

tertiary treatment (physical-chemical process) for treating leachate at various landfill ages; 

(2) compare a system using innovative technologies with a conventional leachate treatment 

system in terms of unit energy consumption and production; (3) analyze and compare the 

unit cost of different leachate treatment systems.  The ultimate goal of this study is to 
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quantify the cost-benefit of the innovative technologies for treating leachate at different 

ages and to offer an innovative design approach for future sustainable treatment of leachate.  

3.3. Material and methods 

In the current study, unit energy and cost were calculated based on different types of 

leachate quality.  Leachate quality data was collected from published peer-reviewed papers, 

as shown in Table 3.1.  The noticeable characteristics of young leachate samples were 

slightly high concentrations of suspended solids, BOD, COD, and BOD/COD ratio above 

0.5 as shown in Table 3.1.  The features of old leachate samples were considerably low 

BOD concentrations and biodegradability.  An Excel-based model was developed in 

designing treatment systems of 1 MGD leachate using different innovative technologies 

[26-28]. To compare treatment performance and cost of the systems using UASB and PN/A 

technologies against a conventional leachate treatment system in treating leachate at 

different ages, the contaminant removal efficiency was modeled according to the influent 

leachate quality and effluent discharge requirements.  Process flow diagrams of leachate 

treatment systems A and B are illustrated in Figure 3.1 to 3.2. To meet discharge 

requirements and compare the performance of system A and B in terms of unit energy and 

cost metrics, systems A and B were designed to achieve the same discharge standard 

(COD≤50mg/L, BOD≤20mg/L, and NH4
+_N≤4.9mg/L) [61, 92, 93], so that systems A and 

B have similar COD and N removal efficiency.  In both systems, a screen, grit chamber, 

rotating belt filter, and granular activated carbon system were used for preliminary 

treatment, primary treatment, and tertiary treatment for removing particulate matter and 

non-biodegradable soluble organic matter from leachate. The difference of the two systems 

is the secondary treatment processes.  Specifically, system A uses the nitrification-
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denitrification process as the main process for treating leachate to meet the discharge 

requirement by converting biodegradable COD and N to CO2 and N2.  System B uses 

mainstream UASB and PN/A as the main systems for removing soluble BOD and N, which 

reduces aeration consumption through decreasing BOD and N loading to the nitrification-

denitrification system.   

The unit energy consumption, production, and cost are estimated by the following 

equations [20, 26, 40]: 

(kg/d))digester  anaerobic and  UASBfrom production (CH

 )combustion of(Enthalpy  recovery)(Energy  = (kWh/d)productionEnergy 

4

 

4CH kWh/kg 13.9=combustion ofEnthalpy 

38%=recoveryEnergy 

 where

 

(kg/d) removal BOD

(kWh/d)productionEnergy 
=)BOD (kWh/kgproductionenergy Unit removed  

(3.1) 

Energy consumption  
OT

/d)(kgO processaeration  of demandAeration 
=

a

2  

where  

aOT =Oxygen transfer efficiency (actual)=1.2 kg 2O /kWh 

Unit energy consumption (kWh/ kg Nremoved)  
(kg/d) removal  N

(kWh/d)nconsumptioEnergy 
=  

(3.2) 

It was assumed that UASB combining heat and power technology could convert 38% 

of CH4 formed in the mainstream and the side stream anaerobic digestion to electricity with 
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an energy density of approximately 13.9 kWh/kg CH4 [40]. The energy demand of a 

WWTP mainly includes power consumption of the wastewater lift pump, aeration 

equipment, and sludge treatment.  The energy consumption of biological treatment 

accounts for 50–70% of the overall energy consumption [41].  Since UASB removes COD 

without consuming oxygen, the energy consumption of PN/A and nitrification–

denitrification processes was the dominant energy demand. Biodegradable COD in 

wastewater were  converted into CH4 at 15 and 35℃ [20], the operating temperature of the 

treatment system was assumed to be 25 ℃.  Therefore, energy consumption is estimated 

based on O2 mass demand and oxygen transfer efficiency at 25 ℃ [26]. 

n,ia

cost($) Capital
=cost($/yr) Capital  

n

n

n i,
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+
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where  

ai, n=annualization factor 

i =interest rate (annual)=6% 

n=economic lifetime of the treatment plant in years=20 (yr) 

(kg/d) removal COD

d/yr) (365cost($/yr) Capital
=)COD ($/kgcost  capitalUnit removed  

(3.3) 

(kg/d) removal COD
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Unit cost($/kg CODremoved)=Unit capital cost($/kg CODremoved)+Unit O&M cost($/kg 

CODremoved) 

(3.5) 

For comparing the cost of treatment systems, the total capital costs ($) were annualized 

over the expected lifetime of the WWTP. Economic lifetime and interest rates were 

assumed to be 20 years and 6% [26]. Capital costs ($) were transformed into annualized 

capital costs ($/yr) based on the interest rate and lifetime. The total unit cost was calculated 

as the combination of the unit capital costs and the unit operational costs. Except for 

preliminary and primary treatment, the cost of main treatment units and aeration equipment 

is related to reactor volume and aeration energy consumption. These are calculated based 

on characteristics of leachate and have a significant impact on the treatment system design. 

Table 3.1 Leachate quality at different ages of landfill sites 

Ages TSS (mg/L) BOD (mg/L) COD (mg/L) TN (mg/L) Reference 

Young 

1,894 4,979 9,310 1,172 [94] 

1,255 10,550 18,565 2,500 [95] 

2,400 10,800 24,400 1,766 [96] 

1,013 6,380 10,750 2,159 [97] 

1,540 9,660 18,420 2,517 [97] 

907 5,300 10,500 2,320 [98] 

724 4,680 9,890 2,225 [98] 

Medium 

154 2,307 8,938 2,550 [99] 

257 2,450 13,646 2,928 [99] 

143 2,684 5,348 2,192 [100] 

168 965 4,975 1,365 [101] 

393 1,957 6,638 2,072 [102] 

232 1,263 5,565 2,042 [103] 

595 5,550 12,554 2,102 [99] 

Old 

218 410 3,360 2,325 [104] 

30 372 3,105 1,937 [105] 

216 683 4,592 2,919 [106] 

542 420 3,580 1,889 [104] 

223 190 3,520 3,070 [98] 

430 1,375 5,200 3,147 [107] 

633 568 4,314 2,484 [104] 
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Figure 3.1 Schematic graphs of leachate treatment system A- direct line nitrification–

denitrification process 
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Figure 3.2 Schematic graphs of leachate treatment system B- mainstream anaerobic 

treatment and anammox treatment 

3.4. Results and discussions 

3.4.1. Treatment efficiency of systems A and B 

Since systems A and B were designed to achieve the same effluent concentration of 

contaminant and similar COD removal efficiency, the points that represent COD removal 

of systems A and B are superimposed over each other in Figure 3.3.  Figures 3.4 and 3.5 

shows that COD removal rises with increasing biodegradability (the BOD/COD mass 

concentration ratio).  COD is reduced by anaerobic and aerobic biological processes; the 

BOD/COD ratio represents the ability of a substance to be removed by microorganisms 

[108].  Amin et al. [109] reported that conventional biological technologies could achieve 

COD removal of 63% and 80% or higher when the BOD/COD ratio was 0.2-0.3 and above 

0.4, respectively. COD removal predicted by the Excel model is similar to the results 

reported by Amin et al [109].  The ratio of BOD/COD varies greatly depending on the 
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landfill age [45]. There are abundant biodegradable organic compounds in the young 

landfill leachate.  With the increase of the landfill age, the biodegradable substrates were  

depleted, and non-biodegradable organic matters such as humic substances were  dominant 

in leachate composition [110-112]. Figures 3.3 and 3.4 confirms that the leachate 

biodegradability decreased with the age of the landfill, and the COD removal by biological 

processes is negatively correlated to the age of the landfills.  Figure 3.5 shows that COD 

removal of young, medium and old leachate by biological processes are 57.1-77.9, 25.5-

69.9, and 10.2-37.3%, respectively. After secondary treatment, humic substances, which 

are dominant in leachate composition, are adsorbed by the activated carbon system.  

Tertiary treatment needs to remove 13.5-32.6, 28.2-73.2, and 56.0-84.6 % of COD from 

the young, medium, and old leachate to achieve the same effluent COD concentration.  

Since the BOD/COD ratio decreases with rising age, COD removal of young leachate 

mainly depends on biological processes whereas old leachate mainly depends on physical-

chemical methods.  Therefore, UASB and PN/A are more suitable for treating young 

leachate than old leachate. 
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Figure 3.3 COD removal by biological processes in system A and B  
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Figure 3.4 Biodegradability of young, medium and old leachate 
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Figure 3.5 COD removal by secondary and tertiary treatment 

3.4.2. Unit energy consumption and production 

In energy benchmarking, unit energy metrics, which are key performance indicators of 

the wastewater treatment system, include the ratio between the daily energy consumption 

and treated wastewater flow (kWh/m3), COD mass removal (kWh/kg CODremoved), BOD 

mass removal (kWh/kg BODremoved), or TN mass removal (kWh/kg Nremoved) [33, 38].  

Since leachate treatment systems were designed based on the same flow rate and different 

leachate quality, the unit energy consumption as a function of treated wastewater volume 

is not an appropriate performance metric.  This is because the unit energy consumption and 

production as well as the unit operation cost will be significantly different if the sustainable 

metrics such as COD mass removal (kWh/kg CODremoved), BOD mass removal (kWh/kg 

BODremoved), or TN mass removal (kWh/kg Nremoved)  in this study.   
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Aeration demand for the aerobic biological process is the dominant energy requirement 

for treating wastewater [113].  Since leachate found from published peer-reviewed papers 

contains a high concentration of N, most of the O2 would be required to convert ammonia 

to nitrate, especially in system B.  Mainstream UASB and side-stream anaerobic digesters 

convert soluble BOD in leachate and biodegradable particulate BOD sludge to CH4 for 

energy recovery.  Therefore, the unit energy consumption per unit of N removal (kWh/kg 

Nremoved) and the unit energy production per unit of BOD removal (kWh/kg BODremoved) 

were used in this study.   

Unit energy consumption of the two systems, as shown in Figure 3.6, rises with 

increasing N removal.  The unit energy consumption of system B has a better correlation 

with the removed N load (R2 = 0.9516) and requires less O2 than system A.  Activated 

sludge process with nitrification in system A consumes O2 to remove BOD and N.  

However, most of the O2 is used for removing N in the PN/A reactor due to soluble BOD 

removal by mainstream UASB in system B. 

 

 



32 

 

 

Figure 3.6 Unit energy consumption of the aeration process as a function of daily N 

removal 

Figures 3.7 to 3.9 compare unit energy consumption (kWh/kg Nremoved) and production 

(kWh/kg BODremoved) of the two systems.  The statistical parameters of the unit energy 

consumption of systems A and B are presented in Figure 3.7.  The average value, as well 

as the values at the 0th, 25th, 50th, 75th, and 100th percentiles, are shown in the box plot. 

Since the average value is affected by extreme values, the median (50th percentile) is 

considered a more reliable indicator in assessing the performance of the leachate treatment 

system.  Median unit energy consumption of systems A and B are 4.1 and 1.6 kWh/kg 

Nremoved, which are close to the specific energy demand for conventional 

nitrification/denitrification and de-ammonification [114].  Figure 3.7 demonstrates that the 

unit energy consumption of system A decreases as landfills’ age increases, while system B 
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stays constant with age.  Young leachate has a higher concentration of COD and 

BOD/COD ratio than intermediate and mature leachate, which increases the oxygen 

requirement of the nitrification reactor in system A.  Mainstream UASB in system B 

reduces BOD to lower concentrations before the N removal process.  Therefore, the O2 

demand of system B is not significantly affected by the biodegradability of the leachate.  

Compared with system A, unit energy saving of system B is 4.07, 2.68, and 2.24 kWh/kg 

Nremoved for young, medium, and old leachate, respectively.  Therefore, system B could save 

energy by 56%-80% compared to system A. 

 

Figure 3.7 Unit energy consumption of leachate at different age by system A and B 
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The unit energy production of two systems, which are shown in Figure 3.8, increases 

as BOD removal increases. BOD in leachate contributes mainly to CH4 production for 

generating electricity production except in the COD conversion to CO2.  Figure 3.9 

compares the unit energy production of two treatment systems.  Since UASB and the 

anaerobic digester in system B convert most of BOD to CH4, system B could produce more 

electricity than system A at the same amount of BOD removed when treating young and 

medium leachate.  However, the unit energy production of system A is higher than that of 

system B for treating old leachate.  Although old leachate contains a lower concentration 

of COD and BOD/COD ratio than the young and medium leachate, the external carbon 

source in the denitrification process increases electricity production for system A.  Due to 

the high BOD removal in the nitrification reactor, the heterotrophic denitrification process 

needs exogenous organic carbon sources such as methanol for the conversion of nitrate or 

nitrite to nitrogen.  Since PN/A reactor in system B could convert 90% of NH4
+-N to N2 

without adding organic carbon, system B needs less carbon sources than system A.  On the 

other hand, old leachate has a higher concentration of NH4
+_N and soluble, biodegradable, 

organic nitrogen than young and medium leachate, so system A needs a greater amount of 

carbon source to achieve high N removal.  For treating young and medium leachate, the 

differences of unit electricity production between system B and A are 0.99 and 0.55 

kWh/kg BODremoved, respectively.  This translates to unit energy productions of system B 

which are 112% and 36% higher than that of system A.  Although system B produces less 

electricity than system A when treating old leachate, it needs a smaller amount of carbon 

source for the denitrification process. 
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Figure 3.8 Unit energy production as a function of daily BOD removal 
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Figure 3.9 Unit energy production of leachate at different age by system A and B 

In system B, mainstream UASB is the key technology for producing energy in the form 

of CH4.  Leachate quality at different ages has a significant effect on the performance of 

the UASB reactor.  Figure 3.10 suggests that the CH4 production/COD removal (%) rises 

with an increasing BOD/COD mass concentration ratio. Because of the higher 

biodegradability (BOD/COD>0.5), the COD of young leachate can be effectively 

converted to CH4 during the mainstream anaerobic digestion process.  On the other hand, 

UASB is ineffective for treating leachate from old landfills with a low BOD/COD ratio 

and a high fraction of refractory soluble organic matter such as humic and fulvic acids 

[115].  Due to the low biogas production rate, COD removal of old leachate in the UASB 

reactor depends on the process of sedimentation.  However, humic substances are soluble 



37 

 

and discharged with the effluent of the UASB reactor.  Therefore, UASB technology is  

applicable to young leachate treatment.  

In tertiary treatment, adsorption is used for removing soluble substances by the 

accumulation of those substances on activated carbon.  Based on the mass balance and 

Freundlich adsorption isotherm [27], adsorption performance and amount of activated 

carbon are mostly related to soluble COD concentration.  For meeting the discharge 

requirements, secondary treatments in two systems are designed to achieve the same 

effluent BOD concentration.  Humic substances are not easily removed by biological 

processes due to their solubility and nonbiodegradability [60]. Therefore, influent COD 

concentrations of tertiary treatment are similar in the two systems, and different biological 

methods have less effect on the treatment performance of the activated carbon system. 
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Figure 3.10 CH4 production/COD removal by UASB reactor for treating leachate at 

different age in system B 

3.4.3. Cost analysis 

Young landfill leachate is characterized by high organic content, whereas old leachate 

is characterized by low biodegradability.  COD removal by secondary treatment is 

positively related to the BOD/COD ratio.  Therefore, the unit cost metric ($/kg CODremoved) 

was selected as the indicator for this study.  Cost  was estimated  by using the Excel-based 

model developed for this study to compare the unit cost of system B with that of system A 

as shown in Figure 3.11.  It clearly shows that the unit cost of two systems increase with 

landfill age, while the COD concentration and BOD/COD ratio decrease.  Young leachate 

has a higher biodegradability and lower concentration of NH4
+_N and soluble, 

biodegradable organic nitrogen than medium and old leachate.  The young landfill leachate 

treatment system needs less carbon source and saves unit capital and O&M costs through 

smaller N removal reactors when compared to other systems. These aspects reduce the unit 

cost of the young landfill leachate treatment system.  In contrast to system A, the unit cost 

savings of system B are 0.86, 1.08, and 2.09 $/kg CODremoved for young, medium, and old 

leachate, respectively.  System B reduced the unit cost by 53%-72% compared to system 

A.  The nitrification–denitrification process in system A consumes a great amount of O2 

and external carbon source for the conversion of BOD and ammonia nitrogen to CO2 and 

N2 resulting in large amounts of sludge production.  UASB and the PN/A reactor in system 

B removed most of the soluble BOD and 90% of NH4
+-N before the activated sludge 

system, which decreased external carbon source requirement, aeration demand, sludge 

production, and size of the nitrification-denitrification system.  Due to a high sludge 
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concentration, sludge generation from UASB and PN/A is not required to be concentrated 

by a sludge thickener, which reduces the size of the thickener and anaerobic digester.  

Therefore, system B is more economical than system A. 

 

Figure 3.11 Unit daily cost of leachate at different landfill age by system A and B 

3.5. Conclusions 

The current study collected leachate quality data at different landfill ages and 

developed an Excel-based model for comparing the performance of a leachate treatment 

system with different technologies, as shown in Figure A.18 and A.19.  COD removal of 

leachate by the biological treatment process was affected by the BOD/COD ratio, which is 

negatively correlated with the age of the landfills.  The energy and economic analysis of 

the system using mainstream UASB and PN/A and a conventional leachate treatment 
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system showed that energy consumption, production, and cost are related to BOD, COD, 

and N removal of leachate.  For young, medium, and old leachate, system B could save 

unit energy by 4.07, 2.68, and 2.24 kWh/kg Nremoved than system A.  System B improves 

unit energy production by 0.99 and 0.55 kWh/kg BODremoved compared to system A for 

treating young and medium leachate, respectively.  Furthermore, the unit cost saving of 

system B is 0.86, 1.08, and 2.09 $/kg CODremoved for young, medium, and old leachate. 

COD removal from young leachate mainly depends on biological processes while old 

leachate mainly depends on physical-chemical methods. UASB is ineffective for 

converting COD of old leachate to biogas.  These results suggest that the system using 

mainstream UASB and partial nitrification/Anammox is the best young leachate treatment 

system in unit energy and cost. 
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4. EFFECT OF MICRO-SIEVING ON THE UNIT ENERGY AND COST IN 

FOOD WASTEWATER TREATMENT SYSTEM 

4.1. Abstract  

According to the twelve design principles of Sustainable Environmental 

Engineering, micro-sieving is an effective way to prevent organic pollutants from 

entering the main biological treatment unit and has been identified as one of the major 

critical technologies in designing water resource recovery facilities.  It has been 

successfully applied to improve treatment capacity and WWTP treatment performance.  

However, few researchers studied the effect of the micro-sieving on food processing 

wastewater treatment systems which use mainstream anaerobic digestion and the 

anammox process.  The current study collected food processing wastewater quality data 

and targeted at  different suspended solids removal. The hypothesis is that micro-

sieving significantly reduce energy consumption and reduce unit operation cost. Excel-

based models were developed to compare the performance of historical, common, and 

innovative nitrogen removal methods in terms of energy metrics with  different primary 

suspended solids removal.  Results showed that micro-sieving is more effective in 

reducing oxygen requirement and increasing biogas production and CH4/O2 energy 

ratio of historical and common systems. However, micro-sieving alone could not 

achieve energy positive because of high energy consumption in activated sludge 

process and nitrification.  When micro-sieving was used together with  UASB and 

PN/A, energy positive could be achieved.Results show that CH4/O2 energy ratio in an 

innovative system decreases at the average rate of 0.1 % per 5% TSS removal. The 

impact of micro-sieving on energy recovery of an innovative system is negative. On the 

other hand,  micro-sieving also reduces the required size and cost of the UASB reactor 

through decreasing BOD mass load to UASB,  systems with different primary 
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treatments have significant impact of micro-sieving on innovative systems through 

reduction of unit operation cost. In addition,  micro-sieving could increase the 

biodegradability of wastewater and total COD removal by 5-40% and 1-4%, 

respectively. Unit energy analysis showed that a primary clarifier and micro-sieving 

could save unit energy by 1-4% and 1-8%, respectively, compared with  a treatment 

system without primary treatment Micro-sieving decreases total CH4 production 

through reducing BOD loading to UASB, which leads to low unit energy production. 

On the other hand, micro-sieving  also reduces the size and cost of UASB and PN/A 

reactors. The economic benefit due to reduced size of mainstream reactors compensates 

for the disadvantage of low biogas production.  In cost  analysis, systems with micro-

sieving could reduce unit cost compared to systems without primary treatment by 27% 

and those with primary clarifiers by 16%. This study quantifies the positive impact of 

micro sieving on energy-positive food processing wastewater treatment systems. The 

innovative treatment train is intended to provide a valuable reference for future 

sustainable food processing wastewater treatment designs. 

4.2. Introduction 

Food processing wastewater is an unavoidable by-product of industrial activity and 

increases with population and industrial growth [116].  Effluent from food processing 

contains large amounts of suspended organic matter, protein, and fat (i.e., bones, meat, 

and viscera).  High concentration of COD, BOD, TN, and TSS is typical for food 

processing wastewater [117-119]. For example, the average COD, BOD, TN, and TSS 

concentration of food wastewater could be as high as 4,221 mg/L, 1,209 mg/L, 427 

mg/L, and 1,164 mg/L, respectively [117].  Therefore, food processing wastewater 

could be a major pollution source if it is inadequately treated.  River deoxygenation, 

algal blooms, and eutrophication are all potential environmental damages [120, 121]. 
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Since food processing wastewater has a high concentration of COD, BOD, and TN, 

biological processes are the preferred treatment method due to its effectiveness and 

energy saving in treating high-strength wastewater. Biological processes include 

conventional treatment such as an activated sludge (AS) process with autotrophic 

nitrification/heterotrophic denitrification process and innovative treatment such as up-

flow anaerobic sludge blanket and partial nitrification/anammox (PN/A).  UASB 

converts biodegradable COD to CH4 without using oxygen.  PN/A saves approximately 

60% of oxygen demand in nitrification, eliminates external organic carbon source 

requirement of denitrification, and reduces 80-90% of sludge when compared to the 

conventional nitrogen removal process [20, 21, 87, 89, 122].  For the first time, this 

study explores the possibility of applying UASB or PN/A as the main processes for 

reducing soluble BOD and N to  achieveenergy positive food processing wastewater 

treatment.  

Due to the high concentration of TSS in food processing wastewater, primary 

treatment could be used to reduce the particulate matter in the wastewater.  The primary 

clarifier (PC), which uses gravity separation to remove total suspended solids and 

reduce chemical oxygen demand that passes through preliminary treatment, is the most 

widely used primary treatment in a traditional wastewater treatment plant.  However, 

PCs have a large footprint and are costly to install [123].  Micro-sieving, such as a 

rotating belt filter, offers a more sustainable alternative with a smaller footprint, and 

lower capital costs when compared to large setting tanks [15, 16].  Since the land 

requirement of a RBF is typically 10% of that of a primary clarifier [17], the capital 

cost of primary treatment could be saved approximately 50% with RBFs compared with 

the conventional PC [18].  RBF could divert at least 50% of TSS and 20% of 

biochemical oxygen demand from the main treatment stream to mesophilic anaerobic 
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digester [15, 19].  As a result, micro-sieving decreases the amount of oxygen needed 

for aeration through reducing the organic loading rate to biological reactors and 

increases biogas production for energy recovery because of diverting COD in the form 

of primary sludge from mainstream to anaerobic digesters. Therefore, micro-sieving is 

considered as one of the most sustainable technologies to separate TSS in the early 

stage of the treatment train to prevent intensive energy required in traditional aeration 

of activated sludge system. 

Micro-sieving has been identified as a major critical technology in designing water 

resource recovery facilities according to the twelve design principles of Sustainable 

Environmental Engineering [14].  Although some studies on suspended solids removal 

and micro-sieving were done over 40 years ago [124, 125], recent studies about the 

application of micro-sieving for treating municipal wastewater are relatively sparse. 

Noticeably, Rusten and Ødegaard [15] quantified the TSS removal efficiency of RBF 

in the primary treatment of municipal wastewater.  Their results showed that most 

primary clarifiers were unable to meet the primary treatment requirements of the 

European Union (EU).  Micro-sieving achieved the TSS removal of primary treatment 

as required by EU regulations.  Sarathy et al. [126] compared the characteristics of 

primary solids separated from municipal wastewater by PC and RBF.  RBF sludge 

contained higher organic content than PC sludge and increased methane production 

without increasing the size of the anaerobic digester.  This research focused on 

comparing TSS removal efficiency and sludge production of PC and RBF in the 

wastewater treatment system.  Currently, there are few cases of research studying the 

impact of micro-sieving on food wastewater treatment systems using mainstream 

anaerobic digestion and anammox treatment from energy and cost dimensions.  

Therefore, the objectives of this study are to (1) compare the performance of primary 
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clarifier and micro-sieving according to the twelve design principles of Sustainable 

Environmental Engineering [14]; (2) evaluate the influence of micro-sieving on 

treatment performance of energy positive system; (3) compare the effect of micro-

sieving and primary clarifier on food wastewater treatment system in terms of unit 

energy consumption and production; (4) carry out unit cost analysis to quantify the 

effect of micro sieving on the innovative food wastewater treatment trains. The ultimate 

goal of this paper is to quantify the positive impact of the micro-sieving on treatment 

systems with innovative technologies and to offer an innovative design approach for 

future sustainable wastewater treatment of food wastewater. 

4.3. Materials and methods 

4.3.1. Data and process flow 

The current study collected data of food processing wastewater from peer-reviewed 

papers, as shown in Table 4.1. The databases of untreated wastewater quality included 

conventional wastewater quality such as the concentration of TSS, COD, BOD, TN, 

and NH4
+_N.  The noticeable characteristics of food processing wastewater samples 

were slightly high concentrations of suspended solids, BOD, COD, and BOD/COD 

ratio of between 0.29-0.57 in Table 4.1.  Unit energy and cost were calculated based on 

various kinds of food wastewater quality.  An Excel-based model was developed in 

designing a one million gallon a day (MGD) food processing wastewater treatment 

system with different primary and secondary treatments, based on literature [26-28]. 

The treatment flow diagrams of food processing wastewater treatment systems A-C are 

illustrated in table 4.2 and Figures 4.1 to 4.3. The differences of system A, B and C 

were the secondary treatment technologies. System A represents the historical nitrogen 

removal approach. It consumes O2 to convert BOD and NH4
+_N to CO2, and NO3_N 

first, followed by denitrification using an external organic carbon source as the electron 
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donor for converting NO3_N to N2.  System B represents the common nitrogen removal 

processes.  It uses denitrification as the first stage followed by activated sludge process 

and nitrification. NO3_N produced in the nitrification zone is recycled to the 

denitrification zone.  Denitrifying bacteria uses influent BOD as a carbon source to 

reduce NO3_N.  System C represents the innovative method using UASB and PN/A for 

removing pollutants without consuming O2 or organic carbon sources.  Schmidt and 

Dhulashia [127] reported TSS removal through a conventional primary clarifier and 

micro-sieving are 30-50% and 50-90%, respectively.  Hence, the hypothesis is that 

micro-sieving could remove 60%, 65%, 70%, 75%, 80%, 85%, and 90% of TSS. TSS 

removal through primary clarifiers is assumed to be 30% and 50%. According to the 

hypothesis, we will study the effect of the removal of different primary suspended 

solids in terms of  energy consumption and the production. In the innovative system C, 

micro-sieving could divert more particulate BOD to side stream high-rate anaerobic 

digester than primary clarifier.  However, this process decreases CH4 production of 

mainstream anaerobic digesters through reducing the BOD load to UASB.  Therefore, 

micro-sieving with higher TSS removal could reduce energy production.  On the other 

hand, lower BOD mass load to a UASB also reduces the required size and cost of the 

UASB reactor.  Since the impact of different primary treatments on the cost of an 

innovative system is unknown, for comparing the cost of systems with different primary 

treatments, system D, E and F are developed, as shown in table 4.2 and Figures 4.3 and 

4.4.  System D eliminates primary treatment to maximize the BOD load to UASB.  

System E and F use primary clarifiers and micro-sieving to divert particulate BOD to 

side stream anaerobic digester.  Since micro-sieving could save 30-60 % of capital cost 

as compared to the primary clarifier with 50% TSS removal [17], 50% is assumedas 

TSS removal of clarifier in system E, according to the literature values. For example, 
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Behera et al. [30] reported TSS removal changes through micro sieving (360 micron 

screen size) for treating wastewater with different TSS concentrations. Then, they 

developed an empirical model for estimating TSS removal. For reflecting actual work 

conditions of micro-sieving, estimated values based on the empirical model are used 

for TSS removal of micro sieving in system F. 

Table 4.1 Food Wastewater Quality 

TSS (mg/L) BOD (mg/L) COD (mg/L) TN (mg/L) Reference 

950 1200 2100 220 [128] 

1400 1070 2350 317 [129] 

1164 1209 4221 427 [117] 

662 891 1697 246 [130] 

625 1320 3900 217 [131] 

3438 1602 5422 361 [132] 

 

Table 4.2 Systems with different primary and secondary treatment 

System Figure 
Primary treatment Secondary treatments 

Unit process Pollutant removal Unit process Pollutant removal 

A 4.1 

Primary clarifier 
TSS removal: 30% 

and 50% 

Activated sludge 

process 
BOD removal 

Micro sieving 

TSS removal: 60%, 

65%, 70%, 75%, 

80%, 85%, and 90% 

Nitrification NH4
+_N removal 

Denitrification 

NO3_N removal 

with organic 

carbon source 

B 4.2 

Primary clarifier 
TSS removal: 30% 

and 50% 
Denitrification 

NO3_N removal 

with influent BOD 

Micro sieving 

TSS removal: 60%, 

65%, 70%, 75%, 

80%, 85%, and 90% 

Activated sludge 

process 
BOD removal 

Nitrification NH4
+_N removal 

C 4.3 

Primary clarifier 
TSS removal: 30% 

and 50% 
UASB BOD removal 

Micro sieving 

TSS removal: 60%, 

65%, 70%, 75%, 

80%, 85%, and 90% 

Partial nitrification NH4
+_N removal 

Anammox 

NH4
+_N and 

NO2_N removal 

with CO2 

D 4.4   

UASB BOD removal 

Partial nitrification NH4
+_N removal 

Anammox 

NH4
+_N and 

NO2_N removal 

with CO2 

E 4.3 Primary clarifier TSS removal: 50% 

UASB BOD removal 

Partial nitrification NH4
+_N removal 

Anammox 

NH4
+_N and 

NO2_N removal 

with CO2 

F 4.3 Micro sieving UASB BOD removal 
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Estimated TSS 

removal based the 

empirical model 

Partial nitrification NH4
+_N removal 

Anammox 

NH4
+_N and 

NO2_N removal 

with CO2 

 

 

Figure 4.1 Scheme of food wastewater treatment system A- direct line 

nitrification/denitrification with primary clarifier or micro-sieving 
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Figure 4.2 Scheme of food wastewater treatment system B- recycle line 

nitrification/denitrification with primary clarifier or micro-sieving 
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Figure 4.3 Scheme of food wastewater treatment system C, E and F- mainstream 

anaerobic treatment and anammox treatment with primary clarifier or micro-sieving 
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Figure 4.4 Schematic graphs of food wastewater treatment system D- mainstream 

anaerobic treatment and anammox treatment without primary 

4.3.2. Equations for estimating energy and cost 

4.3.2.1. Energy and cost of primary treatment  

TSS removal, power consumption, and cost of primary treatment are calculated by 

the following equations [17, 30, 35, 37, 133]:   

TSS removal of primary clarifier (%) = -0.004006[Surface overflow rate(m/d)] 

+0.73782 

(4.1) 
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TSS removal of rotating belt filter(%) =16.45ln [Influent TSS concentration(mg/L)]-

29.1 

(4.2) 

Power Consumption of rotating belt filter=129.6 kWh/d 

(4.3) 

Power Consumption of primary clarifier=30 kWh/d 

(4.4) 

Capital cost of rotating belt filter($)= 0.55Capital cost of priamry clarifier with 50% 

TSS removal($) 

(4.5) 

Capital cost of priamry clarifier=-0.00002(Q)2+19.29(Q)+220,389 

Q=32.6/surface overflow rate (influent flow rate) 

(4.6) 

Capital and O&M costs of primary treatment are related to the flow rate. This study  

examines the influence of different food processing wastewater quality on treatment 

systems, 1 MGD was used  as the flow rate of different treatment systems.  A rotating 

belt filter has a typical operating power consumption of 1.8-3.6 kW for a flow rate of 

0.6 MGD [17]; two rotating belt filters with total energy consumption of 5.4 kW were 

used for treating wastewater. The TSS concentration of food wastewater varies from 

625 to 3,438.22 mg/L, micro-sieving could achieve a high TSS removal.  However, the 

power consumption of micro-sieving is higher than that of the primary clarifier, which 

is 1.25 kW for the treated flow of 1 MGD [133].  When the TSS removal was 50%, the 

capital cost of micro- sieving is 50%-60% of the conventional primary treatment.  It is 

assumed that the capital cost of micro sieving is 55% of that of primary clarifier with 

50% TSS removal. Micro-sieving only had a 10% footprint of the clarifier [17].  
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Therefore, low capital cost and high TSS removal compensate for the disadvantage of 

high-power consumption. 

4.3.2.2. Energy production of anaerobic digestion 

Wastewater quality, retention time, temperature affects COD removal and methane 

production of UASB. Cavalcanti et al. [42] reported  detailed empiric equations that 

was used to predict the division of the influent COD over the effluent. These account 

for wastewater quality, sludge age, and temperature.   

25-T1.067

4)] -(Rsu  · 0.04 - exp[ 0.27
 +  fns =mSeu  

(4.7) 

25-T1.067

4)] -(Rsu  · 0.04 - exp[ 0.25
 + ) fnp - fns - (1 ·Yan  · fcv + fnp =mSxvu  

(4.8) 

mSdu = 1 - mSeu – mSxvu 

(4.9) 

where: 

mSeu = fraction of influent COD ending up as non-settleable COD in the UASB 

effluent (g COD/g COD) 

mSxvu = influent COD fraction converted into anaerobic excess sludge (g COD/g 

COD) 

mSdu = fraction of influent COD digested in UASB (g COD/g COD) 

T=temperature=25℃ 

fns = non-biodegradable, soluble influent COD fraction (g COD/g COD) 

fnp = non-biodegradable particulate influent COD fraction (g COD/g COD) 

Rsu = anaerobic sludge age in the UASB reactor 
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Yan = yield coefficient in an anaerobic environment (0.05 g VSS/g COD) as 

determined by Cavalcanti et al. [42]  

Since the sludge age of UASB is greater than 20 days [26], sludge age is assumed 

to be 40 days. Since biodegradable COD in wastewater could be converted into CH4 at 

15 and 35℃ [20], the operating temperature of the treatment system was assumed to be 

25 ℃.  

Energy production of UASB (kWh/d) =(mSdu) (QUASB)(SUASB) (0.25 g CH4/g COD) 

(10-3kg/g)(13.9 kWh/kg CH4) (38%) 

(4.10) 

(kg/d) removal COD

(kWh/d)  UASBof productionEnergy 
=

)COD (kWh/kg  UASBof productionenergy unit  lTheoretica removed

 

(4.11) 

where: 

mSdu = fraction of influent COD digested in UASB (g COD/g COD) 

SUASB= Influent COD concentration to UASB (g/m3) 

QUASB=Flow rate to UASB (m3/d) 

COD removal in UASB (kg/d) =COD digested in UASB+COD discharged as sludge 

Qasim and Zhu [28] reported that 1 kg COD could be converted to 0.25 kg CH4 by 

UASB. It was assumed that UASB, which combines heat and power technologies, could 

convert 38% of CH4 formed in the anaerobic digestion to electricity with an energy 

density of approximately 13.9 kWh/kg CH4 [40]. 

RTAD=15d  

(4.12) 

TAD=35℃ 
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(4.13) 

biodegradable COD destruction value =0.7 

(4.14) 

A side stream anaerobic digester is used  to produce  CH4 from sludge in the absence 

of air at a specific solid retention time and a specific temperature.  Mean values of solids 

retention time and temperature shall be between 15 days at 35℃ to 55 ℃ and 60 days 

at 20℃ [134], respectively. Kabouris et al. [135] reported that the biodegradable 

volatile solids destruction value of anaerobic digester was 69% at a retention time of 12 

days and 35℃. It was reported 70% of biodegradable COD could be converted to CH4 

at 35℃ [40].  As a result, retention time, temperature and biodegradable COD 

destruction value were  assumed to be 15 days, 35℃ and 70%, respectively. 

4.3.2.3. Energy consumption of PN/A 

The reaction of the PN/A process can be depicted as the following equation [28]: 

NH4
++0.799 O2 +1.109 HCO3

-→0.436 N2 +0.111 NO3
−+1.034 CO2 +2.496 H2O+New 

biomass 

(4.15) 

The overall oxygen requirement for conversion of ammonia to nitrogen gas and 

nitrate is 1.83 g O2/g NH4-N converted. 

removed

a

42

N kgkWh/  1.32

 
OT

N_NH /kgkgO 1.83
=PN/A ofn consumptioenergy unit  lTheoretica

=

 

(4.16) 

 where 

 OTa=Oxygen transfer efficiency (actual)=1.2 kg O2/kWh [26] 
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Since biodegradable COD in wastewater could be converted into CH4 at 15 and 

35℃ [20], the operating temperature of the treatment system was assumed to be 25 ℃. 

Therefore, energy consumption is estimated based on O2 mass demand and oxygen 

transfer efficiency at 25 ℃ [26]. 

4.3.2.4. Energy and cost of WWTP 

The following equations are used for estimating unit energy consumption, 

production, and cost of WWTPs [26, 39, 40].  

Unit energy production(kWh/kg BODremoved)

 
(kg/d) removal BOD

(kg/d)) production  (CH (38%) )CH kWh/kg (13.9
= 44  

(4.17) 

Unit energy consumption (kWh/m3)  
(actual)Q efficiencynsfer Oxygen tra

/d)(kgOPN/A  of demandAeration 
= 2  

Unit energy consumption (kWh/ kg Nremoved)

 
(kg/d)) removal (actual)(N efficiencynsfer Oxygen tra

/d)(kgOPN/A  of demandAeration 
= 2  

 

where  

Q=flow rate (m3/d) 

Oxygen transfer efficiency (actual)= 1.2 kg O2/kWh 

(4.18) 

Electricity consumption of a WWTP is mainly comprised by power consumption 

of the wastewater lift pump, aeration equipment, and sludge treatment.  The energy 

consumption of biological treatment accounts for 50–70% of the overall energy 
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consumption [41].  Since UASB removes COD without consuming oxygen, aeration 

energy of the PN/A process was the dominant energy demand. 

n,ia

cost($) Capital
=cost($/yr) Capital  

n

n

n i,
)i1(i

1i)(1
=  a

+

−+
 

where  

ai, n=annualization factor 

i =interest rate (annual)=6% 

n=economic lifetime of the treatment plant in years=20 (yr) 

Total cost($/d)=Capital cost($/d)+O&M cost($/d) 

(4.19) 

(kg/d) removal COD

d/yr) (365cost($/yr) Capital
=)COD ($/kgcost  capitalUnit removed  

(4.20) 

(kg/d) removal COD

d/yr) (365cost($/yr) M& O
=)COD ($/kgcost  M&OUnit removed  

(4.21) 

Unit cost($/kg CODremoved)=Unit capital cost($/kg CODremoved)+Unit O&M cost($/kg 

CODremoved) 

(4.22) 

For comparing the cost of systems with different primary treatment, the total capital 

costs ($) were annualized over the expected lifetime of the WWTP.  Economic lifetime 

and interest rate were assumed to be 20 years and 6%[26]. Capital costs ($) were 

transformed into annualized capital costs ($/yr) based on the interest rate and lifetime.  
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The total unit cost was calculated as the combination of the unit capital costs and the 

unit operational costs. 

4.4. Results and discussion 

4.4.1. Effect of different primary suspended solids removal for treating the 

specific food wastewater quality 

4.4.1.1. Pollutant mass load 

The first row of data in table 4.1 was selected as the specific food wastewater quality 

for studying the impact of different primary suspended solids removal on the 

performance of systems A, B, and C.  According to the coefficients of the wastewater 

obtained from GPS-X 7.0 in table 4.3, the total COD, BOD and N of the specific food 

processing wastewater were divided into fractions as shown in table 4.4.  The analytical 

result shows that the influent particulate COD, BOD and N fractions are 48, 42 and 

15%. BOD, COD and N removal rise with increasing TSS removal in Figure 4.5.  Due 

to a lower particulate N fraction, the effect of micro-sieving on BOD and COD removal 

is greater than N removal. 

Table 4.3 Coefficients of the wastewater obtained from GPS-X 7.0 

Parameter Value Reference 

Volatile Suspended Solids/Total Suspended Solids, VSS/TSS 0.75 [135] 

Particulate COD/Volatile Suspended Solids, pCOD/VSS 1.42 [91] 

Colloidal COD/slowly biodegradable COD, cCOD/sbCOD 0.15 [135] 

BOD to COD ratio of soluble and colloidal biodegradable substrates, 

fBOD/(bsCOD+cCOD) 
0.717 [135] 

BOD to COD ratio of particulate biodegradable substrate, pBOD/pCOD 0.58 [135] 

 Biodegradable particulate organic nitrogen/biodegradable particulate COD, 

bpON/bpCOD 
0.0268 [123] 

 Non-biodegradable particulate organic nitrogen/non-biodegradable particulate COD, 

nbpON/nbpCOD 
0.068 [123] 

 Non-biodegradable soluble organic nitrogen/non-biodegradable soluble COD, 

nbsON/nbsCOD 
0.05 [135] 
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Table 4.4 Specific food processing wastewater characteristics 

Characteristics 
Concentration 

(mg/L) 

Inert suspended solids (ISS) 237.50 

Volatile Suspended Solids (VSS) 712.50 

Non-biodegradable particulate COD (nbpCOD) 144.58 

Biodegradable particulate COD (bpCOD) 867.17 

Colloidal COD (cCOD) 153.03 

Biodegradable soluble COD (bsCOD) 819.13 

Non-biodegradable soluble COD (nbsCOD) 116.09 

Biodegradable particulate COD (bCOD) 1839.33 

Particulate BOD (pBOD) 502.96 

Filtered BOD (fBOD) 697.04 

Non-biodegradable particulate organic nitrogen 

(nbpON) 
9.83 

Biodegradable particulate organic nitrogen (bpON) 23.24 

Non-biodegradable soluble organic nitrogen (nbsON) 5.80 

Ammonium-Nitrogen (NH4+-N) 181.12 

Total nitrogen (TN) 220.00 

 

 

Figure 4.5 Pollutant mass load removal by primary treatment 
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4.4.1.2. Oxygen demand 

Primary treatment removes particulate BOD and N to reduce influent BOD and 

bON mass load to the secondary treatment.  Oxygen demand decreases with increasing 

primary suspended solids removal in Figure 4.6.  Compared to the conventional primary 

clarifier with 30-50% TSS removal, micro-sieving is more effective in reducing oxygen 

requirement of historical, common, and innovative systems because of higher solids 

capture.  In an innovative system, O2 is only used for the partial nitrification process 

due to BOD removal by micro sieving and UASB without consuming O2.  System C 

with different suspend solids removal needs less O2 than systems A and B.  Oxygen 

requirement in systems A, B, and C decrease at the average rate of 1.7%, 2.3%, and 

0.5% per 5% TSS removal. The change of oxygen demand reduction in system C is 

smaller than those in system A and B.  Micro-sieving has  very low efficiency  in 

removing soluble biodegradable N and NH4
+_N from wastewater. All soluble N enters 

into PN/A reactor. Due to low N removal, the impact of micro-sieving on oxygen 

demand of system C is smaller than those of system A and B. 
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Figure 4.6 Oxygen demand for different primary suspended solids removal 

4.4.1.3. CH4 production 

Primary treatment captures particulate BOD for direct anaerobic digestion prior to 

biological conversion to sludge.  In the activated sludge process, BOD in wastewater is 

first converted to CO2 and biomass.  Energy of biomass is subsequently recovered 

through anaerobic digestion at low energy efficiency. In systems A and B, total CH4 

production at standard temperature and pressure condition rise with increasing primary 

suspended solids removal, as shown in Figure 4.7.  Compared to the conventional 

primary clarifier with 30-50% TSS removal, micro-sieving is more effective in 

increasing CH4 production of conventional  systems because of higher particulate BOD 

division to side stream anaerobic digester.  The external organic carbon source, which 

is added to system A for denitrification, is converted to biomass for indirect anaerobic 

digestion.  Adding an external organic carbon source increases cost of chemicals but 

also increases CH4 production. Therefore, system A could produce more CH4 than 
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system B, as shown in Figure 4.7.  In an innovative system, UASB and anaerobic 

digestion directly converts most of BOD in wastewater to CH4.  Hence, methane 

production of system C is 1.6-2.5 times that of system A and B.  However, methane 

production in system C decreases at the average rate of 0.35% per 5% TSS removal.  

Primary treatment with higher TSS removal could separate more particulate BOD from 

wastewater to high-rate anaerobic digester.  On the other hand,  this process also 

decreases CH4 production of mainstream anaerobic digester by reducing the BOD mass 

load to UASB.  Mainstream UASB with high sludge age of 40 d could convert BOD 

more efficiently to CH4 than the high-rate anaerobic digester.  In general, the impact of 

micro-sieving on CH4 production of system C is negative. 

 

 
Figure 4.7 CH4 production for different primary suspended solids removal 
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4.4.1.4. CH4/O2 energy ratio 

Figure 4.8 presents CH4/O2 energy ratio for all treatment systems.  Since the energy 

ratio is above 1, system A with greater than 85% TSS removal and system B with 

greater than 65 % TSS removal could produce enough electricity to satisfy the energy 

demand for oxygen production.  Due to higher BOD to division to an anaerobic 

digester, micro sieving is more effective in recovering energy of historical and common 

systems when compared to the conventional primary clarifier.  The energy consumption 

of biological treatment accounts for 50–70% of the overall energy consumption [41].  

Oxygen demand is assumed to be 60% of total energy consumption, in which case only 

system C could achieve electrical self-sufficiency because its energy ratio is above 8.  

Figure 4.8 shows that CH4/O2 energy ratio in system C decreases at the average rate of 

0.1 % per 5% TSS removal.  Micro-sieving with higher TSS removal reduces CH4 

production of system C, which leads to a negative influence of micro- sieving on energy 

recovery.  However, micro-sieving also reduces the required size and cost of UASB 

reactor by decreasing BOD mass load to UASB.  Therefore, the impact of micro-sieving 

on the unit operational cost of the innovative systems is explored  in the next section. 
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Figure 4.8 CH4/O2 energy ratio for different primary suspended solids removal 

4.4.2. Assessment of the primary treatment  

The performance of primary clarifier and micro-sieving could be compared based 

on the twelve design principles of Sustainable Environmental Engineering, as shown in 

Table 4.5 [14].  On the spatial scale, the land requirement of RBF is typically 10% of 

that of the primary clarifier [17].  Since primary clarifier is often construted open to the 

weather, treatment efficiency is impacted by temperature under weather change.  

Micro-sieving is a modular and flexible design that could be installed indoors or 

outdoor to serve WWTPs with any capacity requirement.  In terms of materials, primary 

sedimentations are circular concrete tanks, and the major construction material of micro 

sieving is stainless steel, while concrete and steel are recyclable materials.   However, 

the quality of recycled concrete is 15-25% lower than that of the original concrete.  Steel 

could be recycled repeatedly without loss of strength [136].  In terms of separation, the 

solids content of micro-sieving sludge is 3-8%, which is significantly higher than that 
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of primary clarifier sludge [17].  Gupta [123] compared the removal efficiency of 

cellulose by different primary treatments.  The cellulose contents in micro-sieved 

sludge and primary clarifier sludge are 37±1 % and 18±0.2 % cellulose, respectively.  

Since cellulose represents a major component of the particulate matter in raw municipal 

wastewater, micro-sieving has the ability to separate more sludge with higher percent 

dry solids than clarifiers.  From energy and cost perspectives, the typical operating 

power consumption of micro sieving is 1.8-3.6 kW for a flow rate of 0.6 million gallons 

per day (MGD), and the energy demand of primary is 1.25 kW for the treated flow of 

1 MGD [17, 133].  The capital cost of primary treatment could be reduced by 

approximately 50% with RBFs as compared to the conventional PC [18].  On the other 

hand, micro-sieving consumes more electricity than a primary clarifier for treating the 

same volume of wastewater, which leads to its higher O&M cost.  On the other hand, 

the separation process by micro sieving reduces BOD and COD mass to biological 

reactors to decrease oxygen demand, required size and cost of mainstream equipment. 

Micro-sieving could be proved to be an economical and efficient alternative to the 

conventional primary clarifier when the benefit due to cost-saving is higher than its 

increased cost. 

Table 4.5 Comparison between primary clarifier and micro sieving 

 Primary clarifier Micro sieving 

Land requirement Large 10% of the clarifier 

Installation Outdoor Indoor or outdoor 

Major construction material Concrete Stainless steel 

TSS Removal Efficiency 30-50 50-90 

Solids Content (%) 1-6 3-8 

Capital cost High 40%-70% of the clarifier 

Operating power consumption (kwh/m3) 0.008 0.019-0.038 
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4.4.3. Influence of primary treatment 

4.4.3.1. Treatment performance of primary and secondary treatment 

Figure 4.9 shows that the COD diversion to side stream anaerobic digester by 

micro-sieving is higher than that by the primary clarifier.  The primary clarifier depends 

on the settling velocity of particles, flow rate, and surface overflow rate.  In micro-

sieving, particulate removal is achieved by filter-mesh under pressure.  As wastewater 

flows through the filter-mesh, the suspended solids are retained on the mesh, and the 

filtered wastewater is transported by gravity to the outlet pipe [16].  Mesh pore size, the 

particle size distribution of influent wastewater, and flow rate dictate the performance 

of micro-sieving [137].  Since the retained suspended solids form an extra layer on the 

mesh, which contributes to retaining a greater number of particulates on the filter, TSS 

removal efficiency is positively related to TSS concentration to micro-sieving [30].  

Most of the food wastewater has a high concentration of TSS, as shown in table 4.1, 

micro-sieving could retain more particulates on the filter and divert more COD to 

anaerobic digester than clarifier. 
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Figure 4.9 COD removal of primary and secondary treatment 

Note: 1: primary treatment in system D, 2: primary treatment in system E, 3: primary 

treatment in system F, 4: secondary treatment in system D, 5: secondary treatment in 

system E, 6: secondary treatment in system F, 7: primary and secondary treatment in 

system D, 8: primary and secondary treatment in system E, 9: primary and secondary 

treatment in system F 

Since the PN/A process does not require organic carbon sources for denitrification, 

mainstream UASB in the secondary treatment removes most of the remaining COD 

after primary treatment, as shown in Figure 4.9.  The COD removal by the UASB in 

system C is less than those of other systems due to high COD removal of micro sieving.  

However, total COD removal of systems A, B, and C are 53.7%-87.9%, 54.6%-89.4%, 

and 55.3%-90.3%, respectively.  COD removal of food processing wastewater 

increased by 1-2% with primary clarifier and by 1-4% with micro-sieving.  Therefore, 

the COD removal of wastewater treatment could be improved by micro-sieving. 

4.4.3.2. Treatment performance of primary and secondary treatment 

Biodegradability (BOD/COD ratio), which represents the ability of a substance to 

be removed by microorganisms, is commonly used as an indicator of wastewater 
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biodegradability [108]. High biodegradability is a sufficient condition of 

biodegradation.  Figure 4.10 shows the BOD/COD ratio of untreated wastewater and 

treated wastewater by primary clarifier and micro-sieving.  Primary treatment reduces 

COD mass to secondary treatment, as shown in Figure 4.9.  This process results in 

increased biodegradability of wastewater due to the reduction of particulate non-

biodegradable COD in wastewater. Figure 4.10 demonstrates that  the BOD/COD ratio 

of food processing wastewater increased by 3-11% with the primary clarifier and by 5-

40% with micro-sieving.  Gupta [123] reported the effect of different primary 

treatments on biodegradable (biodegradable COD/COD).  The results showed that 

primary clarifier and micro-sieving increased the biodegradable fraction from 71% to 

80% and from 71% to 74%, respectively.  The differences between Gupta’s study and 

the current study are TSS removal efficiency of primary treatment.  In Gupta’s 

investigation [123], primary clarifier could achieve 67%-73% of TSS removal, and 

micro sieving could remove 26%-28% of TSS from wastewater due to different 

wastewater quality and design of primary clarifier.  In addition, biodegradability 

increases with increasing TSS removal. Due to high TSS concentration and particulate 

matter fraction, micro-sieving could improve the biodegradability of food processing 

wastewater more significantly as compared with the primary clarifier. 
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Figure 4.10 Biodegradability of food processing waster after different primary 

treatment. 

Micro-sieving could change food processing wastewater quality.  However, it has 

very little impact on biodegradable COD (bCOD) digestion rate, which represents the 

ratio between bCOD digested mass in UASB and influent bCOD mass to UASB.  

Biodegradable COD removal in UASB includes bCOD that is converted to CH4 and 

bCOD discharged as sludge. High biodegradability increases the fraction of COD 

digested and COD discharged as sludge according to equation (8-9), which leads to 

similar bCOD digestion rates of three systems in Figure 4.11.  Therefore, micro-sieving 

could increase biodegradable COD fraction to UASB, but it could not significantly 

change the conversion rate of biodegradable COD to CH4. 
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Figure 4.11 biodegradable COD digestion rate in UASB 

4.4.3.3. Effluent wastewater quality 

Micro-sieving with high TSS removal could remove more particulate organic 

matter than clarifier, as shown in Figures 4.5 and 4.9. Therefore,  the effluent COD, 

BOD and TN concentration in system F are the lowest among all treatment systems in 

Figure 4.12.  As shown in table 4.4, the influent particulate N fractions of the specific 

food wastewater quality is only 15% and other food wastewater quality has similar 

characteristics.  TN in food processing wastewater is mostly composed of NH4
+

_N and 

soluble ON.  Hence, the influence of micro-sieving on COD or BOD removal is more 

significant than that on TN removal.  
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Figure 4.12 Wastewater quality in the effluent 

Table 4.6 shows current discharge standards of organics and nutrients in food 

wastewater in different countries, including European [138], the USA [120], China 

[139], and India [140].  Figure 4.12 indicates that  the effluent wastewater quality of 

system F is 53.88-153.45 mg/L BOD and 41.65-137.24 mg/L TN, respectively.  This 

energy-positive system with micro-sieving could achieve COD removal of 55.3%-

90.3% and NH4
+

_N removal of 90%.  However, effluent wastewater quality of energy 

positive system might still do not meet the current discharge standards due to the high 

concentration of COD, BOD, and TN in food processing wastewater. Therefore, 

mainstream anaerobic treatment followed by mainstream anammox treatment was 

proposed as the best energy-positive system for treating municipal wastewater [91].  In 

addition,  this energy-positive system should combine with aerobic treatment and 

physical-chemical treatment to increase pollutants removal efficiency to meet the 

discharge requirement of food processing wastewater. 
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Table 4.6 Discharge standards of food wastewater in different countries 

Parameter 
EU USA China India 

Min Max Min Max Min Max Min Max 

BOD (mg/L) 25 16 26 20 100 30 100 

TN (mg/L) 10 15 4 8 15 20 10 50 

 

4.4.4. Unit energy consumption and production 

4.4.4.1. Theoretical and actual energy production of UASB 

In this study, empiric equations (4.7-4.11) were used for estimating theoretical COD 

removal and unit energy consumption of UASB, as shown in table 4.7. Theoretical 

COD removal, unit methane production, and unit energy production at 25 ℃ are 54%-

89%, 0.15-0.30 m3 CH4/kg CODremoved, and 0.52-1.03 kWh/kg CODremoved. 

Table 4.7 Theoretical COD removal, unit methane production, and unit energy 

production of UASB in system D without primary treatment 

BOD/COD ratio 0.57 0.46 0.29 0.53 0.34 0.30 

COD concentration (mg/L) 2100.00 2350.00 4221.00 1697.00 3900.00 5422.25 

COD removal (%) 88.08 85.45 53.85 82.66 54.56 79.01 

Unit CH4 production (m3 CH4/kg 

CODremoved at 0℃ and 1 atm) * 
0.27 0.22 0.17 0.26 0.21 0.14 

Unit CH4 production (m3 CH4/kg 

CODremoved at 25℃ and 1 atm) 
0.30 0.24 0.19 0.28 0.23 0.15 

Unit energy consumption (kWh/kg 

CODremoved) 
1.03 0.83 0.65 0.97 0.80 0.52 

 

* The following reaction is used for converting COD digested in UASB to methane: 

CH4+2O2→CO2+2H2 O 

1 kg COD digested could be converted to 0.25 kg CH4 or 0.35m3 CH4 theoretically at 

0℃ and 1 atm [28] 

In table 4.8, data about COD removal and methane production of UASB for 

removing untreated food processing wastewater was collected from published peer-

reviewed papers [141-143].  Actual COD removal, unit methane production, and unit 
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energy production at 25 ℃ are 43%-95%, 0.01-0.38 m3 CH4/kg CODremoved, and 0.03-

1.30 kWh/kg CODremoved.  

As shown in Table 4.7, 4.8, and Figure 4.13, theoretical energy productions are 

close to the actual values, which indicates the validity of empirical equations used in 

my study.  Theoretical energy production in system F is higher than those in systems D 

and F.  Micro-sieving could remove more particulate non-biodegradable COD, which 

leads to a higher BOD/COD ratio of wastewater to UASB in system F. Non-

biodegradable particulate COD, which could be not converted to biogas, increases COD 

removal of UASB in systems E and F. This results in lower unit energy production in 

systems E and F.  The unit energy production per BOD removal shows an opposite 

trend in Figure 4.14.  BOD removal does not include non-biodegradable particulate 

organic matter removal.  This study considers the physical leakage of methane. 2.5 

mg/L is assumed to be the dissolved CH4 concentration in the anaerobic effluent based 

on The Handbook of Biological Wastewater Treatment [6].  In system F, micro sieving 

reduces BOD mass load to UASB. However, dissolved CH4 concentration in the 

anaerobic effluent does not change in all systems.  This leads to lower biogas production 

and unit energy production per BOD removal in system F. 

Table 4.8 Actual COD removal and unit methane production and unit energy 

production of UASB  

HRT (h) 22 22 22 18 18 14 14 7.1 6.8 6.7 4.1 2.3 

SRT (d)        60.

3 
23.4 14 14.4 3.3 

Temperature (℃) 35 35 35 35 35 35 35 33 33 33 33 33 

COD (mg/L) 
280

0 

32

00 

420

0 

300

0 

650

0 

390

0 

633

0 

82

01 

571

9 

525

6 

549

5 

551

4 

COD removal (%) 
83.

2 

84.

4 
89.2 82.5 90.6 78.5 

85.

7 
78 73 77 83 68 

L biogas/g COD 

removed 

0.5

55 

0.4

7 

0.40

2 
0.46 

0.19

2 
0.3 

0.1

57 
     

L CH4/kg SCOD 

removed (at 25℃ and 1 

atm) 

       21

3 
254 283 201 199 
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Unit CH4 production (m3 

CH4/kg CODremoved at 

0℃ and 1 atm) * 

0.3

4 

0.2

9 
0.25 0.29 0.12 0.19 0.1 

0.0

7 
0.15 0.23 0.15 0.11 

Unit CH4 production (m3 

CH4/kg CODremoved at 

25℃ and 1 atm) 

0.3

8 

0.3

2 
0.27 0.31 0.13 0.2 

0.1

1 

0.0

8 
0.17 0.25 0.16 0.12 

Unit energy 

consumption (kWh/kg 

CODremoved) 

1.3

0 

1.1

0 
0.94 1.08 0.45 0.70 

0.3

7 

0.2

7 
0.58 0.85 0.56 0.41 

Reference [141] [142] 

HRT (h) 24 24 24 24 24 24 24 24 24 24 24 24 

SRT (d)             

Temperature (℃) 36 36 36 36 36 36 36 36 36 36 36 36 

COD (mg/L) 
350

0 

60

00 

100

00 

200

00 

280

00 

320

00 

350

0 

60

00 

100

00 

200

00 

280

00 

320

00 

COD removal (%) >90 
>9

0 
>90 48 45 43 >90 

>9

0 
>90 95 72 68 

Specific methane 

production (LCH4/g 

COD added at 36 ℃) 

0.2

1 

0.1

5 
0.12 0.02 0.01 

0.00

4 

0.2

8 

0.1

9 
0.18 0.21 0.08 0.04 

Unit CH4 production (m3 

CH4/kg CODremoved at 

0℃ and 1 atm) * 

0.2

1 

0.1

5 
0.12 0.04 0.02 0.01 

0.2

7 

0.1

9 
0.18 0.2 0.1 0.05 

Unit CH4 production (m3 

CH4/kg CODremoved at 

25℃ and 1 atm) 

0.2

3 

0.1

6 
0.13 0.04 0.02 0.01 0.3 0.2 0.19 0.21 0.11 0.06 

Unit energy 

consumption (kWh/kg 

CODremoved) 

0.7

8 

0.5

6 
0.44 0.14 0.07 0.03 

1.0

4 

0.7

0 
0.67 0.74 0.37 0.20 

Reference [143] 

* Unit CH4 production at the standard temperature and pressure is estimated based on 

the assuming methane/biogas ratio of 70%, [144], 0℃, and 1 atm. 
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Figure 4.13 Actual and Theoretical unit energy production of UASB 

Note: 1: theoretical unit energy production of UASB in system D, 2: theoretical unit 

energy production of UASB in system E, 3: theoretical unit energy production of 

UASB in system F, 4: actual unit energy production of UASB. 

 

Figure 4.14 Theoretical unit energy production of UASB per BOD removal 

Note: 1: theoretical unit energy production of UASB in system D, 2: theoretical unit 

energy production of UASB in system E, 3: theoretical unit energy production of 

UASB in system F  
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4.4.4.2. Theoretical and actual energy consumption of PN/A 

In Table 4.9, the actual unit energy consumption of PN/A is 0.8-1.92 kWh/kg 

Nremoved. Based on equations (4.15-4.16), 1.32kWh/kg Nremoved was used as the 

theoretical unit energy consumption of PN/A, which is close to the actual value, as 

shown in Figure 4.15.  This proves the validity of the theoretical unit energy 

consumption used in my study.  According to the benchmarking method reported by 

Yang et al. [145], the mean actual unit energy consumptions of 1.4 kWh/kg Nremoved 

could be selected as the benchmark data for comparing with actual unit energy 

consumption to check the energy efficiency of PN/A reactor. 

Table 4.9 Energy consumption of PN/A reactors 

Plant Reactor type Unit energy demand (kWh/kg Nremoved) Reference 

Apeldoorn SBR 1.1 

[146] 

Balingen SBR 0.92 

Heidelberg SBR 1.67 

Ingolstadt SBR 1.92 

Nieuwegein SBR 0.8 

Zurich SBR 1.11 

Olburgen  1.86 

Malmö MBBR 1.45-1.75 [88] 
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Figure 4.15 Actual and Theoretical unit energy consumption of PN/A 

4.4.4.3. Energy consumption and production of WWTP 

According to Sustainable Environmental Engineering [14], the unit energy indicator 

is critical when evaluating the energy performance of various WWTPs with different 

technologies.  Unit energy metrics could be defined as the ratio between the daily 

energy consumption and treated COD mass removal (kWh/kg CODremoved) or TN mass 

removal (kWh/kg Nremoved) [33, 147].  Since aeration demand for the aerobic biological 

process is the dominant energy demand in treating wastewater [113], aeration energy 

consumption was considered as electrical energy consumption. Since UASB reduces 

BOD to low concentration without oxygen consumption, O2 is used for reducing N in 

the PN/A reactor.  Mainstream UASB and side stream anaerobic digesters convert 

biodegradable soluble COD in wastewater and biodegradable particulate COD in 

sludge to CH4 for energy recovery.  Therefore, the unit energy consumption per unit of 
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N removal (kWh/kg Nremoved) and unit of the unit energy production per unit of BOD 

removal (kWh/kg BODremoved) were used in this study.  

In figure 4.16, the unit energy consumptions of three systems are 0.72-1.46, 0.69-

1.44, and 0.67-1.42 kWh/kg total N removal, respectively.  Since oxygen is only 

consumed in the PN/A process, the unit energy consumption of the treatment system is 

close to the actual unit energy consumption of the PN/A reactor, as shown in table 4.9.  

Systems show low unit energy consumption because a part of NH4
+-N and bON 

contributes to biomass production in UASB without consuming oxygen.  Figures 4.16 

suggests that the unit energy consumption of system F is lower than those of systems 

D and E because micro-sieving could remove more particulate biodegradable organic 

nitrogen than clarifier.  Since pbON from micro-sieving to mainstream UASB is lower 

than that from the clarifier to UASB, more NH4
+-N was consumed to form biomass 

during mainstream anaerobic digestion, and lower NH4
+-N was transferred to PN/A 

reactors in system F.  In contrast to system D, unit energy saving of systems E and F 

are 0.01-0.04 and 0.01-0.07 kWh/kg Nremoved, which illustrates that primary treatment 

could help system D save unit energy by 1-4% and 1-8%.  
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Figure 4.16 Unit energy consumption of system D, E, and F 

Biodegradable COD contributes to CH4 production to generate electricity. Since 

micro-sieving could separate more particulate BOD from wastewater to high-rate 

anaerobic digester than primary clarifier, anaerobic digester of system F could produce 

more electricity than that system D and E. However, this process decreases CH4 

production of mainstream anaerobic digester by reducing the BOD loading rate to 

UASB.  In Figure 4.11, the bCOD digestion rate of UASB is 64-78 %, which is higher 

than the bCOD digestion rate of a high-rate anaerobic digester in equation (6.13).  

UASB with high sludge age of 40 d could convert BOD more efficiently to CH4 than 

the high-rate anaerobic digester.  As a result, system D could produce more electricity 

for removing the same amount of BOD than systems E and F, as shown in Figure 4.17.  

The mean value of unit energy production for systems D, E, and F are 2.04, 1.93, and 

1.86, respectively.  In contrast to system D and E, system F reduces unit energy 
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production by 4-15% and 1-8% because micro-sieving decreases particulate COD to 

UASB. 

 

Figure 4.17 Unit energy production by system D, E, and F 

4.4.5. Cost analysis 

Treatment systems used different primary treatments for separating particulate 

COD, which leads to the different effluent COD concentrations of three systems in 

Figure 4.12. To compare the cost of three systems, unit cost metric ($/kg CODremoved) 

is selected as an economic indicator in this study.  Cost analysis was performed 

according to the calculation of the Excel-based model to compare the unit cost of 

systems D, E and F as shown in Figure 4.18. The average unit cost of systems D, E and 

F are 0.60, 0.52, and 0.44 $/kg CODremoved, respectively.  Compared with systems D 

and E, the average unit cost saving of system F was 0.16 and 0.08 $/kg CODremoved, 

respectively.  System F could reduce unit cost by 27 % and 16 % than system D and E. 

As shown in figures 4.19 and 20, the percentage of capital cost or O&M cost for UASB 
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reactor for system F is lower than those for systems D and E.  The cost of mainstream 

UASB is higher than the cost of other reactors in table 4.10, reducing the size of 

mainstream UASB could significantly decrease the total capital and O&M cost of a 

WWTP.  Figure 4.21 shows that primary clarifier and micro sieving could reduce 32%-

47% and 50%-93% of the total cost for UASB reactor. Low cost of mainstream UASB 

make up for disadvantage of low energy recovery efficiency in system F.  Therefore, 

system with micro- sieving is more economic than other systems. 

 

Figure 4.18 Unit daily cost of system D, E, and F 
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Figure 4.19 Percent distribution of capital costs 

 

 
Figure 4.20 Percent distribution of O&M costs 
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Table 4.10 Costing parameters for different WWTP sizes  

Capacity 

(P.E) 
25000 50000 100000 200000 

Flow ratea 

(m3/d) 
3000 6000 12000 24000 

Capital cost 

($/m3 

volume) 

min max 
mea

n 
min max 

Mea

n 
Min 

Ma

x 

mea

n 
min max 

mea

n 

UASB 600 
100

0 
800 500 700 600 350 500 425 250 400 325 

Aeration tank  220 300 260 180 250 215 150 200 175 120 170 145 

final settler 350 550 450 300 400 350 250 330 290 200 260 230 

Anaerobic 

digester 
600 

100

0 
800 450 700 575 300 400 350 250 350 300 

 

 
aFlow rates were estimated based on capacity (P.E.) and wastewater production of 

120 L/P.E./d (Schaum et al., 2015; Fatta and Anayiotou, 2007) 

 

Figure 4.21 Total costs of UASB in system D, E and F 
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4.5. Conclusions 

The energy and cost of three different treatment designs were quantified according 

to the design principles of Sustainable Environmental Engineering. Food wastewater 

quality data was compiled from peer reviewed papers and Excel-based models were 

developed to compare the performance of food wastewater treatment system with 

different treatment technologies. 30%, 50%, 60%, 65%, 70%, 75%, 80%, 85%, and 

90% were assumed as TSS removal of primary clarifier and micro sieving.  Based on 

the assumptions, Excel-based models were developed to compare the performance of 

conventional  and the innovative nitrogen removal method with different primary 

suspended solids removal in terms of energy metrics.  Oxygen requirements in systems 

A, B and C decrease at the average rate of 1.7%, 2.3% and 0.5% per 5% TSS removal.  

Since UASB converts soluble BOD in wastewater to biogas, methane production of 

system C is 1.6-2.5 times that of system A and B. Innovative system C with any primary 

suspended solids removal could achieve electrical self-sufficiency due to its CH4/O2 

energy ratio of higher than 8.  However, methane production and CH4/O2 energy ratio 

of system C decrease at the average rate of 0.35% and 0.1 % per 5% TSS removal.  The 

impact of micro-sieving on energy recovery of an innovative system is negative.  On 

the other hand,  micro sieving also reduces the required size and cost of UASB reactor 

through decreasing BOD mass load to UASB, systems with different primary treatment 

were explored to quantify the impact of micro-sieving on innovative systems from cost 

dimensions.  Compared to the primary clarifier, micro-sieving has various advantages 

such as small footprint, modular and flexible design, recyclable materials, and high 

solid removal with high percent dry solids.  For treating wastewater with high TSS 

concentration, micro-sieving could retain more particulates on the filter and divert more 

COD to anaerobic digester than clarifier. Compared to the system without primary 
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treatment, micro-sieving could increase the biodegradability of wastewater by 5-40% 

and increased COD removal of 1-4% in food processing wastewater treatment system. 

However, it could not significantly change biodegradable COD digestion rate because 

high biodegradability increases the fraction of COD digested, and COD discharged as 

sludge. Energy-positive systems with micro-sieving could remove 55.3%-90.3% COD 

and 90% NH4
+

_N, respectively.  Effluent wastewater quality of an energy positive 

system might still do not meet the discharge standards due to the high concentration of 

COD, BOD, and TN in food processing wastewater.  This energy-positive system 

should combine with physical-chemical treatment to increase pollutants removal 

efficiency to meet the discharge requirement.  Since primary treatment could reduce O2 

demand of PN/A reactor by separating particulate N and COD to side stream anaerobic 

digester, the energy analysis showed that primary clarifier and micro-sieving could help 

the treatment system without primary treatment save unit energy by 1-4% and 1-8%, 

respectively.  Micro-sieving decreases CH4 production of mainstream anaerobic 

digester through reducing BOD loading rate to UASB, which leads to a low unit energy 

production of system F.  Since micro-sieving also reduces the size and cost of UASB, 

the economic benefit due to the reduced size of mainstream reactor compensates for the 

disadvantage of low biogas production.  In operation cost analysis, the mean unit cost 

saving of system F is 0.16 and 0.08 $/kg CODremoved, respectively. System F could 

reduce unit cost by 27% and 16% than system D and E.  These aspects demonstrate that 

micro-sieving could help energy-positive food wastewater treatment system save cost. 

 

 

 

 

. 
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5. TREATMENT PERFORMANCE, ENERGY, AND COST ANALYSIS OF 

ENERGY-POSITIVE WASTEWATER TREATMENT SYSTEMS FOR 

DIFFERENT INDUSTRIAL WASTEWATERS 

5.1. Abstract 

Different industrial wastewaters have vastly different wastewater qualities. When 

biodegradability is high, an energy-positive treatment train could be designed according 

to the twelve design principles of Sustainable Environmental Engineering. Two of the 

major indicators are unit energy and cost per chemical oxygen demand removed. In the 

past, the activated sludge process has been used as the conventional method in the 

treatment of industrial wastewaters. However, intensive energy requirements for 

aeration made it impossible for the WWTP to be energy positive. In addition, there is 

little research assessing the efficiency and economic feasibility of innovative 

technologies in treating different kinds of industrial wastewater. This study tries to 

assess the effect of different kinds of industrial wastewater on treatment efficiency, 

energy, and cost of micro-sieving, UASB, and PN/A from the perspectives of unit 

energy and cost. An Excel model was developed for comparing the unit energy and cost 

of the treatment system for treating different kinds of industrial wastewater. Results 

showed that micro-sieving could remove 32.50-39.72% of COD for industrial 

wastewater with different TSS concentrations. Due to the relatively high TSS/COD 

ratio, primary treatment could achieve high COD removal efficiency of textile 

wastewater with low TSS concentration.  A UASB reactor could remove 15.8%-53.5%, 

14.0%-49.0%, and 22.9%-51.0% of COD for three kinds of wastewater. UASB 

converts more COD to CH4 in meat process wastewater with high BOD concentration 

because of high biodegradability.  For meat processing wastewater, tannery wastewater, 

and textile wastewater, mean unit energy production in innovative systems are 1.80, 
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1.77, and 1.73 kWh/kg BODremoved, respectively. The energy-positive system for 

treating meat processing wastewater could produce more energy with the same BOD 

removal than that for treating tannery wastewater and textile wastewater.  The average 

unit cost for three kinds of wastewater is 0.54, 0.57, and 1.12 $/kg CODremoved, 

respectively. The meat processing wastewater system consumes more oxygen for 

removing N in PN/A. However, this process increases the CH4 production of AD 

through increasing biomass.  These aspects reduce the unit cost of the meat processing 

wastewater treatment system.  Therefore, it is more economical to treat meat processing 

wastewater with innovative technologies. 

5.2. Introduction 

Industrial wastewater has vastly different water quality. For example, the water 

quality of food processing, pulp and paper, textile, chemical, pharmaceutical, 

petroleum, tannery, and manufacturing industries vary significantly [116].  The major 

wastewater quality parameters include chemical oxygen demand, biochemical oxygen 

demand, suspended solids, ammonium nitrogen, heavy metals, pH, color, turbidity, and 

biological parameters. Compared with municipal wastewater, industrial wastewaters 

usually have a high organic matter concentration, extreme physicochemical nature (e.g., 

pH, temperature, salinity), and humic substances that may inhibit biological treatment 

processes. Municipal wastewater has a low strength concentration of COD (250–800 

mg/L), whereas strong (>1,000 mg COD/L) to extremely strong wastewaters are often 

produced by industries [148]. Olive mills and beverage production industries can 

generate extremely strong industrial wastewaters (COD>200,000 mg/L) [149, 150]. 

Characteristics of industrial wastewaters strongly depend on the type of industrial 

wastewaters and industrial processes.  Water used by meat processing industries 

accounts for 29% of agricultural freshwater worldwide [151, 152].  Food processing 
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wastewater is typically generated from slaughtering houses.  Accordingly, there is a 

large quantity of suspended organic matter, protein, and fat (i.e., bones, meat, and 

viscera) in meat processing wastewater.  A high concentration of COD, BOD, TN, and 

TSS is typical for food processing wastewater [118, 119, 153].  The average COD, 

BOD, TN and TSS concentration of food wastewater can reach 4,221 mg/L, 1,209 

mg/L, 427 mg/L, and 1,164 mg/L, respectively [117].  Meat processing wastewater is 

considered one of the most detrimental food industrial wastewaters because its 

inadequate disposal can lead to river deoxygenation, algal blooms, and eutrophication 

[120, 121].  The tannery industry, which can be defined as the production process of 

leather by treating sheep and goat skins and bovine hides, is one of the oldest industries 

worldwide [154].  Over the centuries, leather was used for producing high durability 

clothes and footwear. Nowadays, leather is still one of the few available materials to 

produce clothing and footwear because of its unique properties [155]. The tannery 

industry consumes large amounts of water and chemicals. Wastewaters are mainly 

produced during the wet processes of the tannery industry.  For producing 250 kg of 

leather, 15–80 m3 of tannery wastewater with 230–250 kg COD, 100 kg BOD, 150 kg 

TSS, 5–6 kg chrome, and 10 kg sulphide is produced [156, 157].  Tannery effluents are 

characterized by high pollution loads of conventional pollutants and suspended solids 

with low BOD/COD ratio, which cause deleterious effects on the natural water system 

[158-165].  The textile industry, representing one of the largest and most widespread 

production industries in the world, produces a large number of dyestuffs (>7×105 tons) 

per year worldwide [166].  The textile industry consumes not only a large amount of 

process water but also a variety of chemicals. Complex wastewater with dyestuff, 

surface-active materials, and textile additives is produced from the spent dye bath and 

rinsing waters [167-169].  Textile effluent is typically a complex mixture of organic 
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and inorganic matters with relatively strong color, high COD, high salinity, high 

temperature, variable pH, and low BOD [170, 171].  The direct discharge of textile 

wastewater into rivers and streams can cause severe environmental problems [172].  

Many dyes give the textile effluent color and are carcinogenic to humans and toxic to 

aquatic organisms [168, 173-175].  The discharge of untreated textile wastewater 

deteriorates water quality, adversely impacting aquatic life, crops, and humans [176-

178]. 

Biological and chemical processes are traditionally used in treating meat 

processing, tannery, and textile wastewater [179-199].   Physical and chemical methods 

are very expensive because they consume a large amount of energy and chemicals and 

produce a large amount of excessive sludge [200-202].  Compared with oxidation 

processes and chemical processes, biological treatment methods have many 

advantages: (1) low capital and operating costs; (2) oxidation of a wide variety of 

organic matters, versus mere phase separation, such as air stripping or carbon 

adsorption; (3) removal of reduced inorganic compounds, such as ammonia, and total 

nitrogen removal by nitrification and denitrification; and (4) operational flexibility to 

treat different kinds of wastewater with a wide range of flows. The unit energy 

consumption of meat processing plants using biological process is reported as 0.81 

kWh/kg CODremoved [203].  Yang et al. [204] compared the performance and energy of 

textile wastewater treatment by conventional activated sludge, MBR, and moving bed 

biofilm reactor. Results showed that the unit energy consumption of CAS is 0.58 kW/kg 

CODremoved. 

Activated sludge systems with autotrophic nitrification/heterotrophic 

denitrification process with primary clarifier are conventional processes for treating 

industrial and municipal wastewater. However, they show high energy consumption, a 
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large footprint, and a large amount of sludge production as compared with innovative 

biological technologies such as micro-sieving, UASB, and PN/A.  Micro-sieving is one 

of the most sustainable technologies to separate TSS, with significant capital costs and 

footprint savings. Mainstream UASB can achieve energy recovery by converting COD 

to biogas without consuming O2 at operating temperatures between 15 and 35°C [20, 

21].  PN/A, which is an innovative N removal technology discovered in the 1990s [24, 

81, 82], can remove 90% of NH4 _N through converting ammonia and nitrite N2 in the 

anammox process [83-86].  As compared to the conventional 

nitrification/denitrification process, the PN/A process could save O2 demand of 

nitrification by approximately 60%, eliminate the external organic carbon source 

requirement for denitrification, and decrease sludge by 80-90% [87, 89, 122]. 

Currently, there are few cases of research assessing the efficiency and economic 

feasibility of innovative technology in treating different kinds of industrial wastewater. 

Therefore, the effects of different kinds of industrial wastewater on the performance, 

energy, and cost of using micro-sieving, UASB, and PN/A were quantified from energy 

and cost dimensions.  

The objectives of this study are to (1) evaluate the influence of different industrial 

wastewater on the performance of primary treatment and secondary treatment; (2) 

compare the unit energy consumption and production of different industrial wastewater 

treatment; and (3) analyze unit cost  of treatment systems based on different industrial 

wastewater quality.  In addition, the economic advantages and limitations of innovative 

technologies for treating different industrial wastewater are addressed to offer insight 

for sustainable treatment design of different industrial wastewater. 



91 

 

5.3. Material and methods 

In the current study, energy and cost were calculated based on different kinds of 

industrial wastewater quality.  Wastewater quality data were collected from published 

peer-reviewed papers, as shown in Table 5.1.  The database of untreated wastewater 

quality includes basic information such as the concentration of TSS, COD, BOD, and 

NH4
+_N.  The concentrations of TSS, COD, BOD, and NH4

+_N of meat processing 

wastewater is higher than those of tannery wastewater and textile wastewater, which 

result in a higher amount of primary sludge production, oxygen demand, and CH4 

production.  An Excel-based model was developed.  One million gallons per day 

(MGD) wastewater treatment systems with different primary and secondary treatment 

processes were designed [26, 33, 34, 39, 40, 147].  Figures 5.1 and 5.2 show the flow 

diagram of industrial wastewater treatment systems.  In all systems, the screen and grit 

chamber were selected as the preliminary treatment in removing large particulate matter 

from wastewater. The difference between systems is the primary and secondary 

treatment processes.  In Systems A and B, primary clarifier and micro-sieving removed 

particulate COD and N and produced a certain amount of primary sludge, which 

resulted in the difference of aerobic treatment, UASB, PN/A reactor, and side stream 

AD design.  The nitrification-denitrification process was used as the main system of 

System A for treating wastewater to meet the discharge requirement by converting 

biodegradable COD and N to CO2 and N2.  System B used mainstream UASB and PN/A 

as main systems for removing soluble BOD and N, which reduces aeration consumption 

through decreasing BOD and N loading to the nitrification-denitrification system.  To 

meet discharge requirements and compare the performance of the wastewater treatment 

system for different industrial wastewater, System B used UASB, PN/A, and 

nitrification–denitrification to achieve the same effluent BOD and N concentration as 
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System A. The following equations are used in calculating the unit energy consumption, 

production and capital cost, and operation and maintenance (O&M) cost [26, 40]:  

Unit energy consumption (kWh/m3)

 
(actual)Q efficiencynsfer Oxygen tra

/d)(kgO NDN andPN/A  of demandAeration 
= 2  

(5.1) 

Unit energy consumption (kWh/kg Nremoved)

 
(kg/d)) removal (actual)(N efficiencynsfer Oxygen tra

/d)(kgO NDN andPN/A  of demandAeration 
= 2  

where  

Q=flow rate (m3/d) 

Oxygen transfer efficiency (actual)= 1.2 kg O2/kWh 

(5.2) 

(kg/d))digester  anaerobic and  UASBfrom production (CH

 )combustion of(Enthalpy  recovery)(Energy  = (kWh/d)productionEnergy 

4

 

4CH kWh/kg 13.9=combustion ofEnthalpy 

38%=recoveryEnergy 

 where

 

(5.3) 

(kg/d) removal BOD

(kWh/d)productionEnergy 
=)BOD (kWh/kgproductionenergy Unit removed  

(5.4) 

It was assumed that UASB combining the heat and power technologies could 

convert 38% of CH4 formed in the mainstream and the side stream anaerobic digestion 

to electricity with an energy density of approximately 13.9 kWh/kg CH4 [40].  The 

energy demand of a WWTP mainly includes power consumption of the wastewater lift 
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pump, aeration equipment, and sludge treatment. The energy consumption of biological 

treatment accounts for 50–70% of the overall energy consumption [41]. UASB removes 

COD without consuming oxygen, the aeration energy of PN/A and the nitrification–

denitrification process was the dominant energy demand.  biodegradable COD in 

wastewater could be converted into CH4 at 15 and 35℃ [20], the operating temperature 

of the treatment system was assumed to be 25 ℃.  Therefore, energy consumption is 

estimated based on O2 mass demand and oxygen transfer efficiency at 25 ℃ [26]. 

n,ia

cost($) Capital
=cost($/yr) Capital  

n

n

n i,
)i1(i

1i)(1
=  a

+

−+
 

where  

ai, n=annualization factor 

i =interest rate (annual)=6% 

n=economic lifetime of the treatment plant in years=20 (yr) 

(5.5) 

r)(Q)(365d/y

cost($/yr) Capital
=)($/mcost  capitalUnit 3  

(5.6) 

r)(Q)(365d/y

cost($/yr) M & O
=)($/mcost  M & OUnit 3  

(5.7) 

Unit cost($/m3)=Unit capital cost($/m3)+Unit O&M cost($/m3) 

5d/yr)(kg/d))(36 removal (COD

cost($/yr) M & O

5d/yr)(kg/d))(36 removal (COD

cost($/yr) Capital
=)COD ($/kgcost Unit removed +
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(5.8) 

For comparing the cost of treatment systems, the total capital costs ($) were 

annualized over the expected lifetime of the WWTP.  Economic lifetime and interest 

rate were assumed to be 20 years and 6% [26]. Capital costs ($) were transformed into 

annualized capital costs ($/yr) based on the interest rate and lifetime.  The total unit 

cost was calculated as the combination of the unit capital costs and the unit operational 

costs. 

Table 5.1 Industrial Wastewater quality 

Type of 

wastewater 
TSS BOD COD TN Reference 

Meat 

processing 

wastewater 

950.00 1200.00 2100.00 220.00 [128] 

1400.00 1070.00 2350.00 317.22 [129] 

1164.00 1209.00 4221.00 427.00 [117] 

662.00 891.00 1697.00 246.00 [130] 

625.00 1320.00 3900.00 217.00 [131] 

3438.22 1602.00 5422.25 361.25 [132] 

Tannery 

wastewater 

890.00 665.83 2,290.00 282.00 [205] 

2,690.00 1,470.00 3,700.00 293.93 [154] 

915.00 1,024.89 2,155.00 228.00 [154] 

1,147.00 1,126.00 3,114.00 131.70 [154] 

2,229.00 1,760.00 5,094.00 358.00 [206] 

1,150.00 1,746.00 6,240.00 327.00 [207] 

1,550.00 463.25 3,280.00 260.00 [205] 

Textile 

wastewater 

137.00 455.00 1411.00 49.20 [208] 

324.00 283.00 513.00 28.70 [209] 

150.00 150.00 910.00 40.00 [210] 

460.00 198.00 714.00 18.70 [211] 

520.00 225.00 770.00 23.00 [211] 

438.00 220.00 798.00 24.70 [211] 
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Figure 5.1 Schematic graphs of wastewater treatment system A- direct line  

nitrification–denitrification process 

 

Figure 5.2 Scheme of wastewater treatment system B: mainstream anaerobic 

treatment and anammox treatment 

 



96 

 

5.4. Results and Discussions 

5.4.1. Impact of different industrial wastewater quality 

5.4.1.1. Treatment performance of primary treatment 

Pollutants concentration and flow rate determine the mass of the contaminants need 

to be removed, whereas performance of wastewater treatment equipment depends on 

characteristics of wastewater such as particulate matter fraction and biodegradability. 

TSS/COD ratio and BOD/COD ratio are widely used as indicators of these two kinds 

of wastewater characteristics. Figure 5.3 compares these indicators of different 

industrial wastewater. It shows that the TSS/COD ratio of textile wastewater is higher 

than those of other industrial wastewaters. Due to relatively high TSS concentration, 

micro-sieving shows TSS removal of greater than 50% and significantly higher COD 

removal than the primary clarifier as shown in Figure 5.4. For tannery wastewater, meat 

processing wastewater, and textile wastewater, the average COD removal by micro-

sieving are 35.36%, 39.08%, and 32.50%, respectively, which are higher than that by 

primary clarifier. Textile wastewater has a relatively lower TSS concentration than 

other industrial wastewaters in Table 5.1. However, primary clarifier in textile 

wastewater treatment shows higher COD removal than tannery wastewater, due to the 

high TSS/COD ratio of textile wastewater as shown in Figure 5.4. To study the 

influence of wastewater quality on COD removal of primary clarifier and micro-

sieving, Pearson correlation analysis was carried out to evaluate the correlation between 

COD removal and related parameters at a level of significance of p < 0.01. 
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Figure 5.3 TSS/COD ratio and BOD/COD ratio for different industrial wastewater 

 

 
Figure 5.4 COD removal of primary treatment for different industrial wastewater 
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Table 5.2 shows the Pearson’s correlations between COD removal of the two 

systems, concentration of TSS, and TSS/COD. Compared with TSS concentration, the 

ratio between TSS and COD showed stronger positive correlations with COD removal 

at the 0.01 level. Therefore, regression models of COD removal were developed based 

on TSS/COD ratio. The trend lines for predicting COD removal of primary treatment 

from TSS/COD is depicted in Figure 5.5. TSS concentration of textile wastewater is 

lower than those of other industrial wastewaters.  However, textile wastewater has 

relatively low concentration of COD, as shown in Table 5.1.  Particulate COD fraction 

of textile wastewater is higher than those of other industrial wastewaters.  TSS/COD 

ratio is associated with particulate COD fraction, COD removal of the two systems rises 

with the increasing TSS/COD ratio of influent wastewater, as shown in Figure 5.5.  

Therefore, TSS/COD ratio is the key parameter for determining COD removal of 

primary treatment.  Due to the high particulate matter fraction, primary treatment shows 

excellent separation performance for treating textile wastewater. 

Table 5.2 Correlations between COD removal, TSS concentration and TSS/COD 

ratio of influent wastewater 

Pearson Correlation COD removal of system A (%) COD removal of system B (%) 

TSS (mg/L) 0.278 0.595** 

TSS/COD (%) 0.941** 0.910** 

 

** Correlation is significant at the 0.01 level (2-tailed). 
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Figure 5.5 Variation of COD removal in primary treatment with TSS/COD ratio 

Biodegradability, expressed as the BOD/COD ratio, represents the ability of a 

substance to be removed by microorganisms. It is commonly used as an index of the 

extent of biodegradation of wastewater [108].  High biodegradability is a sufficient 

condition of biodegradation. the biodegradability of meat processing wastewater, 

tannery wastewater, and textile wastewater are in Figure 5.3, which presents average 

BOD/COD ratios of 0.412, 0.327, and 0.314, respectively.  Meat processing wastewater 

has higher biodegradability than other industrial wastewaters.  Figure 5.6 shows the 

BOD/COD ratio of untreated wastewater and treated wastewater by primary clarifier 

and micro-sieving.  Biodegradability rises with the increasing BOD/COD ratio of 

untreated wastewater.  Figure 5.6 demonstrates that the slope of the linear fitting 

equation for System B is greater than that of System A, which illustrates that micro-

sieving could improve the biodegradability of wastewater more significantly as 
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compared with the primary clarifier.  Primary treatment increases the biodegradability 

of wastewater by reducing the particulate non-biodegradable COD fraction of industrial 

wastewater.  Compared to System A, the BOD/COD ratio of wastewater increased by 

0.59%-7.50%, 0.60%-3.57%, and 0.01%-2.19% for meat processing wastewater, 

tannery wastewater, and textile wastewater, respectively.  Due to the relatively low TSS 

concentration of textile wastewater, TSS removal by primary clarifier and by micro-

sieving and the variation of the BOD/COD ratio is smaller. Because meat processing 

wastewater has higher biodegradability and TSS concentration, micro-sieving increases 

mean and maximum BOD/COD ratio to 0.48 and 0.63.  Hence, the biodegradability of 

industrial wastewater with a high concentration of TSS is easier to be improved by 

micro-sieving. 

 
Figure 5.6 Variation of biodegradability after primary treatment 
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5.4.1.2. Treatment performance of secondary treatment 

Due to the high COD removal of micro-sieving and the UASB reactor in System B, 

COD removal of aerobic treatment in System B decreases by 40.7%-66.5%, 33.6-

60.0%, and 23.0%-60.0% for meat processing wastewater, tannery wastewater, and 

textile wastewater as compared to aerobic treatment in System A, as shown in Figure 

5.7.  Micro-sieving and UASB could help treatment systems save oxygen demand for 

all kinds of industrial wastewater.  In secondary treatment, the UASB reactor removes 

15.8%-53.5%, 14.0%-49.0%, and 22.9%-51.1% of COD for three kinds of industrial 

wastewater. Because of the higher BOD/COD ratio of treated meat processing 

wastewater by micro-sieving, UASB could convert more COD to CH4 than other 

industrial wastewater, which resulted in less oxygen demand to remove the remaining 

COD.  

 
Figure 5.7 COD removal of primary and secondary treatment (1: Primary clarifier, 2: 

Micro sieving, 3: Aerobic treatment in system A, 4: Aerobic treatment in system B, 5: 

UASB reactor.) 
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Mainstream UASB converts biodegradable COD in wastewater to CH4 for energy 

recovery.  Since the BOD/COD ratio of treated wastewater by primary treatment is 

positively related to the influent wastewater quality as shown in Figure 5.6, CH4 

production/COD influent to secondary treatment (%) rises with increasing 

biodegradability in Figure 5.8. UASB removes COD through conversion of organic 

matter to biogas, COD removal by UASB reactor also shows strong positive 

correlations with the BOD/COD ratio of raw wastewater, as shown in Figure 5.8.  This 

suggests that the biodegradability of wastewater could be used for predicting the 

methane conversion rate and COD removal of UASB reactor in industrial wastewater 

treatment systems with micro-sieving.  Therefore, UASB shows excellent biogas 

production efficiency for treating industrial wastewater with high biodegradability. 

 

Figure 5.8 CH4 production/influent COD to UASB and COD removal of UASB 

reactor 
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5.4.2. Effluent wastewater quality 

Since aerobic treatment in Systems A and B is designed based on low effluent BOD 

and COD concentration, the two treatment systems could achieve similar COD removal 

and concentration in the effluent, as shown in Figures 5.7 and 5.9.  Table 5.3 shows 

current discharge standards of organics in industrial wastewater in different countries, 

including European [138], the USA [120], China [139, 212], and India [140, 213, 214]. 

 

Figure 5.9 Effluent COD concentration of 3 industrial wastewater in two treatment 

systems 

Table 5.3 Discharge standards of industrial wastewater in different countries 

Type of 

wastewater 

Meat 

processing 

wastewater 

Parameter 

EU USA Canada China India 

Min Max Min Max Min Max Min Max Min Max 

Meat 

processing 

wastewater 

BOD 

(mg/L) 
25 16 26 5 30 20 100 30 100 

COD 

(mg/L) 
125   100 300 250 

Tannery 

wastewater 

BOD 

(mg/L) 
       30 
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COD 

(mg/L) 
       250 

Textile 

wastewater 

BOD 

(mg/L) 
      25 80 250 

COD 

(mg/L) 
      100 156 400 

 

In Figure 5.9, effluent COD concentrations are 116.61-1683.80, 356.13-2952.27 

and 14.19-680.48 mg/L, respectively. Most of the effluent wastewater quality in the 

two system does not meet the current discharge standards. This is due to a much higher 

concentration of COD, relatively low biodegradability, and the relatively high content 

of refractory soluble organic matter.  Most of the remaining COD, which is soluble 

nonbiodegradable matter, is not easily removed by physical primary treatment and 

biological processes.  Physical-chemical treatment such as adsorption might be required 

to remove soluble substances by the accumulation of those substances on activated 

carbon to increase COD removal efficiency and meet the discharge requirement. Figure 

5.9 illustrates that the effluents of some meat processing wastewater and textile 

wastewater achieve the discharge requirement of several countries due to their low 

concentration of COD and relatively high BOD/COD ratio.  Therefore, it is necessary 

to study the relationship between the total COD removal of primary treatment and 

biological processes and wastewater quality.  

Table 5.4 shows the Pearson’s correlations between COD removal, BOD/COD 

ratio, and TSS/COD ratio. The ratio between BOD/COD and the ratio between TSS and 

COD show strong positive correlations with COD removal at the 0.01 level. Since the 

BOD/COD ratio and TSS/COD ratio affect COD removal by UASB and primary 

treatment, regression models of COD removal were developed based on BOD/COD 

ratio and TSS/COD ratio.   
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Table 5.4 Correlations between COD removal, BOD/COD ratio and TSS/COD ratio 

of influent wastewater 

Pearson Correlation COD removal (%) 

BOD/COD (%) .712** 

TSS/COD (%) .804** 

 

** Correlation is significant at the 0.01 level (2-tailed). 

The equation for predicting COD removal by primary treatment and biological 

processes from BOD/COD and TSS/COD can be depicted as the following equation: 

COD removal (%) =75.69(BOD/COD ratio) +57.53(TSS/COD ratio) 

+23.15 

R2=0.929 

(5.9) 

 

The squared correlation coefficient R2 shows that the BOD/COD ratio and 

TSS/COD ratio of influent wastewater can explain 92.9% of COD removal. The 

BOD/COD ratio and TSS/COD ratio are positivly related to COD removal efficiency. 

Micro-sieving and UASB can achieve higher COD removal when treating industrial 

wastewater with higher particulate matter fraction and biodegradability. Effluent COD 

concentration can be calculated based on COD removal and influent COD 

concentration. Therefore, characteristics of wastewater can be used for predicting 

effluent COD concentration of industrial wastewater in systems with primary treatment 

and biological processes to determine if physical-chemical treatment is required. 

5.4.3. Energy demand and production 

5.4.3.1. Theoretical and actual energy production of UASB 

In this study, empiric equations were used (7-11) for estimating theoretical COD 

removal and unit energy consumption of UASB, as shown in Table 5.5. Theoretical 
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COD removal, unit methane production, and unit energy production at 25 ℃ are 54%-

88%, 0.15-0.30 m3 CH4/kg CODremoved, and 0.52-1.03 kWh/kg CODremoved. 

Table 5.5 Theoretical COD removal, unit methane production, and unit energy 

production of UASB without primary treatment 

BOD/COD ratio 0.57 0.46 0.29 0.53 0.34 0.30 

COD concentration (mg/L) 2100.00 2350.00 4221.00 1697.00 3900.00 5422.25 

COD removal (%) 88.08 85.45 53.85 82.66 54.56 79.01 

Unit CH4 production (m3 CH4/kg 

CODremoved at 0℃ and 1 atm) * 
0.27 0.22 0.17 0.26 0.21 0.14 

Unit CH4 production (m3 CH4/kg 

CODremoved at 25℃ and 1 atm) 
0.30 0.24 0.19 0.28 0.23 0.15 

Unit energy consumption (kWh/kg 

CODremovedl) 
1.03 0.83 0.65 0.97 0.80 0.52 

 

* The following reaction is used for converting COD digested in UASB to methane: 

CH4 + 2O2 → CO2 + 2H2O 

One kg COD digested can be converted to 0.25 kg CH4 or 0.35m3 CH4 theoretically at 

0℃ and 1 atm [28] 

In Table 5.6, data about COD removal and methane production of UASB for 

removing untreated food processing wastewater was collected from published peer-

reviewed papers [141-143]. Actual COD removal, unit methane production, and unit 

energy production at 25 ℃ are 43%-95%, 0.01-0.38 m3 CH4/kg CODremoved, and 0.03-

1.30 kWh/kg CODremoved. As shown in Tables 5.5 and 5.6, and Figure 5.10, theoretical 

energy production is close to the actual values, which indicates the validity of empiric 

equations used in this study. 

Table 5.6 Actual COD removal and unit methane production and unit energy 

production of UASB  

HRT (h) 22 22 22 18 18 14 

SRT (d)       

Temperature (℃) 35 35 35 35 35 35 

COD (mg/L) 2800 3200 4200 3000 6500 3900 
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COD removal (%) 83.2 84.4 89.2 82.5 90.6 78.5 

L biogas/g COD removed 0.555 0.47 0.402 0.46 0.192 0.3 

L CH4/kg SCOD removed (at 25℃ and 1 atm)       

Unit CH4 production (m3 CH4/kg CODremoved at 0℃ 

and 1 atm) * 
0.34 0.29 0.25 0.29 0.12 0.19 

Unit CH4 production (m3 CH4/kg CODremoved at 25℃ 

and 1 atm) 
0.38 0.32 0.27 0.31 0.13 0.2 

Unit energy consumption (kWh/kg CODremoved) 1.30 1.10 0.94 1.08 0.45 0.70 

Reference [141] 

HRT (h) 14 7.1 6.8 6.7 4.1 2.3 

SRT (d)  60.3 23.4 14 14.4 3.3 

Temperature (℃) 35 33 33 33 33 33 

COD (mg/L) 6330 8201 5719 5256 5495 5514 

COD removal (%) 85.7 78 73 77 83 68 

L biogas/g COD removed 0.157      

L CH4/kg SCOD removed (at 25℃ and 1 atm)  213 254 283 201 199 

Unit CH4 production (m3 CH4/kg CODremoved at 0℃ 

and 1 atm) * 
0.1 0.07 0.15 0.23 0.15 0.11 

Unit CH4 production (m3 CH4/kg CODremoved at 25℃ 

and 1 atm) 
0.11 0.08 0.17 0.25 0.16 0.12 

Unit energy consumption (kWh/kg CODremoved) 0.37 0.27 0.58 0.85 0.56 0.41 

Reference [141] [142] 

HRT (h) 24 24 24 24 24 24 

SRT (d)       

Temperature (℃) 36 36 36 36 36 36 

COD (mg/L) 3500 6000 10000 20000 28000 32000 

COD removal (%) >90 >90 >90 48 45 43 

Specific methane production (LCH4/g COD added at 

36 ℃) 
0.21 0.15 0.12 0.02 0.01 0.004 

Unit CH4 production (m3 CH4/kg CODremoved at 0℃ 

and 1 atm) * 
0.21 0.15 0.12 0.04 0.02 0.01 

Unit CH4 production (m3 CH4/kg CODremoved at 25℃ 

and 1 atm) 
0.23 0.16 0.13 0.04 0.02 0.01 

Unit energy consumption (kWh/kg CODremoved) 0.78 0.56 0.44 0.14 0.07 0.03 

Reference [143] 

HRT (h) 24 24 24 24 24 24 

SRT (d)       

Temperature (℃) 36 36 36 36 36 36 

COD (mg/L) 3500 6000 10000 20000 28000 32000 

COD removal (%) >90 >90 >90 95 72 68 

Specific methane production (LCH4/g COD added at 

36 ℃) 
0.28 0.19 0.18 0.21 0.08 0.04 

Unit CH4 production (m3 CH4/kg CODremoved at 0℃ 

and 1 atm) * 
0.27 0.19 0.18 0.2 0.1 0.05 

Unit CH4 production (m3 CH4/kg CODremoved at 25℃ 

and 1 atm) 
0.3 0.2 0.19 0.21 0.11 0.06 

Unit energy consumption (kWh/kg CODremoved) 1.04 0.70 0.67 0.74 0.37 0.20 

Reference [143] 

* Unit CH4 production at the standard temperature and pressure (STP) is estimated 

based on the assuming methane/biogas ratio of 70% [144], 0℃, and 1 atm. 
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Figure 5.10 Actual and Theoretical unit energy production of UASB 

5.4.3.2. Theoretical and actual energy consumption of PN/A 

In Table 5.7, the actual unit energy consumption of PN/A is 0.8-1.92 kWh/kg 

Nremoved. Based on equations (4.15-4.16), 1.32kWh/kg Nremoved was used as the 

theoretical unit energy consumption of PN/A, which is close to the actual value, as 

shown in Figure 5.11. This proves the validity of the theoretical unit energy 

consumption used in my study. According to the benchmarking method reported by 

Yang et al. [145], the mean actual unit energy consumption of 1.4 kWh/kg Nremoved can 

be selected as the benchmark data for comparing with actual unit energy consumption 

to check the energy efficiency of PN/A reactor. 

Table 5.7 Energy consumption of PN/A reactors 

Plant Reactor type Unit energy demand (kWh/kg Nremoved) Reference 

Apeldoorn SBR 1.1 

[146] Balingen SBR 0.92 

Heidelberg SBR 1.67 
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Ingolstadt SBR 1.92 

Nieuwegein SBR 0.8 

Zurich SBR 1.11 

Olburgen  1.86 

Malmö MBBR 1.45-1.75 [88] 

 

 

Figure 5.11 Actual and Theoretical unit energy consumption of PN/A 

5.4.4. Energy demand 

Electricity consumption of a WWTP is mainly from the wastewater pump station, 

aeration equipment, and sludge treatment. Secondary biological treatment consumes 

50–70% of the overall energy consumption of a WWTP [41].  Therefore, energy 

required by aeration was the dominant energy consumption.  Figure 5.12 shows that 

electricity consumption rises as the influent concentration of NH4
+_N and soluble 

biodegradable organic nitrogen (sbON) increases.  Therefore, energy required by 

aeration was the dominant energy consumption.  Figure 5.12 shows that electricity 

consumption rises as the influent concentration of NH4
+_N and soluble biodegradable 
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organic nitrogen increases. The unit energy consumption (kWh/kg Nremoved) is used for 

comparing energy efficiency of different industrial wastewater systems, as shown in 

Figure 5.13.  The oxygen requirement of the PN/A process and the nitrification process 

are 1.83 and 4.57 g O2/g NH4_N converted. The PN/A process in System B effectively 

reduces aeration consumption for removing NH4_N. Therefore, System B shows lower 

unit energy consumption than System A. In Figure 5.13, mean unit energy consumption 

of System B for meat processing wastewater, tannery wastewater, and textile 

wastewater are 1.49, 1.37, and 1.39 kWh/kg Nremoved, respectively. Since primary 

treatment and UASB removes COD without using oxygen, most of the O2 is used for 

the PN/A process, especially in System B. Therefore, mean unit energy consumption 

of System B is close to than actual unit energy consumption of PN/A, as shown in 

Figure 5.11. 

 

Figure 5.12 Electricity consumption and influent NH4
+_N and sbON 
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Figure 5.13 Unit electricity consumption 

5.4.5. Energy production 

Except for BOD that is converted to CO2 in aerobic treatment, most of the soluble 

BOD in industrial wastewater and biodegradable particulate BOD in primary and 

secondary sludge are converted to CH4 to produce electricity and heat by UASB and 

the side-stream anaerobic digester. Figure 5.14 illustrates energy production rises with 

increasing influent BOD concentration. The unit energy production (kWh/kg 

BODremoved) is used as an indicator in assessing the influence of different industrial 

wastewaters on two treatment systems, as shown in Figure 5.15. The average unit 

energy production of System B for meat processing wastewater, tannery wastewater, 

and textile wastewater are 1.80, 1.77, and 1.73 kWh/kg BODremoved, respectively. The 

unit energy production for food processing wastewater is higher than that of other 

industrial wastewaters.  On the one hand, meat processing wastewater has higher BOD 
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concentration and biodegradability (BOD/COD ratio), as shown in Table 5.1 and Figure 

5.3.  This increases biogas production efficiency and unit energy production of UASB 

reactors, as shown in Figure 5.16. In addition, sludge production from the PN/A process 

and denitrification process increase the CH4 production of the side-stream anaerobic 

digester.  Therefore, the energy-positive system for treating meat processing 

wastewater can produce more energy with the same BOD removal than that for treating 

tannery wastewater and textile wastewater. 

 

Figure 5.14 Electricity production and influent BOD 
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Figure 5.15 Unit electricity production 

 

Figure 5.16 CH4 production/influent COD to UASB and COD removal of UASB 

reactor 
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5.4.6. Cost analysis 

Innovative technologies such as UASB can convert COD to CH4 to increase 

electricity production.  However, the unit capital cost ($/reactor volume m3) of UASB 

is much higher than that of an aeration tank for small-sized WWTPs, as shown in Table 

5.8.  Innovative biological technologies could replace old processes when economic 

income due to energy saving and production is higher than the increased cost of 

innovative technologies.  The unit cost analysis of treatment systems based on different 

industrial wastewater quality would provide operation cost of these systems. Since 

COD removal by primary treatment and secondary treatment are positively related to 

TSS/COD ratio and BOD/COD ratio, the unit cost metric ($/kg CODremoved) is used as 

the indicator in this study.  Figure 5.17 compares the unit cost ($/kg CODremoved) of two 

systems for treating different industrial wastewaters. In System B, the average unit cost 

for meat processing wastewater, tannery wastewater, and textile wastewater are 0.54, 

0.57, and 1.12 $/kg CODremoved, respectively.  System B uses micro-sieving, UASB, 

and PN/A to remove COD and N with lower energy consumption.  However, the unit 

cost of System B is higher than that of System A for textile wastewater due to low 

BOD/COD ratio and BOD concentration.  UASB is inefficient in converting the BOD 

of textile wastewater to biogas.  Meat processing wastewater has higher 

biodegradability and COD removal and a relativly lower particulate COD ratio than 

other wastewaters, which increases the CH4 production of the mainstream anaerobic 

digester through increasing the COD loading rate to the UASB.  Although the meat 

processing wastewater consumes more oxygen for removing N in PN/A and the aerobic 

process, this process increases the CH4 production of AD through increasing biomass.  

These factors decrease the unit cost of the meat processing wastewater treatment 
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system.  Therefore, it is easier to achieve energy-positive treatment with meat 

processing wastewater  than with other wastewaters.  

Table 5.8 Unit capital cost for different treatment capacity of WWTPs 

Unit capital cost (US$ / reactor volume m3) UASB Aeration tank 

Capacity (P.E.) Min Max Min Max 

25,000 600 1000 220 300 

50,000 500 700 180 250 

100,000 350 500 150 200 

200,000 250 400 120 170 

 

 

Figure 5.17 Unit cost of different industrial wastewater treatment 
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5.5. Conclusions 

In the current study, an Excel-based model was developed to compare the unit 

energy and cost of energy-positive systems for treating different kinds of industrial 

wastewaters.  Results showed that micro-sieving can remove 35.36%, 39.08%, and 

32.50% of COD for tannery, meat processing, and textile wastewater, respectively.  Due 

to the relatively high TSS/COD ratio, primary treatment can achieve higher COD 

removal efficiency of textile wastewater with lower TSS concentration as compared to 

tannery wastewater.  A UASB reactor can remove 15.8%-53.5%, 14.0%-49.0%, and 

22.9%-51.0% of COD for three kinds of wastewater, respectively.  UASB converts 

more COD to CH4 in meat processing wastewater with high BOD concentration 

because of the high BOD/COD ratio.  Pearson correlation analysis shows that the 

TSS/COD ratio and the BOD/COD ratio are the key parameters in determining the COD 

removal and methane conversion rates of primary treatment and secondary treatment. 

These regression equations can be used to predict COD removal by the primary and 

biological processes as follows: 

COD removal (%) =78.126(BOD/COD ratio) +67.022(TSS/COD ratio) 

+18.349 

R2=0.975  

As shown in the above equation, the TSS/COD ratio and BOD/COD ratio can be 

effectively used to predict the total COD removal and effluent COD concentration of 

industrial wastewater in the treatment system with primary treatment and biological 

processes. For meat processing wastewater, tannery wastewater, and textile wastewater, 

the mean unit energy consumptions were 1.49, 1.37, and 1.39 kWh/kg Nremoved, which 

are close to actual unit energy consumption of the PN/A process. Mean unit energy 

production for three kinds of wastewater in innovative systems are 1.80, 1.77, and 1.73 

kWh/kg BODremoved, respectively. The energy-positive system for treating meat 
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processing wastewater can produce more energy for removing the same amount of 

BOD than other industrial wastewater treatment systems. The average unit costs for 

meat processing wastewater, tannery wastewater, and textile wastewater are 0.54, 0.57, 

and 1.12 $/kg CODremoved, respectively.  Furthermore, meat processing wastewater has 

higher biodegradability, COD removal, and lower particulate COD ratio than other 

wastewaters, which increases electricity production through increasing COD loading 

rate to UASB and AD.  A high CH4 production rate improves the unit cost of meat 

processing wastewater treatment systems.  Therefore, it is more economical and easier 

to treat meat processing wastewater with micro-sieving, UASB, and PN/A technologies 

than other industrial wastewaters.  
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6. ENERGY CONSUMPTION OF WASTEWATER TREATMENT PLANTS 

WITH ANAEROBIC-OXIC PLUS ANAEROBIC-ANOXIC-OXIC, 

OXIDATION DITCH AND SEQUENCING BATCH REACTOR IN CHINA 

6.1. Abstract 

Unit energy consumption in wastewater treatment plants in China is proposed as 

one of the critical sustainable metrics in assessing the sustainability of environmental 

engineering design according to Sustainable Environmental Engineering.  The national 

data of 1,215 WWTPs in China were collected to evaluate the unit energy efficiency of 

different main biological technologies.  80.3% of the WWTPs in China used anaerobic-

oxic plus anaerobic-anoxic-oxic, oxidation ditch, and sequencing batch reactor as main 

wastewater treatment technologies.  The number of small and medium-sized plants 

accounted for 97% of the WWTPs.  Pearson correlation analysis and comparison 

between theoretical and actual unit energy consumption show that the unit energy 

consumption (kWh/m3) is not a suitable unit energy indicator.  Therefore, the unit 

energy consumption (kWh/kg CODremoved) was used to rank the three main 

technologies.  The energy efficiency of WWTPs increases with increasing key 

parameters such as design flow rate, operation loading rates, COD removal efficiency, 

and influent COD concentration.  The average unit energy consumption of SBR 

decreased from 2.76 kWh/kg to 0.83 kWh/kg when the design flow rate increased from 

less than 10,000 m3/d to 100,000-20,0000 m3/d.  The mean unit energy consumption of 

SBR decreases from 1.71 kWh/kgCODremoved to 1.32 kWh/kgCODremoved and 

2.27 kWh/kgCODremoved to 1.30 kWh/kgCODremoved as the operation loading rates and 

COD removal increase from 40% to 100% and from 70% to over 90%, respectively. 

SBR technology shows lower energy consumption than other technologies under 

different conditions of key parameters.  Therefore, SBR is the best treatment technology 
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for treating wastewater in small and medium-scale WWTPs in China.  The equations 

between the benchmark data of unit energy consumption, the design flow rate, actual 

flow rate, and influent COD mass were developed in this study to provide the 

benchmark value for future sustainable treatment design. 

6.2. Introduction 

With population and economic growth, the number of municipal wastewater 

treatment plants in China and the corresponding capacity has reached 3,543 and 

1.70×108 m3/d in 2015  [215].  WWTPs mainly used energy-intensive aerobic 

technologies for treating wastewater [1, 2].  The electricity used for water supply and 

wastewater treatment accounts for more than 2% of the world’s energy consumption 

[216, 217].  In the United States, wastewater treatment consumes approximately 2%-

4% of electric energy [133, 218-220], whereas WWTPs in other countries use up to 5% 

of electricity consumption [11, 221]. According to statistics, WWTPs in China 

consumed 1010 kWh in 2011, which made up for 0.2 % of the total industrial electricity 

consumption [3].  From 2011-2017, the water supply and wastewater treatment account 

for approximately 0.67-0.75% of the total industrial energy consumption in China [4-

10].  The water production and supply industry are not the largest electricity consumers 

in China. However, their energy consumption has increased very rapidly at a rate of 

5.7-10.7% per year. Electricity costs account for 25 to 60% of the operating costs in 

conventional WWTPs, while the aeration process typically makes up approximately 

50–75% of energy demand [222-228]. With the increase in the number and capacity of 

WWTPs to meet fast urbanization, energy consumption, which results in increased 

greenhouse gas production and resource consumption, has become a critical issue in the 

operation of WWTPs [11-13].  Currently, there is no sustainbale metrics in assessing 



120 

 

plant energy efficiency.  Therefore, this study attempts to introduce new sustainable 

environmental engineering metrics to assess WWTPs. 

According to Sustainable Environmental Engineering [14], the unit energy 

consumption indicator is critical when evaluating the energy performance of various 

WWTPs with different technologies.  The energy gaps and energy-saving potential of 

WWTPs could be identified by comparing with benchmark data of unit energy 

consumption.  Since the flow rate of wastewater is easy to measure, energy 

consumption per unit volume of wastewater was used as  sustainable metrics for 

evaluating the operation energy efficiency in most plants in the past [229-233].  

However, unit energy consumption (kWh/m3) is significantly affected by the dilution 

of pollutant loads [38].  For example, WWTPs with combined sewer systems show 

higher energy efficiency than plants with separate sewer systems because the larger 

amount of water reduces the influent concentration of pollutants such as BOD or COD 

[231].  Some papers showed that treatment technology has a strong impact on the unit 

energy consumption (kWh/m3), while others showed an opposite trend [234-236].  

Therefore, energy consumption expressed as kWh/m3 might not be a useful indicator in 

comparing the energy efficiency of WWTPs [225, 237].  

The electricity power of WWTPs is mainly consumed by aeration equipment, 

pumping, and sludge treatment [238-242].  Typically, aeration is the largest electricity 

consumer of the plant.  The energy consumption of pumping and sludge treatment is 

mainly determined by the actual flow rate and dewatered sludge mass.  The oxygen 

demand of aeration equipment is determined not only by flow rate but also by the 

concentration of oxygen-consuming pollutants. The energy consumption of the aeration 

process is often evaluated according to either BOD or COD reduction (kWh/kg· BOD 

or kWh/kg· COD) [225, 242].   Unit energy metric such as kWh/kg CODremoved, reflects 
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the differences in the influent concentration (or mass loading) of pollutants in the 

wastewater, could be used to define benchmark values for evaluating the energy-saving 

potential of WWTPs.  Therefore, unit energy consumption (kWh/kg CODremoved) is 

selected for assessing the energy efficiency of WWTPs in this study. 

Several studies benchmarked energy consumption to provide useful information for 

optimizing the operation of the plants to achieve energy saving [34, 145, 243].  For 

example, Hanna et al. [244] and Vaccari et al. [38] benchmarked unit energy 

consumption of 266 small US and 241 Italian wastewater treatment facilities. They also 

explored the relationship between the unit energy consumption of all WWTPs and key 

parameters such as design flow rate, COD concentration, and operation loading rate.  

However, there were a few studies composing the energy efficiency of different 

treatment technologies under different conditions of design flow rate, operation loading 

rate, COD removal, and influent COD concentration.  Therefore, this study tries to 

quantify the unit energy consumption of different treatment technologies in terms of 

unit energy metrics per kg CODremoved.  The objectives of the current study are to (1) 

assess the suitability of unit energy metricsuch as kWh/m3 and kWh/kg CODremoved for 

the energy audits of main wastewater treatment technologies at different sizes of 

WWTPs in China; (2) explore the difference between the actual and theoretical unit 

energy consumption of main treatment technologies in WWTPs; (3) compare the unit 

energy consumption of different technologies under different conditions of design flow 

rate, operation loading rate, COD removal and influent concentration of contaminants.  

The unit energy consumption of main biological technologies is to offer valuable 

references for future sustainable treatment design. 
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6.3. Materials and methods 

6.3.1. Data and processing 

In the current study, unit energy consumption was calculated based on national data 

obtained from the China Urban Drainage Statistical Yearbook 2016 [215].  The national 

database of 1,399 WWTPs contains necessary information of wastewater treatment 

plants (WWTPs) such as design flow rate, treatment technology, operation loading rate, 

annual energy consumption, influent and effluent concentration of chemical oxygen 

demand (COD). However, the energy consumption of some WWTPs was not recorded 

in the Yearbook.  Therefore, 1,215 WWTPs in China were selected after data screening.  

The main wastewater treatment technologies in China could be found based on the 

number of WWTPs with specific secondary processes.  Pearson correlation analysis 

identified the feasibility and sustainability of unit energy indicators by using IBM SPSS 

Statistics 21.0 software. Secondly,  Excel-based models were developed for composing 

the theoretical and actual unit energy consumption of WWTPs with main treatment 

technologies based on literature [26-28].  Thirdly, the actual unit energy consumption 

(kWh/kg CODremoved) was used as an indicator for ranking the energy efficiency of 

treatment technology in different design flow rates, operation loading rates, COD 

removal, and influent concentration of contaminants.  Finally, regression models of unit 

energy consumption of main technologies were developed based on the corresponding 

parameters. 

6.3.2. Unit energy consumption 

6.3.2.1. Actual unit energy consumption 

Based on the actual flow rate, the actual unit energy consumption (kWh/m3) was 

calculated by the following equation: 

Actual unit energy consumption (kWh/m3)=(actual energy consumption (kWh/d)/Q 
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(6.1) 

where 

Q=Actual flow rate(m3/d)=(Design flow rate (m3/d)(Operation loading rate(%)) 

The daily COD removal is calculated by COD concentration in wastewater and 

actual flow rate: 

Daily COD removal (kgCOD/d)=(S0-S)(Q)/(103 g/kg) 

(6.2) 

where 

S0= Influent biodegradable COD (g/m3) 

S=Effluent biodegradable COD (g/m3) 

Based on COD concentration in influent and effluent, the COD removal efficiency 

(%) was estimated by the following equation: 

COD removal rate (%)=(S0-S)/S0 

(6.3) 

Actual unit energy consumption (kWh/ kg CODremoved) is calculated as the ratio 

between daily energy consumption and daily COD removal: 

Actual unit energy consumption (kWh/(kg CODremoved )) 

=(actual energy consumption (kWh/d))/(COD removal (kgCOD/d)) 

(6.4) 

6.3.2.2. Theoretical unit energy consumption 

Theoretical aeration demand was estimated based on municipal wastewater quality 

from the China Urban Drainage Statistical Yearbook 2016 [215]. The Yearbook 

recorded the annual mean value of wastewater quality, data of some WWTPs is not 

suitable for estimating aeration consumption in the theoretical model.  Therefore, the 
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wastewater quality of 881 WWTPs was selected after data screening. Theoretical 

oxygen consumption (g/d) is calculated by the following equation [27]: 

R=Q(S0-S)-1.42P+4.57Q(NOx)-2.86Q(NOx- NO3_N e) 

(6.5) 

where 

R=oxygen demand (g/d) 

P=sludge production (g/d) 

NOx=Amount of NO3_N production during nitrification (g/m3) = Influent NH4_N 

concentration -Effluent NH4_N concentration -0.12P/Q 

NO3_N e= Effluent NO3_N concentration (g/m3) 
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(6.6) 

where 

bH=0.088 g VSS/g VSS∙d 

bn=0.135 g VSS/g VSS∙d for AO+AAO and OD 

bn=0.082 g VSS/g VSS∙d for SBR 

YH=0.45 g VSS /g biodegradable COD 

fd=0.15 

Yn=0.15 g VSS/g NH4_N for AO+AAO and SBR 

Yn=0.2 g VSS/g NH4_N for OD 

SRT= Solids retention time (d) 

Based on design parameters from table 6.1, SRT of AAO, OD, and SBR are 

assumed to be 7.5, 27.5, and 22.5 d.   
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Table 6.1 Design parameters of various technologies [28] 

Technology SRT (d) HRT (h) MLSS (mg/L) 

CAS 5-15 4-8 1000-3000 

AO or AAO 5-10 

Anaerobic zone 1-2 

2000-4000 Anoxic zone 1-2 

Aerobic zone 4-6 

MBR 10-25 
Anoxic zone. 1-2 

5000-15000 
Aerobic zone. 2-4 

OD 15-40 15-30 2000-5000 

SBR 15-30 Total cycle time 4-9 2000-5000 

Biolak 30-70 15-40 1500-4000 

 

According to the Handbook of biological wastewater treatment [26], 1.2 kg O2/kWh 

is assumed to be the actual oxygen transfer rate (AOTR). 

AOTR

R
=(kWh/d) demandaeration  lTheoretica  

(6.7) 

where 

AOTR=1.2 kg O2/kWh 

Based on the actual flow rate, the theoretical unit aeration demand (kWh/m3) was 

calculated by the following equation: 

Theoretical unit aeration demand (kWh/m3)=(theoretical  aeration demand 

(kWh/d))/Q 

(6.8) 

Theoretical unit aeration demand (kWh/ kg CODremoved) is calculated as the ratio 

between the theoretical aeration demand and the daily COD removal: 

Theoretical unit aeration demand  (kWh/(kg CODremoved)) 

=(theoretical aeration demand (kWh/d))/(COD removal (kgCOD/d)) 

(6.9) 
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Since secondary biological treatment consumes 50–70% of the overall energy 

consumption of a WWTP [41], 0.6 is assumed to be the ratio between energy 

consumption and aeration demand. 

0.6

) (kWh/m  demandaeration unit  lTheoretica
=

)(kWh/mn  consumptioenergy unit  lTheoretica

3

3

 

0.6

COD) (kWh/kg  demandaeration unit  lTheoretica
=

COD) (kWh/kgn  consumptioenergy unit  lTheoretica

 

(6.10) 

6.4. Results and discussion 

6.4.1. Main technologies of WWTPs in China  

In the Yearbook of 2016, WWTPs in China used different kinds of wastewater 

treatment technologies, which include anaerobic- anoxic–oxic, anaerobic-oxic, 

oxidation ditch, sequencing batch reactor, membrane bioreactor, BIOLAK, biofilm, 

wetland, activated sludge, and a combination of these technologies. In this study, the 

selected WWTPs were classified as AO+AAO, OD, SBR, Biofilm, Biolak Technology, 

constructed wetland, activated sludge process, MBR, and others, as shown in Figure 

6.1.  
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Figure 6.1 Distribution of treatment technologies in wastewater treatment plants 

(WWTPs) 

Since the main pollutant of wastewater is organic matter, WWTPs used biological 

methods as the main wastewater treatment technologies in China.  Biological methods 

can be classed into activated sludge process and biofilm.  However, biofilm only 

accounted for 3.07 % of WWTPs in China, as shown in Figure 6.1, due to its low 

treatment efficiency.  The activated sludge process mainly included the conventional 

activated sludge process, AO + AAO, OD, and SBR.  Figure 6.1 shows that AO + AAO, 

OD, and SBR were the most widely used technologies in China, accounting for 36.5%, 

27.4%, and 17.4 % of WWTPs, respectively.  Jin et al. [13] reported similar findings 

on mainstream treatment technologies of WWTPs. 

6.4.2. Size distribution 

According to the design flow rate, WWTPs could be classified into small 

(<50,000m3/d), medium (50,000-200,000 m3/d) and large (>200,00m3/d) sized plants.   
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Figure 6.2 demonstrates that the number of small and middle-sized WWTPs accounted 

for 94% of all WWTPs.  Small WWTPs are generally built-in small coastal cities and 

towns.  Because of economic and population growth, the number of small-sized plants 

has exceeded that of medium and large-sized plants in 2015, as shown in Figure 6.2, 

which accounted for 66% of WWTPs.   Figure 6.3 shows that the actual flow rate and 

energy demand of the small and medium-sized WWTPs accounted for 61 % and 62% 

of all plants, which led to considerable total energy consumption. Since more dispersed 

wastewater sources need longer sewers for collecting wastewater, large wastewater 

treatment is not appropriate for the development of cities and improving the energy 

efficiency of small-medium-sized WWTPs. 

 

Figure 6.2 Size distribution of WWTPs in China 
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Figure 6.3 Distribution of number, actual flow rate, and energy consumption of 

WWTPs in different design capacities 

6.4.3. Unit energy consumption of the treatment process 

Different unit energy indicators lead to varying results of energy audits.  Table 6.2 

shows variations of wastewater characteristics and the operation loading rate of 

Gaobeidian WWTP. In 2015, the operation loading rate, influent COD, and BOD 

concentration of the WWTP increased to 93.26%, 409 mg/L, and 202 mg/L, which 

result in a 7% and 15% reduction in unit energy consumption (kWh/m3 and kWh/kg 

CODremoved).  Two different energy audit methods could produce diametrically opposite 

results.  In table 6.2, Mulan Town WWTP and Hutou Town WWTP have the same flow 

rate and operation loading rate in 2015.  Mulan Town WWTP shows a lower unit energy 

consumption (0.070 kWh/m3) than Hutou Town WWTP (0.075 kWh/m3).  However, 

unit energy consumption per kg COD removal of Mulan Town WWTP is more than 

twice that of Hutou Town WWTP because Hutou Town WWTP received wastewater 
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with higher COD concentration.  Unit energy consumption per m3 flow rate ignores the 

change in the concentration of pollutants in the wastewater and lead to incorrect results 

of energy audits.  Unit energy metrics  expressed as kWh/kg CODremoved could better 

reflect the energy efficiency of WWTPs.  

Table 6.2 Characteristics and unit energy consumption of Gaobeidian WWTP, Mulan 

Town WWTP, and Hutou Town WWTP in China 

Parameter 
Gaobeidian 

WWTP [245, 246] 

Gaobeidian 

WWTP [215] 

Mulan Town 

WWTP [215] 

Hutou Town 

WWTP [215] 

Design flow rate (10,000 

m3/d) 
100 100 2 2 

Operation loading rate (%) 66.64 93.26 39.9 39.9 

Influent COD concentration 

(mg/L) 
173 202 110 159 

Influent BOD concentration 

(mg/L) 
346 409 51 21.8 

Unit energy consumption 

(kWh/m3) 
0.258 0.240 0.070 0.075 

Unit energy consumption 

(kWh/kg CODremoved) 
0.746 0.631 1.189 0.545 

 

For assessing feasibility and sustainability of unit energy indicators, the correlations 

between energy consumption, COD reduction, and actual flow rate of WWTPs with the 

main biological process in China were carried out, and results are presented in Table 

6.3.  The Pearson correlation coefficients are close to 1, which shows significant 

positive correlations between different parameters. Table 6.3shows that  the COD 

reduction has  stronger correlations with the energy consumption of 1,215 plants as 

compared with the actual flow rate.  For mainstream treatment technologies, all the 

correlations were significant at a level of significance of p < 0.01 with Pearson 

coefficients of 0.906-0.933.  As a result, the unit energy consumption (kWh/kg 

CODremoved) is a suitable indicator to evaluate energy efficiency in WWTPs. 

Table 6.3 Correlations between energy consumption, daily COD removal, and actual 

flow rate of WWTPs using different technologies. 
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Pearson Correlation Actual flow rate (10,000 m3/d) Daily COD removal (kg/d) 

Energy consumption of all plants (kWh/d) 0.869a 0.900 a 

Energy consumption of AO+AAO 

(kWh/d) 
0.901 a 0.915 a 

Energy consumption of OD (kWh/d) 0.916 a 0.906 a 

Energy consumption of SBR (kWh/d) 0.905 a 0.933 a 

a Correlation is significant at the 0.01 level (2-tailed). 

Figure 6.4 presents the average unit energy consumption values of 1.811 kWh/kg 

CODremoved and 0.318 kWh/m3 for 1215 plants in China.  Due to the differences in 

wastewater quality, the standard deviation of unit energy consumption (kWh/kg 

CODremoved) is higher than that of unit energy consumption (kWh/m3). The mean unit 

energy consumptions of AO+AOO, OD, and SBR are 1.903, 1.877, and 1.705 kWh/kg 

CODremoved. SBR technology shows higher energy efficiency than other mean treatment 

technologies in China. 

 

Figure 6.4 Unit energy consumption of WWTPs with main technologies 
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6.4.4. Actual and theoretical unit energy consumption 

Figures 6.5, 6.6, and 6.7 show that average theoretical unit energy consumptions of 

AO+AAO, OD, and SBR are 0.71-0.86, 0.79-0.94, and 0.89-0.94 kWh/kg CODremoved, 

which is close to the energy indicators (kWh/kg CODremoved) reported in the literature 

[2, 247, 248]. AO+AAO, OD, and SBR are aerobic treatment methods that consume 

oxygen to convert COD and NH4_N to CO2 and N2.  Theoretical oxygen demand is 

related to wastewater quality and sludge production, as shown in equation (6.5). As 

shown in figures 6.5, 6.6, and 6.7, the difference between actual and theoretical unit 

energy consumption decreased with the increased design flow rate, while the theoretical 

unit energy consumption is not affected by design capacities. In practice, the smaller 

wastewater treatment systems have higher energy demand due to the lower operation 

loading rates.  Larger WWTPs used more efficient pumps and compressors for treating 

wastewater [228].  Many cases of research and books do not consider the effect of 

design flow rate, operation loading rates, and equipment efficiency on theoretical unit 

energy consumption [26, 27, 40, 232], which leads to similar theoretical unit energy 

consumption in different design capacities.  Figure 6.8 presents the ratio between 

theoretical and actual unit energy consumption.  Average values of the ratio in table 6.4 

could be used for making up the difference between actual and theoretical unit energy 

consumption. 
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Figure 6.5 Actual and theoretical unit energy consumption per kg COD removal of 

WWTPs with AO+AAO technology 
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Figure 6.6 Actual and theoretical unit energy consumption per kg COD removal of 

WWTPs with OD technology 
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Figure 6.7 Actual and theoretical unit energy consumption per kg COD removal of 

WWTPs with SBR technology 
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Figure 6.8 Ratio between theoretical and actual unit energy consumption per kg 

CODremoved 

Table 6.4 Average ratio between theoretical and actual unit energy consumption 

Design flow rate (10,000 m3/d) AO+AAO OD SBR 

0-1 0.333 0.453 0.446 

1-5 0.532 0.635 0.854 

5-10 0.669 0.881 0.938 

10-20 0.821 0.852 1.169 

 

Figure A.10, A.11, and A.12 compared actual and theoretical unit energy 

consumption (kWh/m3) in different design capacities.  Actual unit energy consumption 

per unit volume of wastewater decreased as the design flow rate increased.  However, 

theoretical unit energy consumption shows an opposite trend.  In Figure 6.9, COD 

influent concentration is positively related to the design flow rate, which results in the 

abnormal change of theoretical unit energy consumption per m3 flow rate.  Figure 6.9 

illustrates that larger WWTPs received wastewater with a higher concentration of COD. 
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Due to the change of the COD concentration in different design capacities, the effect of 

the COD concentration should not be ignored when evaluating the energy efficiency of 

WWTP. The unit energy consumption (kWh/m3) is not a suitable unit energy indicator. 

 

Figure 6.9 Variation of COD influent concentration with the design flow rate 

 

6.4.5. Effect of flow rate, operation loading rate, COD removal efficiency, 

and COD concentration on unit energy consumption 

6.4.5.1. Flow rate 

Figure 6.10 indicates that Biolak has the lowest unit mean energy consumption with 

values of 0.896 and 1.751 kWh/kg CODremoved among treatment technologies in small 

and medium-size plants due to its highly efficient submerged aeration methods and long 

sludge retention times (SRT). This indicates that it is high energy performance 

treatment system.  Biolak, which is an activated sludge process in an earthen basin with 

high-density polyethylene (HDPE) basin sealing, was developed in Germany and 

introduced to China in 1999.  Biolak systems use the floating aeration chain system to 
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supply fine air bubbles for microbial growth with long SRT ranging from 30 to 70 d, 

which leads to a relatively stable process with very efficient oxygen transfer, lesser 

energy consumption, and lesser sludge production than an oxidation ditch.  Crites et al. 

[249] have reported that Biolak systems have achieved discharge standards in Colorado. 

The 2-year mean effluent TSS, BOD, and total nitrogen concentrations of Nevada, 

Ohio, Biolak system (100,000 gpd) are less than 10 mg/L, 10mg/L, and 8 mg/L, 

respectively [249].  The Biolak system is simpler to operate and requires less 

knowledgeable staff than the SBR system.  The advantages of Biolak system include 

low capital cost, simple operation, and energy efficiency. Therefore, the Biolak process 

has great potential to be the most energy-efficient and economically activated sludge 

process.  However, Biolak could cause problems in the settleability of the effluent 

particle because of its long sludge age, over oxidation, and the formation of pin-point 

floc, which results in a lower quality effluent. Mean and monthly performance data of 

13 Biolak systems were summarized by the US Environmental Protection Agency 

report [250].  In Arkansas, the average effluent concentration of NH3_N in Blytheville 

South WWTP and BOD and TSS in Piggot WWTP, are 30.9, 20.8, and 34.8 mg/L, 

which do not satisfy the effluent discharge requirements.  Mirbagheri et al. [251] 

assessed BOD and COD removal efficiency of MBR, SBR, Biolak, and CAS at Ekbatan 

wastewater treatment plant, in the west of Tehran.  The results show that effluent 

wastewater quality is not higher than MBR and SBR.  The other disadvantage is its 

carbon footprint is larger than SBR and OD due to its considerably long retention time.  

The second energy-saving technology is the activated sludge process with unit energy 

consumption of 1.028 and 1.849 kWh/kg CODremoved.  The low energy consumption of 

the activated sludge process is due to its primary clarifier, and poor treatment 

performance of N and P.   
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The old wastewater treatment plants in China were built based on conventional 

activated sludge technologies.  In the past few decades, many existing CAS systems 

have been upgraded to efficient systems to remove more N, and P. Biofilm is the third 

lowest energy consumption technology with a unit energy demand of 1.115 kWh/COD 

kg in small plants due to its oxygen supply methods. The Biofilm reactor uses natural 

draft as the primary mean of providing airflow, which results in low oxygen supply and 

reduced removal rate of contaminants in the wastewater. Biofilm submerged reactor, 

which has been applied for treating industrial wastewater since the 1970s and is applied 

to treat municipal wastewater in China.  However, only 9 WWTPs used biofilm 

submerged reactors in China in 2002 [252].  The reason is mainly related to the biofilm 

carriers and packing media. The ideal carriers and packing media could provide a 

specific large surface area, low cost, excellent mechanical strength, low density, 

stability, high bio-affinity, resistance to biofilm, which results in good system 

performance and low-maintenance requirements [253-256]. Biofilm system generally 

used inorganic materials-based carriers, this can result in several problems in mass 

transfer caused by low porosity and easy blockage [256].  Organic materials have large 

surface areas [257, 258], but have low bio-affinity due to the smooth surface [254].  

MBR overcomes the disadvantages of the CAS, including large space requirements for 

secondary clarifiers, excess sludge generation, and a high removal rate of contaminants 

[259].  Upgrading the existing treatment plant to an MBR system can increase the 

treatment capacity by up to threefold without adding space [26]. In reports, MBR could 

reach a high COD removal of 97.1% [251].  However, MBR technology has 

disadvantages such as high energy costs, membrane fouling problems, and high costs 

of periodic membrane replacement, which results in high maintenance and operating 

costs [27].  The capital costs of MBRs are approximately 50% higher than those of CAS 
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for treating low strength wastewater [26].  The unit energy consumption is the highest, 

as shown in Figure 6.10.  Due to low treatment performance, large footprint, and high 

energy consumption, biolak, biofilm, activated sludge process, and MBR accounted for 

2.50%, 3.07%, 1.14%, and 1.00% of WWTPs in China, as shown in Figure 6.1.  

Because of high pollutant removal performance and small place requirement, AO + 

AAO, OD, and SBR were the main treatment technologies in China, accounted for 80.3 

% of WWTPs. 

 

Figure 6.10 Unit energy consumption of small and medium-sized WWTPs with 

different technologies  

Qasim and Zhu [28] summarized retention time and sludge concentration for 

different kinds of suspended growth biological treatment processes in table 6.1. Solids 

retention times of SBR and OD are higher than those of CAS and AAO, which reduce 

sludge production due to high SRT. AAO, OD and SBR have similar mixed liquor 

suspended solids values, which indicates they could produce sludge with similar 
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concentrations.  Hydraulic retention time represents the average time that wastewater 

stays in a reactor, which determines the reactor volume based on the flow rate.  Table 

6.1 shows that SBR has a relatively lower HRT than AAO and OD.  Therefore, building 

an SBR reactor requires smaller land and should be the preferred secondary treatment 

process due to relatively low sludge production with a high concentration of solids and 

a small footprint.   

Since large-sized (>200,000 m3/d) plants often used AO+AAO technology as 

mainstream treatment, there are few large WWTPs with OD and SBR technology, as 

shown in Figure 6.3. Figure 6.11 presents the unit energy consumption of three main 

technologies in small and medium-sized WWTPs in China.   Variations of energy 

demand in small plants are higher than those in medium plants, which is affected by 

several factors such as wastewater quality and climate. For AO+AAO, OD, and SBR 

technology, the unit energy demand of WWTPs decrease with increasing design flow 

rate.  Gu et al. [260] and Trapote et al. [243] have also reported similar energy trends.  

Large WWTPs are more energy efficient than small ones due to economies of scale 

[261-263].  Sludge treatment technologies of large and small facilities are different. 

Aerobic digestion was used for stabilizing the sludge of small or older plants [264]. 

Anaerobic digestion was applied for producing CH4 in plants with an influent flow rate 

of greater than 5 million gallons per day [265].  In China, large plants such as 

Gaobeidian WWTP and Hangzhou sibao WWTP have used anaerobic digestion for 

treating sludge [266].  For example,  Gaobeidian WWTP could achieve 31% of energy 

recovery [245].  Large size plants used energy-efficient equipment and anaerobic 

digestion to reduce electricity consumption. 
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Figure 6.11 Unit energy consumption of small and medium-sized WWTPs 

 

Since the number, actual flow rate, and energy consumption of plants with main 

technologies were the largest in design flow rate range between 1× 104 m3/d and 5 × 

104 m3/d in Figure 6.3, the mean unit energy consumption of mainstream technologies 

is close to the national average value of 1.811 kWh/kg CODremoved.  At a design flow 

rate of less than 1 × 104 m3/d, the unit energy consumption of three technologies is 

much higher than the national average value, which indicated that there is room for 

improving the energy efficiency of small-sized WWTPs using AO+AOO, OD, and 

SBR.  In the design flow rate range between 1× 104 m3/d and 20 × 104 m3/d, the unit 

energy consumption of SBR is lower than the national average value. Since SBR 

eliminates the need for secondary sedimentation tanks and return sludge flow, it 

consumes lower energy and requires a smaller footprint than AO, AAO, and OD 
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systems. For aeration methods, SBR processes generally use blast aeration, while OD 

typically uses mechanical aeration.  For the same oxygen demand, blast aeration could 

save more electricity than mechanical aeration.  As shown in Figure 6.11, the average 

unit energy consumption of SBR decreased from 2.76 kWh/kg to 0.83 kWh/kg when 

the design flow rate increased from less than 10,000 m3/d to 100,000-20,0000 m3/d, 

which shows that SBR is more energy-efficient than other activated sludge process 

processes in small and medium WWTPs in China. Similar results could be found in 

Figure 6.12.  Therefore, SBR technology is more appropriate for small and medium-

sized plants than other biological methods.  

 

Figure 6.12 Variation of unit energy consumption with the actual flow rate 

6.4.5.2. Operation loading rate 

The operation loading rate of a WWTP represents the ratio between the actual flow 

rate and the design flow rate.  Since the flow rate varies widely throughout the day, the 
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design treatment flow rate of WWTPs is based on the peak flow rate.  The operation 

loading rate is lower than 100% under normal conditions.  However, the flow rate to 

different wastewater treatment units may be higher than their design flow rate under 

certain conditions and weather. Figure A.13 ranks unit energy consumption of 

treatment technology at different operation loading rates.  Biolak, biofilm, and activated 

sludge have the lowest energy consumption with an operation loading rate of 20%-40%, 

40%-60%, 80-100%, and >=100%. Since Biolak and biofilm use moving aeration 

chains and natural draft as the primary aeration methods, respectively, they show high 

energy efficiency at a relatively low operation loading rate.  The activated sludge 

process could save more energy than other technology at an operation loading rate of 

greater than 80%.   This is because it is mainly applied for removing BOD and uses 

primary clarifiers for separate particulate COD without consuming oxygen.   Due to the 

disadvantages, such as low treatment performance and large space requirements, they 

are not the main treatment technology in China.  The unit energy consumption 

deteriorates as the operation loading rate increases, as shown in Table A.34.  The low 

operational rate affects the flow rate and concentration of organic matter, which results 

in worse energy performance.  The influence of the operation loading rate on MBR is 

relatively lower than the effect on other biological treatment technologies.  Park et al. 

[267] investigated the impact of influent wastewater flowrate on the COD removal 

efficiency of MBR, SBR, and AAO through changing the influent flowrate from 100% 

to 70%, 40%, and 10% of the design treatment flow rate.  At 10% of the design flow 

rate, A2O and SBR could only remove 74% and 70% of soluble chemical oxygen 

demand, whereas the MBR process has the ability to remove 89% of soluble sCOD 

from wastewater.  Due to the high MLSS concentration of 5000-15000 mg/L, as shown 

in Table 6.1, the MBR reactor has higher BOD and COD removal than the conventional 
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activated sludge process and good adaptability to various changes of flow rate and 

wastewater quality [268].  However, suspended solids and active microorganisms in 

MLSS, colloids, solutes, and sludge flocs accumulate on the membrane surface and 

clog the pore, which causes membrane fouling [269, 270].   The aerobic granulation 

membrane bioreactor combines aerobic granulation biotechnology and membrane 

separation to control membrane fouling.  This leads to better treatment performance 

due to excellent settling properties, smaller land requirements, higher biomass 

concentration, lower sludge generation, and strong resistance to shock loading rates 

[271-276].  High levels of MLSS in MBRs leads to high total suspended solids content 

and viscosity values [277].  The high viscosity in MBRs can limit aeration rates, which 

increases the energy consumption and results in a higher cost for aeration [278, 279]. 

The unit energy consumption value of 1.043-2.698 kWh/kg CODremoved is higher than 

the other treatment technologies, as shown in Table A.34. 

Figure 6.13 illustrates that the unit energy consumption of the WWTPs decreased 

as the operation loading rate increased.   The unit energy consumption is significantly 

higher when the actual flow rate is lower than the design flow rate.  However, energy 

consumption decreased when the annual flow rate approached the design value.  Long 

term operation of WWTPs at a low operation loading rate leads to increased energy 

consumption.  At an operation loading rate of less than 20%, the unit energy 

consumption of OD is significantly higher than those at other operation loading rates, 

as shown in Figure 6.13. The energy demand of OD systems is higher at a low operation 

loading rate due to longer hydraulic retention time.  Therefore, the operation loading 

rate strongly affects the unit energy consumption of OD plants.  The mean values for 

AO+AAO and OD are higher than the national average value at the operation loading 

rate of 0-80%.  In contrast, at an operation loading rate of 40%-100%, the mean energy 
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consumption of SBR is lower than the national average value and decreased gradually 

from 1.71 kWh/kgCODremoved to 1.32 kWh/kgCODremoved, which confirms that effect of 

operation loading rate on energy demand of SBR system is relatively small as reported 

by a previous study [145]. The unit energy consumption of AO+AAO and OD systems 

decreased at an operation loading rate of greater than 100%.  However, hydraulic and 

organic overloadings lead to reduced aeration time and insufficient nutrient availability, 

which reduces the pollutants removal performance of treatment plants [280]. Therefore, 

an operation loading rate of 80–100% is recommended for mainstream technology in 

China. 

 

Figure 6.13 Variation of unit energy consumption with the WWTP operation loading 

rate in China 
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6.4.5.3. Chemical oxygen demand (COD) removal 

Typically, pollutant removal efficiency is closely related to energy consumption 

[281]. However, such a correlation has not been quantitatively reported.  The COD 

removal efficiency of a WWTP represents the treatment performance of removing 

organic matter.  Figure A.14 ranks unit energy consumption of treatment technology in 

different COD removal scale.  Wetland and activated sludge have the lowest energy 

consumption with operation loading rates of 70%-80% and 90%-100%. The number of 

WWTPs with COD removal of 80%-100% is much larger than that with COD removal 

of 60%-80%.  Figure A.14 and Table A.35 show that all the treatment technologies 

have the ability to achieve COD removal of greater than 80%. COD removal efficiency 

is impacted by influent and effluent wastewater quality. Biological treatment 

technologies could achieve high COD removal.  However, effluent wastewater quality 

may not meet discharge requirements due to the high concentration of influent COD. 

Based on the discharge standard, 97.45% of 1215 WWTPS in this study with effluent 

concentration COD of less than 50 mg/L meets the effluent standard of grade I-A. This 

demonstrates that most WWTPs in China could achieve COD removal of greater than 

80% and achieve the effluent COD requirement.   

In Yearbook 2016, 91.3% of WWTPs could treat 96.8 % of wastewater with COD 

removal efficiency of 80%-100%, and power consumption accounted for 97.4 % of the 

total energy demand, which indicates that the COD removal efficiency of WWTPs in 

China was satisfactory.  According to COD removal, the WWTPs with different 

mainstream technologies were classified into four categories as follows: 60%-70%, 

70%-80%, 80%-90%, and 90%-100%, as shown in Figure 6.14.  The unit energy 

consumption of the WWTPs is negatively related to COD removal.  OD system with 

COD removal of 60%-70% shows significantly low energy efficiency than other 
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technologies, which may be attributed to low operation loading rates of the OD plants.  

Moreover, the mean unit energy consumption of WWTPs with COD removal of 80%-

100% was lower than the national average value because of the high operation loading 

rate.  Due to the small influence of the operation loading rate on the SBR system, the 

mean energy consumption of SBR decreased from 2.27 kWh/kgCODremoved to 

1.30 kWh/kgCODremoved as COD removal increase from 70% to over 90%, which 

confirms that the change of unit energy consumption in SBR plants is lower than those 

of other technologies in Figure 6.14. Since effective treatment and operation of plants 

could improve energy performance, high COD removal led to more efficient energy 

consumption. 

 

Figure 6.14 Variation of energy consumption per unit mass of COD removal with 

COD removal in selected WWTPs in China. 
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6.4.5.4. Influent chemical oxygen demand (COD) concentration  

The influent COD of a WWTP is an important parameter that affects COD removal 

efficiency and energy consumption. Figure A.15 ranks unit energy consumption of 

treatment technology in different influent concentrations of COD.   Wetland, AS and 

SBR have the lowest mean unit energy consumption with COD concentration of 0 

mg/L-150 mg/L, 150 mg/L-250 mg/L, 250 mg/L-450 mg/L and 450 mg/L-1000 mg/L. 

In figure A.15 and table A.36,  all treatment technologies have the ability to treat low 

and medium strength wastewater with COD concentration of 150 mg/L-450 mg/L.  

Wetland and AS show relative higher energy efficiency for treating low and medium 

strength wastewater than other treatment technologies.  However, they are not applied 

for treating wastewater with a COD concentration of greater than 450 mg/L due to the 

limited treatment performance of high strength wastewater. WWTPs have higher unit 

energy consumption (kWh/m3) when treating wastewater with a higher concentration 

of COD [282].  In addition, unit energy consumption(kWh/m3) is positively related to 

influent COD concentration.  However, this might mislead our understanding of the 

impact of influent COD concentration on energy consumption [38, 225, 237, 283].  

Silva and Rosa [233], Vaccari et al. [38], and Niu et al. [282] confirmed that unit energy 

consumption (kWh/kg CODremoved) of WWTPs decreases as influent concentrations of 

COD increases.  As shown in Table A.36, the average unit energy consumption of 

biolak, SBR, and MBR decreases up to approximately 50% when the COD 

concentration is higher than 450 mg/L.  In most areas of China, rainwater and 

groundwater often dilute the wastewater, which results in a low COD influent 

concentration [284]. WWTPs waste energy when receiving large amounts of 

stormwater runoff [38, 231].   This explains why the energy consumption of WWTPS 
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with combined pipelines is lower than that of plants with separate systems for 

wastewater and stormwater. 

Based on COD concentration, untreated wastewater could be classified into ultra-

low strength (0-150 mg/L), low strength (150-250 mg/L), medium strength (250-450 

mg/L), and high strength (450-1000 mg/L).   The unit energy consumption decreases 

with increasing COD concentration in Figure 6.15. WWTPs, which receive diluted 

wastewater with a lower concentration of COD, have higher unit energy consumption.  

Because WWTPs use fixed energy for removing lower strength wastewater and 

consume more energy in pumping the same flow rate of water. The average unit energy 

consumption of SBR decreased from 3.89 kWh/kgCOD to 0.63 kWh/kgCOD when 

treating wastewater with low, medium, and high concentrations of COD, which show 

lower unit energy consumption than other technology. Thus, SBR is energy-saving 

technology for treating all types of wastewater. 
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Figure 6.15 Variation of unit energy consumption with influent COD concentration in 

China. 

6.4.6. Energy benchmarking based on the regression model 

Table 6.5 shows the Pearson’s correlations between the energy consumption of 

different technologies, design flow rate, operation loading rate, influent COD 

concentration, and influent COD mass.  All the correlations were significant at the 0.01 

level.  Compared with operation loading rate and influent COD concentration, the 

design flow rate, actual flow rate, and influent COD mass showed stronger positive 

correlations with energy consumption.  According to the benchmarking method 

reported by Yang et al. [145], the mean unit energy consumptions of three main 

technologies were selected as the benchmark data of unit energy consumption under 

different conditions of design flow rate, actual flow rate, and influent COD mass.  The 

equations for predicting benchmark data of unit energy consumption from the design 

flow rate, actual flow rate, and influent COD mass are listed in Table 6.6. 

Table 6.5 Correlations between the energy consumption of three main technologies, 

design flow rate, operation loading rate, influent COD concentration, and influent 

COD mass.  

Pearson 

Correlation 

Design flow 

rate (10,000 

m3/d) 

Operation 

loading rate 

(%) 

Influent COD 

concentration 

(mg/L) 

Actual flow 

rate (10,000 

m3/d) 

Influent 

COD mass 

(kg/d) 

Energy 

consumption of 

AO+AAO (kwh/d) 

.889** .233** .247** .901** .915** 

Energy 

consumption of OD 

(kwh/d) 

.902** .181** .407** .916** .910** 

Energy 

consumption of 

SBR (kwh/d) 

.894** .329** .368** .905** .935** 

** At the 0.01 level (2-tailed), correlation is significant. 

 

 

Table 6.6 Statistical results of mean unit energy consumption 



152 

 

Treatment technology Regression equation Label R Square 

AO+AAO UEC=3.0089(Qdesign) -0.276 6.11 0.9672 

OD UEC=2.4924(Qdesign) -0.320 6.12 0.9608 

SBR UEC=2.3607(Qdesign) -0.339 6.13 0.9408 

AO+AAO UEC=2.4867(Qactual) -0.237 6.14 0.6684 

OD UEC =2.3971(Qactual) -0.319 6.15 0.9953 

SBR UEC =2.0744(Qactual) -0.354 6.16 0.9994 

AO+AAO UEC =18.541(WCOD) -0.254 6.17 0.8471 

OD UEC =13.529(WCOD) -0.23 6.18 0.8697 

SBR UEC =12.758(WCOD) -0.254 6.19 0.8226 

 

Note: UEC=Unit energy consumption (kWh/kg CODremoved); Qdesign= Design flow rate 

(10,000 m3/d), Qactual= Actaul flow rate (10,000 m3/d) and WCOD=Influent COD mass 

(kg/d) 

The R2 value in equation (6.14) is relatively lower because the mean unit energy 

consumption is affected by extreme values, as shown in Figure 6.12.  Due to the high 

R2 value in most equations, regression equations are suitable for estimating benchmark 

data of unit energy consumption.  Equations (6.11, 6.12, 6.13), which are based on the 

design flow rate, are applied for energy consumption predictions during the WWTPs 

design stage.  When plants are put into operation, wastewater quality and operation 

loading rate and could be measured.  Then unit energy could be calculated based on an 

equation (6.14, 6.15, 6.16, 6.17, 6.18, 6.19).  The estimated benchmark value could be 

compared with actual unit energy consumption to check the energy efficiency of 

WWTPs. 

6.5. Conclusions 

The current study used the China national data of WWTPs and compared the 

performance of wastewater treatment systems with different main biological 

technologies.  In China, the WWTPs used AO + AAO, OD, and SBR as main 

wastewater treatment technologies accounted for 80.3% of WWTPs.  The number of 

small and medium-sized plants accounted for 97% of WWTPs. Larger WWTPs 
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received wastewater with a higher concentration of COD.  The effect of the COD 

concentration should not be ignored when evaluating the energy efficiency of WWTP.  

The unit energy consumption (kWh/m3) leads to incorrect results of energy audits. 

Pearson correlation analysis shows that COD removal is strongly related to energy 

consumption for all plants with main treatment technologies.  The unit energy 

consumption (kWh/kg CODremoved) was used for evaluating the energy efficiency of 

mainstream technologies. Statistical and classification analyses were carried out to 

study the effect of design flow rate, operation loading rate, COD removal, and influent 

concentration of contaminants on the energy consumption of different treatment 

processes.  Larger centralized WWTPs have high energy performance due to their high 

operation loading rates and high COD removal.  However, centralized wastewater 

treatment might not be appropriate for the development of cities because more 

dispersed wastewater sources need longer sewers for collecting wastewater.  Since SBR 

eliminates the need for secondary sedimentation tanks and return sludge, and uses blast 

aeration, SBR technology shows higher energy efficiency for treating all kinds of 

wastewater in small and medium-sized plants than other biological methods. Power 

regression equations between the benchmark value, design flow rate, and influent COD 

were developed in this study, which will provide a valuable reference for predicting the 

benchmark data of unit energy consumption for the future sustainable environmental 

design of WWTPs. 
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7. COMPARISON OF UNIT ENERGY AND COST OF SYSTEMS WITH 

INNOVATIVE TECHNOLOGIES IN  TREATING LEACHATE AND 

INDUSTRIAL WASTEWATER 

To compare the unit energy and cost of leachate and industrial wastewater treatment 

systems with innovative technologies, Excel models were developed in designing 

treatment systems of 1 MGD leachate using different innovative technologies based on 

leachate and industrial wastewater in table 3.1 and 5.1.  Process flow diagrams of the 

treatment system are illustrated in Figure 3.2.  To meet discharge requirements and 

assess the influence of different kinds of wastewater on treatment systems in terms of 

unit energy and cost metrics, systems were designed to achieve the same discharge 

standard (COD≤50mg/L, BOD≤20mg/L, and N≤5mg/L) so that systems have similar 

COD and N removal efficiency.  In the systems, screen, grit chamber, micro sieving, 

UASB, PN/A, nitrification-denitrification process, and granular activated carbon 

system were used as a preliminary treatment, primary treatment, secondary treatment, 

and tertiary treatment for removing particulate matter, biodegradable COD and N and 

non-biodegradable soluble organic matter from wastewater, respectively.  Due to low 

biodegradability of old leachate, sludge age is assumed to be 60 days for keeping stable 

performance of leachate and industrial wastewater treatment systems.   

Since secondary biological treatment consumes 50–70% of the overall energy 

consumption of a WWTP [41], energy required by aeration was used as the dominant 

energy consumption in this study.  Figure 7.1 shows that the electricity consumption 

rises as influent concentration of NH4
+_N and soluble biodegradable organic nitrogen 

increases.  Because most of the O2 is used for PN/A process and nitrification process.  

Most of the sbON was converted to NH4
+-N by ammonification prior to or during the 

aeration process.  Since primary treatment and UASB removes COD without using 
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oxygen, main energy consumption is strong positive related to NH4
+_N plus soluble 

biodegradable organic nitrogen. Except for BOD that is converted to CO2 in aerobic 

treatment, most of soluble BOD and biodegradable particulate BOD in sludge are 

converted to CH4 to produce electricity and heat by UASB and the side stream 

anaerobic digester.  Figure 7.2 illustrates energy production rises with increasing 

influent BOD concentration.  Since main energy consumption and energy production 

are related to influent concentration of NH4
+_N and soluble biodegradable organic 

nitrogen (sbON) and BOD, unit energy consumption (kwh/kg Nremoved) and unit energy 

consumption (kWh/kg BODremoved) are used as indicators in assessing the influence of 

different wastewater on energy and consumption of treatment systems as shown in 

Figure 7.3 and 7.4.   

 

Figure 7.1 Electricity consumption and influent NH4
+_N and sbON concentration 
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Figure 7.2 Electricity production and influent BOD concentration 
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Figure 7.3 Unit energy consumption 

 
 

Figure 7.4 Unit energy production   
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In figure 7.3, average unit energy consumptions are 0.99, 1.00, 1.24, 1.53, 1.58 and 

1.65 kWh/kg Nremoved for textile, tannery, food processing wastewater, young, medium, 

and old leachate, respectively. The unit aeration energy consumption for textile 

wastewater is lower than that of the other industrial wastewaters and leachate. TN 

removal depends on the separation of particulate N by primary treatment, oxidation of 

NH4
+_N to nitrite-nitrogen or nitrate-nitrogen (NO3_N), and conversion of NO2_N or 

NO3_N to N2 by secondary treatment and adsorption of soluble nonbiodegradable N by 

tertiary treatment. N removal of textile wastewater depends more on sedimentation and 

adsorption than other wastewaters. As shown in Figure 7.5, the average ratio between 

N removal by secondary, tertiary treatment and total N removal are 45.42%, 34.18%, 

31.45%, 11.40%, 10.74%, and 6.25%, respectively. Since particulate and soluble 

nonbiodegradable N removal do not consume oxygen (O2) in the treatment system, 

textile wastewater needs a smaller amount of O2 to remove N as compared to other 

wastewaters.  
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Figure 7.5 N removal by primary and tertiary treatment (%) 

Figure 7.4 compares the unit energy production of treatment systems for different 

wastewater.  Average unit energy productions are 1.84, 1.87, 1.87, 1.88, 2.09, and 3.90 

kWh/kg BODremoved for textile, tannery, food processing wastewater, young, medium 

and old leachate, respectively. The unit energy production for old leachate is higher 

than that of the other wastewaters. Although old leachate contains has a low 

concentration of COD and BOD/COD ratio, external carbon source in PN/A, 

nitrification and the denitrification process increase electricity production through 

increasing sludge side stream AD.  The reaction of nitrification, denitrification and 

PN/A process can be depicted as the following equations: 

NH4
++1.86O2+1.98HCO3

-→0.021C5H7NO2+0.98NO3
-+1.88CO2+2.92H2O 

(7.1) 

NO3
−+ 1.08CH3OH + 0.24CO2 →0.47N2 + 0.065 C5H7NO2 + 1.43 H2O + HCO3

- 
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(7.2) 

NH4
++0.799 O2 +1.109 HCO3

-→0.436 N2 +0.111 NO3
−+1.034 CO2 +2.496 H2O+New 

biomass 

(7.3) 

The nitrification and PN/A process used inorganic matters as a source for carbon. 

Due to the high BOD removal of UASB, the heterotrophic denitrification process needs 

exogenous organic carbon source such as methanol for the conversion of nitrate to 

nitrogen, or nitrite to nitrogen.  Nitrification, denitrification and the PN/A process 

converted these carbon sources to organic matter in sludge as shown in equation (7.1, 

7.2 and 7.3).  Since these carbon sources are not from wastewater, BOD removal from 

wastewater does not include an external carbon source. Since external carbon sources 

could be converted to biomass to increase CH4 production of AD, external carbon 

sources could be considered as external BOD.  Total BOD is the combination of total 

BOD removal from wastewater and external BOD as shown in equation (7.4): 

Total BOD=BOD removal from wastewater + external BOD 

(7.4) 

The ratio between external BOD and total BOD represents the dependency of 

electricity production on the external carbon source. In figure 7.6, the mean external 

BOD/total BOD ratio are as follows: 6.42%, 7.77%, 9.83%, 16.21%, 38.48%, and 

75.73% for textile, tannery, food processing wastewater, young, medium, and old 

leachate, respectively.  Old leachate has a high concentration of NH4
+_N and soluble 

biodegradable organic nitrogen, the system needs a great amount of carbon source to 

achieve high N removal.  Energy production of old leachate treatment systems depends 

more on the external carbon source as compared to other wastewater treatment systems. 
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Figure 7.6 Ratio between external BOD and total BOD 

Since preliminary treatment, primary treatment, secondary treatment, and tertiary 

treatment are used for removing particulate COD, biodegradable COD, and non-

biodegradable soluble COD from wastewater, respectively, unit cost metric ($/kg 

CODremoved) is selected as the indicator for this study.  As shown in equation (2.17), the 

total unit cost is the combination of the unit capital costs and the unit operational costs. 

Figure 7.7 compares the unit cost of treatment systems for different wastewater. 

Average unit costs are 0.41, 0.61, 0.64, 0.74, 1.32, and 1.51 for young leachate, tannery 

wastewater, food processing wastewater, medium leachate, textile wastewater, old 

leachate, respectively.  The unit cost for young leachate is lower than that for the other 

wastewaters. As compared to other wastewater, young leachate has a higher 

biodegradability and concentration of BOD as shown in figure A.16 and A.17, which 

could produce a large amount of CH4 for energy recovery to reduce the unit cost of a 
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treatment system.  On the other hand, COD removal strongly affects unit costs of the 

unit process as shown in figures 7.8 and 7.9.  The unit cost of micro sieving and UASB 

systems decrease with increasing COD removal. TSS/COD and BOD/COD ratio 

determine performance and COD removal efficiency (%) of micro sieving and UASB 

as shown in figures 5.5 and 5.8. COD concentration, flow rate, and COD removal 

efficiency determine the mass removal of COD. Young leachate has relatively higher 

COD and BOD concentration than other wastewaters as shown in table 3.1 and figure 

A.17, this leads to lower unit costs of the unit process. Therefore, systems with 

innovative technologies is more suitable for treating young leachate than other 

wastewaters.   

 
 

Figure 7.7 Unit cost 
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Figure 7.8 Unit cost of micro sieving 

 

Figure 7.9 Unit cost of UASB 
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8. CONCLUSION 

The current study collected different leachate and industrial wastewater quality data 

and developed Excel-based models for comparing the performance of treatment 

systems with innovative and conventional technologies for different wastewater 

quality.  Systems with innovative technologies could remove most of COD and NH4
+

_N 

of industrial wastewater and leachate.  However, effluent wastewater quality of energy 

positive system might still do not meet the discharge standards due to the high 

concentration of COD, BOD, and TN in industrial wastewater and leachate.  This 

system should combine with physical-chemical treatment to increase pollutants 

removal efficiency to meet the discharge requirement. The energy and economic 

analysis showed that energy consumption, production, and cost are related to BOD, N, 

and COD removal, especially for system innovative technologies.  The results show 

that systems using innovative technologies is the best treatment system for treating 

wastewater with high COD concentration and BOD/COD ratio in unit energy and cost.  

Micro-sieving consumes more electricity than primary clarifiers for treating the 

same volume of wastewater.  However, micro sieving shows a lot of advantages such 

as small footprint, modular and flexible design, recyclable materials, and high solid 

removal with high percent dry solids according to the design principles of Sustainable 

Environmental Engineering.  In treating wastewater with high TSS concentration, 

micro-sieving could retain more particulates on the filter and divert more COD and N 

in sludge with higher percent dry solids to anaerobic digester than clarifier, which 

decreases CH4 production of mainstream UASB, O2 demand of PN/A reactor, size and 

cost of UASB and PN/A reactor.  These aspects demonstrate that micro-sieving could 

help energy-positive wastewater treatment systems save costs.  
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Pearson correlation analysis in a study about industrial wastewater shows that 

TSS/COD and BOD/COD ratio are the key parameters in determining COD removal 

and methane conversion rate of primary treatment and secondary treatment.  UASB is 

ineffective for converting COD of wastewater with a low BOD/COD ratio to biogas. 

The TSS/COD ratio and BOD/COD ratio could be effectively used to predict the total 

COD removal and effluent COD concentration of wastewater in the treatment system 

with primary treatment and biological processes.   

In the Excel model, wastewater quality affects treatment performance, energy, and 

costs of the innovative treatment systems.  In practice, aeration method, design 

capacity, operation loading rate, COD removal, and influent concentration of 

contaminants have a significant influence on the energy consumption of WWTPs with 

different conventional biological technologies which include anaerobic- anoxic–oxic, 

anaerobic-oxic, oxidation ditch, sequencing batch reactor, membrane bioreactor, 

BIOLAK, biofilm, activated sludge, and combination of these technologies.  Biolak and 

Biofilm use the floating aeration chain system and natural draft as an aeration method, 

which reduces oxygen demand and improves energy efficiency.  The activated sludge 

process shows low energy consumption because it is mainly applied for removing BOD 

and uses primary clarifiers for separate particulate COD without consuming oxygen.  

However, due to disadvantages such as low treatment performance and a large carbon 

footprint, they are not the main treatment technology in China.  MBR overcomes the 

disadvantages such as large space requirement for secondary clarifiers, excess sludge 

generation, and high removal rate of contaminants.  However, MBR technology has 

disadvantages such as high energy costs, membrane fouling problems, and high costs 

of periodic membrane replacement. All of these result in high maintenance and 

operating costs.  Due to these advantages, Biolak and Biofilm, activated sludge process 
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and, MBR accounted for 2.50%, 3.07%, 1.14% and 1.00% of WWTPs in China.  The 

WWTPs in China used AO + AAO, OD, and SBR as main wastewater treatment 

technologies which accounted for 80.3% of WWTPs.  The number of small and 

medium-sized plants accounted for 97% of WWTPs.  The unit energy consumption 

(kWh/kg CODremoved) was used to rank the three main technologies.  The energy 

efficiency of WWTPs increases with increasing design capacity, operation loading 

rates, COD removal efficiency, and influent COD concentration. The average unit 

energy consumption of SBR decreased from 2.76 kWh/kg to 0.83 kWh/kg when design 

capacity increased from less than 10,000 m3/d to 100,000-20,0000 m3/d.  SBR 

technology is more energy efficient in treating wastewater than other biological 

methods in small and medium scale WWTPs in China. The unit energy consumption 

of SBR decreases from 1.71 kWh/kg CODremoved to 1.32 kWh/kg CODremoved and 

2.27 kWh/kg CODremoved to 1.30 kWh/kg CODremoved as the operation loading rates 

increase from 40% to 100% and COD removal from 70% to over 90%, respectively.  

Therefore, the energy demand of the SBR system is the most significant by design 

capacity while operation loading rate and COD removal contributes to the decrease to 

a less degree.   

The last section compared unit energy and cost of systems with innovative 

technologies for treating leachate and industrial wastewater.  Average unit energy 

consumptions are 0.99, 1.00, 1.24, 1.53, 1.58 and 1.65 kWh/kg Nremoved for textile, 

tannery, food processing wastewater, young, medium and old leachate, respectively. 

Since N removal of textile wastewater depends more on sedimentation and adsorption 

than other wastewater, textile wastewater needs a smaller amount of O2 to remove N as 

compared to other wastewaters. Average unit energy productions are 1.84, 1.87, 1.87, 

1.88, 2.09, and 3.90 kWh/kgBODremoved for textile, tannery, food processing 
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wastewater, young, medium and old leachate, respectively. Although old leachate 

contains has a high concentration of NH4
+_N and soluble biodegradable organic 

nitrogen and a low concentration of COD and BOD/COD ratio, a great amount of 

external carbon source in PN/A, nitrification and denitrification process increases 

electricity production through increasing sludge side stream AD.  Energy production of 

old leachate treatment system depends more on the external carbon source rather than 

BOD in wastewater as compared to other wastewater treatment systems. Average unit 

costs are 0.41, 0.61, 0.64, 0.74, 1.32, and 1.51 for young leachate, tannery wastewater, 

food processing wastewater, medium leachate, textile wastewater, old leachate, 

respectively. Compared to other wastewater, young leachate has a higher 

biodegradability and concentration of BOD, which could produce a large amount of 

CH4 for energy recovery to reduce the unit cost of treatment system.  On the other hand, 

unit costs of the mainstream unit process decrease with increasing COD removal. 

Young leachate has relatively higher COD and BOD concentration than other 

wastewaters, this leads to lower unit costs of the unit process.  Therefore, systems with 

innovative technologies are more suitable for treating wastewater with a high 

concentration of COD and BOD/COD ratio.   
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APPENDIX 

Leachate characteristics 

The current study collected the data of leachate from peer-reviewed papers, as 

shown in Table 3.1. The databases of untreated leachate quality included basic 

information such as the concentration of TSS, COD, BOD and TN.  The first row of 

data in table A.1 was selected as the specific young leachate quality for presenting the 

specific processes for estimating energy and cost of innovative treatment system. 

According to coefficients of the wastewater obtained from GPS-X 7.0 in table A.2, we 

could divide TSS, COD, BOD and TN of the specific young leachate into fractions, as 

shown in table A.3 and figures A.1-A.4. 

Table A.1 Leachate characteristics 

TSS (mg/L) BOD (mg/L) COD (mg/L) TN (mg/L) Reference 

1894.11 4979.41 9309.80 1171.83 [94] 

 

Table A.2 Coefficients of the wastewater obtained from GPS-X 7.0 and 

corresponding equations 

Parameter Value Reference 

Volatile Suspended Solids/Total Suspended Solids, VSS/TSS 0.75 [135] 

Particulate COD/Volatile Suspended Solids, pCOD/VSS 1.42 [91] 

Colloidal COD/slowly biodegradable COD, cCOD/sbCOD 0.15 [135] 

BOD to COD ratio of soluble and colloidal biodegradable substrates, 

fBOD/(bsCOD+cCOD) 
0.717 [135] 

BOD to COD ratio of particulate biodegradable substrate, 

pBOD/bpCOD 
0.58 [135] 

 Biodegradable particulate organic nitrogen/biodegradable particulate 

COD, bpON/bpCOD 
0.0268 [123] 

 Non-biodegradable particulate organic nitrogen/non-biodegradable 

particulate COD, nbpON/nbpCOD 
0.068 [123] 

 Non-biodegradable soluble organic nitrogen/non-biodegradable soluble 

COD, nbsON/nbsCOD 
0.05 [135] 

Biodegradable soluble COD, bsCOD (bCOD)(sCOD)/COD [27] 
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Figure A.1 Fractionation of SS 

 

Figure A.2 Fractionation of COD 
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Figure A.3 Fractionation of BOD 

 

Figure A.4 Fractionation of N 

Table A.3 Specific young leachate characteristics 

Characteristics Concentration (mg/L) 

Inert suspended solids (ISS) 473.53 

Volatile suspended solids (VSS) 1420.58 

Biodegradable volatile suspended solids (bVSS) 1061.86 

Non-biodegradable volatile suspended solids (nbVSS) 358.72 

Non-biodegradable particulate COD (nbpCOD) 509.38 

Biodegradable particulate COD (bpCOD) 1507.85 

Colloidal COD (cCOD) 266.09 

Biodegradable soluble COD (bsCOD) 5458.96 

Non-biodegradable soluble COD (nbsCOD) 1567.53 

Biodegradable COD (bCOD) 7232.89 

Particulate BOD (pBOD) 874.55 

Filtered BOD (fBOD) 4104.86 

Non-biodegradable particulate organic nitrogen (nbpON) 34.64 

Biodegradable particulate organic nitrogen (bpON) 40.41 
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Non-biodegradable soluble organic nitrogen (nbsON) 78.38 

Biodegradable organic nitrogen plus ammonium-Nitrogen (bON+NH4
+_N) 1058.82 

 

Determine the SS parameters 

VSS=(0.75)TSS=(0.75)(1894.11)=1420.58mg/L 

ISS=TSS-VSS=1894.11-1420.58=473.53 mg/L 

Determine the COD parameters 

Since fBOD/(bsCOD+cCOD)= 0.717 

pBOD/bpCOD=0.58 

BOD=fBOD+pBOD 

bCOD=bsCOD+cCOD+bpCOD 

0.58<BOD/bCOD<0.717 

1.39<bCOD/BOD<1.72 

Hence, assume  bCOD/BOD=1.5 

bCOD=(1.4)BOD=(1.5)(4979.41)=7469.12 mg/L 

pCOD=(1.42)VSS=(1.42)(1420.58)=2017.23 mg/L 

fCOD=cCOD+sCOD=COD-pCOD=9309.8-2017.23=7292.57 mg/L 

nbCOD=COD- bCOD=9309.8-7469.12=1840.69 mg/L 

Since bpCOD<pCOD=2017.23 mg/L 

Hence, assume bpCOD=1500 mg/L 

bVSS=bpCOD/1.42=1500/1.42=1056.34 mg/L 

bpCOD=sbCOD-cCOD=sbCOD-0.15sbCOD=0.85sbCOD 

sbCOD=bpCOD/0.85 

cCOD=0.15sbCOD=0.15bpCOD/0.85=264.71 mg/L 

sCOD=fCOD-cCOD=7292.57-264.71=7027.87 mg/L 

nbpCOD=pCOD-bpCOD=2017.23-1500=517.23 mg/L 
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nbVSS=nbpCOD/1.42=517.23/1.42=364.24 mg/L 

bsCOD=((bCOD)(sCOD))/COD=((7469.12)(7027.87))/9309.8=5638.35 mg/L 

nbsCOD=sCOD-bsCOD=7027.87-5638.35=1389.51 mg/L 

pBOD=(0.58)(bpCOD)=(0.58)(1500)=870 mg/L 

fBOD=(0.717)(bsCOD+cCOD)=(0.717)(5638.35+264.71)=4232.49 mg/L 

BOD= pBOD+ fBOD=5102.49 mg/L 

bCOD= bpCOD+ bsCOD+cCOD=7403.06 mg/L 

bCOD/BOD=7403.06/5102.49=1.45 

The calculated BOD and bCOD/BOD are close to the given value and the 

assumed ratio. We change the assumptions of bCOD/BOD ratio and bpCOD 

concentration until the calculated BOD value and bCOD/BOD ratio are equal to the 

given BOD concentration and assumed bCOD/BOD ratio. The final result of SS and 

COD parameters is shown in table A.3. 

Determine the BOD parameters 

pBOD=(0.58)(bpCOD)=(0.58)(1507.85)= 874.55 mg/L 

fBOD=(0.717)(bsCOD+cCOD)=(0.717)(5458.96+266.09)= 4104.86 mg/L 

Determine the N parameters 

nbpON=(0.068) nbpCOD =(0.068)(509.38)=34.64 mg/L 

bpON=(0.0268) bpCOD =(0.0268)(1507.85)=40.41 mg/L 

nbsON=(0.05) nbsCOD =(0.05)(1567.53)=78.38 mg/L 

bON+NH4
+_N=TN-NO3

+_N-NO2
+_N-nbpON-nbsON=1171.83-0-0-34.64-

78.38=1058.82 mg/L 

Innovative treatment system for SS, COD, BOD and N removal. 

Process flow diagrams of innovative treatment system is illustrated in Figure A.5. 
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Figure A.5 Schematic graphs of innovative treatment system - mainstream anaerobic 

treatment and anammox treatment
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Preliminary treatment 

Preliminary treatment could remove screening and grit form wastewater. It was 

reported that volumes of screening and grit production are 4-100 L/1,000 m3 and 4-37 

L/1,000 m3 for wastewater without stormwater inputs [27]. Due to the relatively small 

volumes of screening and grit production, the changes of flow rate through preliminary 

treatment could be ignored in this study. In BioWin software, ISS portion of the TSS was 

removed by preliminary treatment. 60% was assumed as ISS removal efficiency of 

preliminary treatment [285].  

Calculate the mass loadings to the primary treatment (Stream 1). 

Q1=Qi=1MGD=3,785.4 m3/d 

Mass of TSS, WTSS, 1=(CVSS, 1+CISS, 1) Q1=(CVSS, i+(1-60%) CISS, i Qi 

=(1,420.58 g/m3+(40%)(473.53 g/m3)) × 3,785.4 m3/d × 10-3  kg/g =  6,094.47 kg/d 

Mass of ISS, WISS, 1==(CISS, 1) Q1=((1-60%) CISS, i)Qi  

=((40%)(473.53 g/ m3)) × 3,785.4 m3/d × 10-3 kg/g =   717.00 kg/d 

Mass of COD, WCOD, 1=(CCOD, 1)Q1=(CCOD, i)Qi 

=  9,309.80  g/ m3  × 3,785.4 m3/d × 10-3 kg/g =  35,241.32 kg/d 

Mass of pCOD, WpCOD, 1=(CpCOD, 1) Q1=(CpCOD, i) Qi=(CnbpCOD, i+ CbpCOD, i) Qi  

=  (509.38 g/ m3+1,507.85 g/ m3) × 3,785.4 m3/d × 10-3  kg/g =  7,636.01 kg/d 

Mass of pCOD, WbpCOD, 1=(CbpCOD, 1) Q1=(CbpCOD, i) Qi 

=  (1,507.85 g/ m3) × 3,785.4 m3/d × 10-3  kg/g =  5,707.80 kg/d 

Mass of nbpCOD, WnbpCOD, 1=(CnbpCOD, 1) Q1=(CnbpCOD, i) Qi 

=  (509.38 g/ m3) × 3,785.4 m3/d × 10-3  kg/g =  1,928.21 kg/d 
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Mass of nbsCOD, WnbsCOD, 1=(CnbsCOD, 1) Q1=(CnbsCOD, i) Qi 

=  (1,567.53 g/ m3) × 3,785.4 m3/d  × 10-3  kg/g = 5,933.71 kg/d 

Mass of BOD, WBOD, 1 =(CBOD, 1) Q1=(CBOD, i) Qi  

=  4,979.41 g/ m3  × 3,785.4 m3/d × 10-3  kg/g =  18,849.06 kg/d 

Mass of pBOD, WpBOD, 1 =(CpBOD, 1)Q_1=(CpBOD, i)Qi 

=   874.55 g/ m3 × 3,785.4 m3/d × 10-3  kg/g =   3,310.52 kg/d 

Mass of N, WN,1  =(CN, 1)Q1=(CN, i)Qi 

=  1,171.83 g/ m3  × 3,785.4 m3/d × 10-3  kg/g =  4,435.85 kg/d 

Mass of pON, WpON,1  =C pON, 1 Q1= C pON, i Qi =(C nbpON, i+CbpON, i)Qi   

=  (34.64 g/m3+ 40.41 g/m3) × 3,785.4 m3/d ×10-3 kg/g =   284.09 kg/d 

Mass of nbsON, WnbsON,1 =(CnbsON, 1)Q1=(CnbsON, i)Qi 

=  ( 78.38  g/ m3 ) × 3,785.4 m3 /d × 10-3  kg/g =  296.69  kg/d 

Primary treatment 

Micro-sieving, or a rotating belt filter (RBF), offers a more sustainable alternative 

than a traditional primary clarifier with a smaller footprint and lower capital costs [15, 

16]. In the current study, we use micro sieving as primary treatment. Behera et al. [30] 

reported actual TSS removal of a rotating belt filter with the screen size of 350 microns 

for treating wastewater with different TSS concentration. The result showed that micro 

sieving could achieve TSS removal of greater than 90% when TSS influent concentration 

is higher than 1200 mg/L. Behera et al. [30] also developed the following empirical 

model for estimating TSS removal.  

100

29.1-] [C16.45ln 
=filter belt  rotating of removal TSS

TSS,1
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mg/L 1,609.99=g/m 1,609.99=

kg/g)  /d)(10m (3,785.4

kg/d 6,094.47
=

Q

W
=CTSS, ofion Concentrat

3

3-3

1

TSS,1

TSS,1

%37.92
100

29.1-mg/L) (1,609.9916.45ln 
=filter belt  rotating of removal TSS =  

For reflecting actual work conditions of micro sieving, estimated values based on the 

empirical model is used as TSS removal of micro sieving. 

Calculate the primary sludge characteristics (Stream 7). 

Mass of TSS, W TSS, 7=(92.37%)WTSS, 1=92.37%×6,094.47 kg/d= 5629.25 kg/d 

Mass of ISS, W ISS, 7=(92.37%) W ISS, 1=92.37%×717.00 kg/d=  662.26 kg/d 

Mass of VSS, WVSS, 7= WTSS, 7- WISS, 7 

=5629.25 kg/d-  662.26 kg/d= 4,966.99 kg/d 

Mass of COD, W COD, 7=WpCOD, 7=(92.37%)WpCOD, 1   

=  92.37%×7,636.01 kg/d= 7,053.12 kg/d 

Mass of bpCOD, W bpCOD, 7=(92.37%)W bpCOD, 1 

=  92.37%× 5,707.80 kg/d=  5,272.10 kg/d 

Mass of nbpCOD, W nbpCOD, 7=(92.37%)W nbpCOD, 1 

=   92.37%× 1,928.21 kg/d= 1,781.02 kg/d 

Mass of BOD, WBOD, 7  =WpBOD, 7=(92.37%)W pBOD, 1 

=  92.37%×3,310.52 kg/d=   3,057.82 kg/d 

Mass of N, WN,7 =WpON,7=(92.37%)W pON,1  =  92.37%×284.09 kg/d=262.40 kg/d 

As shown in table A.4, the specific gravity of the bulk sludge for primary sludge are 

1.001-1.02. The solids content of micro-sieving sludge is 3-8% [17].  0.055 and 1.008 are 

assumed to be the corresponding solid content and the specific gravity of the micro-
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sieving sludge. Therefore, the wet bulk sludge concentration of micro-sieving sludge is 

equal to 55.44 kg/m3. 

Table A.4 Physical characteristics properties of sludge 

Source of 

Sludge 

Primary 

clarifier 

Micro 

sieving 

Anaerobic 

digestion 
PN/A 

Activated 

sludge Reference 

Min Max Min Max Min Max Min Max Min Max 

Solids 

Content (%) 
1 6 3 8 3 6   0.2 0.6 

[17, 28] 

The specific 

gravity of the 

bulk sludge 

1.001 1.02 1.001 1.02 1.01 1.03   1 1.003 

Wet bulk 

sludge 

concentration 

(kg/m3) 

10.01 61.2 30.03 81.6 30.3 61.8 50 75 2 6.018 

 

/dm 101.54 =
kg/m 55.44

kg/d 5629.25
=

C

W
=Q 3

3

7 TSS,

7 TSS,

7
 

Calculate the mass loadings to the secondary treatment (Stream 2). 

Mass of TSS, WTSS,  2=W TSS,  1-W TSS,  7 

= 6,094.47 kg/d-5629.25 kg/d=  465.22 kg/d 

Mass of ISS, WISS,  2= W ISS,  1-W ISS,  7 

= 717.00 kg/d- 662.26 kg/d=   54.73 kg/d 

Mass of COD, W COD,  2=W COD,  1-WCOD,  7 

= 35,241.32 kg/d-7,053.12 kg/d=   28,188.20 kg/d 

Mass of nbpCOD, W nbpCOD, 2=W nbpCOD, 1-W nbpCOD, 7 

= 1,928.21 kg/d-1,781.02 kg/d= 147.19 kg/d 

Mass of nbsCOD, W nbsCOD, 2=W nbsCOD, 1=5,933.71 kg/d 

Mass of BOD, W BOD,  2=W BOD,  1-W BOD,  7 

=  18,849.06 kg/d-3,057.82 kg/d=   15,791.24 kg/d 
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Mass of N, W N,  2=W N,  1-W N,  7 

=  4,435.85 kg/d-262.40 kg/d=4,173.44 kg/d 

Q2=Q1-Q7=3,785.4 m3/d- 101.54 m3/d= 3,683.86 m3/d 

In the first iteration, the combined sidestream is ignored. 

Q combined sidestream= 0 m3/d 

Q3= Q2+ Q combined sidestream =(3,683.86+0) m3/d=3,683.86 m3/d 

Mass of TSS, WTSS,  3=W TSS,  2+W TSS,  combined sidestream=  (465.22+0)kg/d=465.22kg/d 

Mass of ISS, WISS,  3= W ISS,  2+W ISS,  combined sidestream =  (54.73+0) kg/d=   54.73 kg/d 

Mass of COD, WCOD, 3= WCOD, 2+WCOD, combined sidestream  

=   (28,188.20+0) kg/d=28,188.20 kg/d 

Mass of nbpCOD, WnbpCOD, 3= WnbpCOD, 2+WnbpCOD,  combined sidestream  

=(147.19+0) kg/d=147.19 kg/d 

Mass of nbsCOD, WnbsCOD, 3= WnbsCOD, 2+WnbsCOD,  combined sidestream  

=(5,933.71+0) kg/d=5,933.71 kg/d 

Mass of N, WN, 3= WN, 2+WN,  combined sidestream  

=(4,173.44+0) kg/d=4,173.44 kg/d 

UASB 

The COD fraction 

Mass of COD, W COD, 3=   28,188.20 kg/d 

0.01 =
kg/d 28,188.20

kg/d 147.19
  =ffraction, nbpCOD nbpCOD,3  

0.21 =
kg/d 28,188.20

kg/d 5,933.71
=ffraction, nbsCOD nbsCOD,3  
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Cavalcanti et al. [42] studied the performance of UASB reactors for treating raw 

wastewater. The results show that UASB could produce stable sludge at an anaerobic 

sludge age of 40 to 50 days at 25 ℃. In the municipal wastewater treatment system, 40–

60% of the influent COD could be converted into CH4 by UASB reactors at an anaerobic 

sludge age of 30 to 60 days at 15 to 30 ℃.  In practice, the sludge age of UASB is greater 

than 20 to 40 days [26]. Since old leachate has bad biodegradability (BOD/COD less than 

0.1), sludge age, Rsu is assumed to be 60 d for keeping stable performance of leachate 

treatment systems.  Since biodegradable COD in wastewater could be converted into CH4 

at 15 and 35℃ [20], the operating temperature of the treatment system was assumed to be 

25 ℃. 

Rsu=60d 

TUASB=25℃ 

 0.24= 
1.067

4)]-60exp[-0.04( 0.27
++0.21=

1.067

4)]-Rexp[-0.04( 0.27
+f=

feffluent,  UASBin the COD settleable-non as up ending CODinfluent  offraction  

2525

25T

su

nbsCOD,3

COD,3

UASB

−

−  

 0.09=

1.067

4)]-60exp[-0.04( 0.25
+0.21)-0.01-5)(1(1.42)(0.0+0.01=

 
1.067

4)]-Rexp[-0.04( 0.25
+) f-f-(1 Y f+f=

fsludge, excess anaerobic into convertedfraction  CODinfluent   

2525

25T

su

nbsCOD,2nbpCOD,2ancvnbpCOD,3

COD,8

UASB

−

−

 

where  

Yan = yield coefficient in an anaerobic environment =0.05 mg VSS / mg COD [42] 

fCV=ratio between mass of COD and bacterial mass =1.42 mg COD / mg VSS [91] 



207 

 

 

0.67=

0.09-0.24-1=

f -f-1=

fin UASB, digested CODinfluent  offraction 

COD,8COD,3

4CHCOD,

 

Calculate the UASB sludge characteristics (Stream 8). 

Mass of COD, W COD,  8=f COD, 8 W COD,  3=(0.09)(28,188.20 kg/d)= 2,467.03 kg/d 

Mass of nbpCOD, W nbpCOD, 8=W nbpCOD, 2= 147.19 kg/d 

Mass of bpCOD, W bpCOD, 8=W COD,  8-W nbpCOD, 3 

=  2,467.03 kg/d-147.19 kg/d= 2,319.84 kg/d 

Mass of ISS, W ISS,  8=W ISS,  3=   54.73 kg/d 

Mass of VSS, W VSS,  8=W COD,  8/fcv =(2,467.03 kg/d)/1.42=  1,737.34 kg/d 

Mass of bVSS, W bVSS,  8=W bCOD,  8/fcv =W bpCOD,  8/ fcv  

=( 2,319.84 kg/d)/1.42=   1,633.69 kg/d 

Mass of TSS, W TSS,  8=W VSS,  8+W ISS,  8=  1,737.34 kg/d+54.73 kg/d= 1,792.07 kg/d 

Since  ratio between mass of nbpON and mass of nbpCOD is equal to 0.068 [123] 

Mass of nbpON, W nbpON, 8=0.068W nbpCOD, 8=(0.068)(147.19 kg/d)= 10.01  kg/d 

Since Biomass, which can be represented by the formula (C5H7NO2), contains 0.12 g N/g 

biomass, Nitrogen content of biomass is equal to 0.12 gN/gVSS [27]. 

Mass of bpON, W bpON, 8=0.12W bVSS, 8=(0.12)(1,633.69 kg/d)= 196.04 kg/d 

Mass of N, W N,  8=W nbpON, 8+W bpON, 8=10.01  kg/d+196.04 kg/d= 206.05 kg/d 

As shown in table A.4, the specific gravity of the bulk sludge and solids content for 

anaerobic digestion sludge are 1.01-1.03 and 3-6%. 0.045 and 1.02 are assumed to be the 
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corresponding solid content and the specific gravity of the UASB sludge. Therefore, the 

wet bulk sludge concentration of UASB sludge is equal to 45.90 kg/m3. 

/dm 39.04 =
 kg/m 45.90

kg/d 1,792.07
=

C

W
=Q 3

3

TSS,8

TSS,8

8
 

V UASB=Rsu Q8=(39.04 m3/d)(60d)= 2,342.58 m3 

Calculate the mass loadings to the PN/A process (Stream 3). 

Mass of COD, WCOD,  4=fCOD, 3 WCOD,  3 

=(0.24)(28,188.20 kg/d)= 6,743.95 kg/d 

Mass of nbsCOD, WnbsCOD,  4= WnbsCOD,  3=5,933.71 kg/d 

Mass of bsCOD, WbsCOD,  4= WCOD,  4-WnbsCOD,  4   

= 6,743.95 kg/d-5,933.71 kg/d= 810.24 kg/d 

Mass of N, WN,  4= WN,  3 - WN,  8 =4,173.44 kg/d-206.05 kg/d= 3,967.39 kg/d 

Mass of nbsN, WnbsON,  4=WnbsON,  3=W nbsON,  2=W nbsON,  1= 296.69  kg/d 

kg/d 3,670.71 =kg/d  296.69-kg/d 3,967.39 =

W-W= W_N,NH and bON of Mass 4  nbsON,4  N,4 _N,NH+bON

+

4
4
+

 

Q4=Q3-Q8= 3,683.86 m3/d-39.04 m3/d= 3,644.82 m3/d 

kg/d 18,977.22  =kg/d) 188.20(0.67)(28,=  Wf= WCOD, of Mass 2  COD,CH COD,CH COD, 44
 

CH4+2O2→CO2+2H2O 

1 kg COD digested could be converted to 0.25 kg CH4 or 0.35m3 CH4 theoretically at 0℃ 

and 1 atm [28] 

kg/d 4,744.31kg/d) 977.22(0.25)(18,  =0.25W= W,CH of Mass
44 CH COD,UASB,CH4 =  
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Not all of the methane produced can be collected, a part of the methane will remain 

dissolved in the anaerobic effluent. Most of the dissolved methane in the anaerobic 

effluent is lost to the atmosphere at some point in the effluent collection system. Thus, it 

was assumed that the methane concentration eventually lost to the atmosphere is equal to 

the dissolved CH4 concentration in the anaerobic effluent. 2.5 mg/L is assumed to be the 

dissolved CH4 concentration in the anaerobic effluent based on Handbook of Biological 

Wastewater Treatment [26].  

9.11kg/d=
1000g/kg

/dm 3,644.82×)m(2.5g/ 

1000g/kg

/d)(m Q×)m(2.5g/ 
=(kg/d) methane of leakage Physical

33

3

4

3

 

kg/d 4,735.19kg/d 9.11-kg/d 4,744.310.25W= W,CH of Mass
44 CH COD,UASB,CH4 ==  

PN/A 

Nitrification could convert nitrogen (N) in the form of ammonia (NH3) or ammonium 

(NH4
+) or organic N to oxidized N in the form of nitrite (NO2

-) or nitrate (NO3
-) [286]. 

Biodegradable organic nitrogen was converted to NH4
+-N by ammonification prior to or 

during aeration process. PN/A, which is an innovative N removal technology discovered 

in the 1990s [24, 81, 82], could remove 90% of NH4 _N through converting ammonia and 

nitrite to N2 in the anammox process [83-86]. In this study, it was assumed that 

Biodegradable organic nitrogen was converted to NH4
+-N by ammonification prior to 

PN/A process and NH4
+-N removal of PN/A process is 90% 

kg/d 367.07kg/d) 0.71(0.1)(3,67 =

0.9)W-(1= W_N,NH of Mass
4 _N,NH+bON5 _N,NH+bON

+

4
44

=

++
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An overall reaction of PN/A process is given by the following equation: 

NH4
++0.799 O2 +1.109 HCO3

-→0.436 N2 +0.111 NO3
−+1.034 CO2 +2.496 H2O+New 

cell biomass 

Based on the reaction, it could be found that PN/A process does not consume organic 

matter. For greater ease in calculation, COD consumption during PN/A process is 

ignored. 

Mass of COD, WCOD,  5=WCOD,  4=6,743.95 kg/d 

Mass of nbsCOD, WnbsCOD, 5=WnbsCOD, 4=5,933.71 kg/d 

Mass of bsCOD, WbsCOD, 5=WbsCOD, 4= 810.24 kg/d 

Based on the reaction, it could be found that the oxygen requirement is 1.83 g O2/g 

NH4_N converted, NO3_N produced is 0.111 g NO3_N/g NH4_N converted and the new 

cell mass synthesis is 0.12 g VSS/g NH4_N converted. 

d6033.38kg/kg/d) )(3,670.71(1.83)(0.9 =

)W(1.83)(0.9=Wt,requiremen  O of Mass
4 _N,NH+bONPN/A,O2

42

=

+

 

Table A.5 Design parameter values of the PN/A SBR 

Parameter Unit Value Reference 

Ratio between carbonaceous oxygen demand and 

nitrogenous oxygen demand 
unitless 0.06 

[27] 

Number of cycles Cycles/d 3 

Reaction time h react/cycle 6 

Intermittent aeration during react period 
h aerobic/h 

react 
0.66 

Design oxygen uptake rate (OUR) g/m3∙h 150 

 

d6033.38kg/W=demandoxygen  snitrogenou Maximum PN/A,O2
 

Maximum carbonaceous oxygen demand=0.06(Maximum nitrogenous oxygen demand) 

=0.06(6033.38kg/d)=362.00kg/d 

Total maximum oxygen demand=6033.38kg/d+362.00kg/d=6395.39kg/d 
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Total aerobic time=(3 cycles/d) (6h react/cycle) (0.66h aerobic/h react)=12h aerobic/d  

3

3

2

3

3552.99m=

h))g/m O (150aerobic/d)(12h 

kg) g/1 /d)(10(6395.39kg
=level liquid minimumat  lumeReactor vo

  

3
3

4 m 1214.94=
cycles/d 3

/dm 3,644.82
=

cycles ofNumber 

Q
=load/cycle hydraulic Maximum  

VPN/A=3552.99m3+1214.94 m3=4767.93 m3 

kg/d 366.70=kg/d) 19)(3,670.7(0.111)(0.=

9)W(0.111)(0.=W, _N NO of Mass ,3 _N NO,4 _N NO3 33  

kg/d  401.86  =

kg/d) )(3,670.71(0.12)(0.9=)W(0.12)(0.9=WVSS, of Mass
_N,4NH+bONVSS,9

4
+

 

Mass of TSS, WTSS,  9=WVSS,  9=   401.86  kg/d 

It was reported that sludge concentration is equal to 50-75 kg/m3 in anammox reactor 

[26]. Therefore, 50 kg/m3 is assumed to be concentration of PN/A sludge. 

/dm 8.04 =
 kg/m 50

kg/d 401.86
=

C

W
=Q 3

3

TSS,9

TSS,9

9
 

Q5=Q4-Q9= 3,644.82 m3/d-8.04 m3/d=  3,636.78 m3/d 

Activated sludge process, nitrification, and denitrification. 

Activated sludge process design for BOD removal with nitrification 

Table A.6 Activated sludge design kinetic coefficients for nitrification at 20℃ 

Coefficient Unit 
COD 

oxidation 
NH4 oxidation Reference 

℃AOB,20max,℃max,20 μ,μ  gVSS/gVSS∙d 6 0.9 

[27] _NNHs 4
K,K  mg/L 8 0.5 

_NNHH 4
Y,Y  

g VSS/g 

substrate 

oxidized 

0.45 0.15 
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℃AOB,20℃H,20 b,b  gVSS/gVSS∙d 0.12 0.17 

df  unitless 0.15 0.15 

AOBo,K  mg/L 0.2 0.5 

Ө Value    

 θ, θ
AOBmax,max μμ  unitless 1.07 1.072 

  θ, θ
AOBH bb  unitless 1.04 1.029 

 

Since the nitrifying organisms grow more slowly than the heterotrophic organisms that 

remove organic matter, the nitrification rate will determine solids retention time (SRT) of 

activated sludge process with nitrification. 

Determine the nitrification rate µAOB  

AOB

AOBo,DO

DO

_NNH_N,6NH

_N,6NH

AOBmax,AOB b-]
K+C

C
][

K+C

C
[ μ=μ

44

4  

Tnitrification=TUASB=25℃ 

dVSS1.27gVSS/g =1.072)(d)(0.9g/g=θ μ=μ 20)-(2520-T

AOBmax,℃20 AOB,max,AOBmax,
ionnitrificat   

dVSS0.20gVSS/g =1.029)(d)(0.17g/g=θ b=b 20)-(2520-T

AOBb,℃20 AOB,AOB
ionnitrificat   

The minimum dissolved oxygen (DO) concentration of 2.0 mg/L is recommended for 

nitrification [27]. 

CDO=2 g/m3 

0.50 g/m3 is selected as effluent NH4_N concentration 

3

_N,6NH m/g5.0C
4

=  
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dVSS0.31gVSS/g=

dgVSS/gVSS 0.20-]
0.5g/m+2g/m

2g/m
][

0.5g/m+0.5g/m

0.5g/m
[ ) dgVSS(1.27gVSS/=

b-]
K+C

C
][

K+C

C
[ μ=μ

33

3

33

3

AOB

AOBo,DO

DO

_NNH_N,6NH

_N,6NH

AOBmax,AOB

44

4



  

dVSS0.31gVSS/g=

3.19d
dVSS0.31gVSS/g

1
=

μ

1
SRT lTheoretica

AOB



=


=
 

Safety factors is in the range of 1.3 to 2.0 [27]. 

Safety factors (SF) is assumed to be 1.5. 

Design SRT=(SF)(Theoretical SRT)=(1.5)(3.19d)=4.78d 

dVSS8.42gVSS/g =1.07)(d)(6g/g=θ μ=μ 20)-(2520-T

μ℃20 max,max
ionnitrificat

max


dVSS0.15gVSS/g =1.04)(d)(0.12g/g=θ b=b 20)-(2520-T

b℃20 H,H
ionnitrificat

H


3
3

Hmax

Hs
bCOD,6

0.35g/m=
1-d)VSS0.15gVSS/g-dS42gVSS/gVS(4.78d)(8.

(4.78d)] d)gVSS(0.15gVSS/+[1 )(8g/m
=

1-)b-SRT(μDesign 

SRT)](Design  b+[1 K
=Cion,concentrat bCODEffluent 




 

3

3

5

bsCOD,5

bCOD,5 222.79g/m=
/dm 3,636.78

kg/d 810.24
=

Q

W
=C  

SRT)(Design  b+1

)(NO Y Q

SRT)(Design  b+1

SRT))(Design C-(C Y Qbf

SRT)(Design  b+1

)C-(C Y Q
=

WVSS, of Mass

AOB

xN_NH5

H

bCOD,6bCOD,5H5Hd

H

bCOD,6bCOD,5H5

ion,10nitrificat with process sludge activatedVSS,

4+

+  

3

3

5

_N,5NH

_N,5NH 100.93g/m=
/dm 3,636.78

kg/d 367.07
=

Q

W
=C 4

4
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For obtaining W VSS, activated sludge process with nitrification, 10, we assume that the NOx 

concentration is equal to 80% of the influent NH4_N. 

Assumed NOx=0.8(100.93g/m3)=80.75g/m3 

kg/d 259.51=WVSS, of Mass ion,10nitrificat with process sludge activatedVSS,
 

3

3

333

4

ion,10nitrificat with process sludge activatedVSS,

_N,6NH_N,5NHx

g/m 91.87=
/dm 3,636.78

g/d 259,507.30
(0.12)-0.5g/m-100.93g/m=100.93g/m=

Q

W
0.12-C-CNO

44
=

 

The computed value is not equal to the 80.75 g/m3 assumed. We change the 

assumptions of NOx concentration until the calculated NOx concentration is equal to the 

assumed NOx concentration. 

When assumed NOx concentration is equal to 91.77 g/m3, the calculated value is 

equal to the assumed value. 

Mass of VSS, W VSS, activated sludge process with nitrification, 10= 262.61 kg/d 

As shown in table A.4, the specific gravity of the bulk sludge and solids content for 

activated sludge are 1.000-1.003 and 0.2-0.6%. 0.004 and 1.0015 are assumed to be the 

corresponding solid content and the specific gravity of activated sludge with nitrification 

and denitrification. Therefore, the wet bulk sludge concentration of activated sludge is 

equal to 4.006 kg/m3. 

CTSS,  10=4.006 kg/m3 

3

3

10  TSS,

10 ion,nitrificat with process sludge activated VSS,

ionnitrificat with process sludge activated

m62.313
kg/m 4.006

d)kg/d)(4.78 (262.61 
 =

C

SRT))(Design (W 
 =V

=
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kg/d 1,997.91

NO Q57.4
SRT)(Design  b+1

SRT))(Design C-(C Y Qbf

SRT)(Design  b+1

)C-(C Y Q
42.1)C-(C  Q

Wt,requiremen  O of Mass

x5

H

bCOD,6bCOD,5H5Hd

H

bCOD,6bCOD,5H5

bCOD,6bCOD,55

ionnitrificat with process sludge activated,O2 2

=

++

−=

 

Denitrification 

Table A.7 Coefficients for denitrification [28] 

Coefficient Unit Value Reference 

℃H,20max,μ  gVSS/gVSS∙d 1.2 

[28] 

H NO,K  mg/L 0.1 

H s,K  mg/L 1.5 

icationH,denitrifY  g VSS/g bCOD 0.3 

℃H,20d,k  gVSS/gVSS∙d 0.05 

df  unitless 0.15 

H DO,K  mg/L 0.2 

Ө Value   

 θ
H max,μ  unitless 1.1 

 θ
H d,k  unitless 1.04 

 

The denitrification rate is sensitive to DO level in the anoxic zone. Denitrification is 

inhibited at a DO concentration above 0.1 mg/L [28]. DO level of 0.05 mg/L in the 

anoxic zone is assumed for design of denitrification process. 

]
K+C

K
][

K+C

C
[ μ=μ

H DO,ationdenitrific DO,

H DO,

H NO,_N,6NO

_N,6NO

Hmax,H

3

34  

Tdenitrification = Tnitrification = 25℃ 

dVSS1.93gVSS/g =1.1)(d)(1.2g/g=θ μ=μ 20)-(2520-T

μ℃20 H,max,Hmax,
ationdenitrific

H max,
  



216 

 

dVSS0.06gVSS/g =1.04)(d)(0.05g/g=θ k=k 20)-(2520-T

k℃20 H,d,Hd,
ationdenitrific

H d,
  

CDO, denitrification =0.05 g/m3 

2 g/m3 is selected as effluent NO3_N concentration 

3

_N,6NO m/g2C
3

=  

dVSS1.47gVSS/g]
K+C

K
][

K+C

C
[ μ=μ

H DO,ationdenitrific DO,

H DO,

H NO,_N,6NO

_N,6NO

Hmax,F H, max,

3

34 =
 

It was reported that the theoretical oxygen consumption ratio for NO3
− ( _NNO3

OE ) is 2.86 

mg O2/mg NO3_N [28]. 

_N/gNO4.98gO
Y42.11

OE
CR_N,NOfor  ration consumptiooxygen net  The 32

icationH,denitrif

_NNO

_NNO3
3

3
=

−
=

_NNO

FH,max,

F_N,NO3

3

3 CR

μ
=rhs,heterotropby  ratereduction  _NNO  

It was reported that fraction of heterotrophic bacteria active for denitrification fAX, varies 

from 0.2 to 1 [28]. fAX is assumed to be 0.9. 

d_N/gVSS0.17gNO

f
)CK(YCR

C
=SDNRrate,ation denitrific Specific

3

AX

bCOD,6Hs,icationH,denitrif_NNO

bCOD,6FH,max,

3

=

+



 

NOx=91.77 g/m3 

3

3

5

_N,5NO

_N,5NO 100.83g/m=
/dm 3,636.78

kg/d 366.77
=

Q

W
=C 3

3
 

3

_N,6NO g/m 2=C
3

 

kg/d 693.17=)QC-NOC( W 5_N,6NOx_N,5NOfication_N,denitriNO 333
+=  
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3

10 TSS,

fication_N,denitriNO

ationdenitrific m 1,026.01 
)(SDNR)(C

W
V 3 ==  

V activated sludge process with nitrification and denitrification= 313.62 m3+1,026.01 m3= 1,339.63 m3   

d/kgCOD77.453,3

WCRSation,denitrific  toduen consumptio organic ofamount  The fication_N,denitriNO_NNO_NNOr, 333

=

=
 

3

2

5

_NNOr,

_NNOr, m/gO68.949
Q

S
C 3

3
=


=  

It was reported that return sludge ratio, R varies from 0.5 to 1 [28]. R is assumed to be 

0.6. 

The concentration of organic consumption due to deoxygenation, Cr,  DO 

=CDO(1+R)=(2gO2/m3)(1+0.6)= 3.2 g O2/m3 

The concentration of organic consumption due to denitrification and deoxygenation,  

Cr, AX=949.68 g O2/m3+ 3.2 g O2/m3=952.88 g O2/m3 

CH3OH + 1.5O2→ CO2+2H2 O 

Based on the above equation, the equivalent oxygen for methanol, 

OH CH /mgO mg 1.5  toequal is  O 32OH 2,CH3
 

m/g 635.25
O

C
  =

Cation,denitrific by the required methanol ofion concentrat The

OH 2,CH

_NNOr,

OH CH

3

3

3

=
 

Methanol requirement OH CH3
W = 5OH CH QC

3
=(635.25 gO2/m

3)(3,636.78 m3/d) 

= 2,310.27 kg/d 

NO3
−+ 1.08CH3OH + 0.24CO2 →0.47N2 + 0.065 C5H7NO2 + 1.43 H2O + HCO3

- 

Based on the above equation, 1kg CH3 OH could porduce 0.21 kg VSS 
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Mass of VSS, WVSS, denitrification, 10=(0.21kgVSS/kgCH3 OH) OH CH3
W = 491.00 kg/d 

Mass of TSS, W TSS,  10=W VSS,  10 

=W VSS, activated sludge process with nitrification, 10+W VSS, denitrification, 10 

=  262.61 kg/d+491.00 kg/d= 753.61 kg/d 

/dm 188.12 =
 kg/m 4.006

kg/d 753.61
=

C

W
=Q 3

3

TSS,10

TSS,10

10  

Q6=Q5-Q10=3,636.78 m3/d-188.12 m3/d= 3,448.66  m3/d 

Mass of nbsCOD, W nbsCOD, 6=W nbsCOD, 5=5,933.71 kg/d 

3

3

6

nbsCOD
nbsCOD,6 g/m 1,720.58=

/dm 3,448.66

kg/d 5,933.71
=

Q

W
=C  

CbCOD, 6=0.35g/m3 

CCOD, 6= CnbsCOD, 6+ CbCOD, 6=1,720.96 mg/L 

Final clarifier 

Table A.8 Design parameter values of the final clarifier 

Parameter Unit Value Reference 

Vesilind parameter, k L/g 0.35 

[26] 
Vesilind parameter, v0 m/h 9 

Settler height Hd m 4 

Settler safety factor sfd unitless 2 

 

V final clarifier=s fd (Hd/v0)exp(kC TSS,  10)Q i 

=(2)(4m/(9m/h))exp((0.35L/g)(4.006 g/L))( 3,785.4 m3/d)/(24h/d)=569.73 m3 

Activated Carbon Adsorption system 

Table A.9 Design parameter values of the activated carbon adsorption system 

Parameter Value Reference 

COD/TOC 1.75 

[27] 
Freundlich capacity factor, Kf 

150 

(mg/g)(L/mg)1/n 
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Freundlich intensity parameter, 1/n 0.5 

 

mg/L 983.40  =
1.75

C
=C

COD,6

TOC,6
 

Since system was designed to achieve the discharge standard (COD≤50 mg/L, BOD≤20 

mg/L, and N≤4.9 mg/L) [92, 93]. 

40 mg/L is assumed to be effluent COD concentration. 

CCOD, e=40 mg⁄L=40 g/m3 

mg/L 22.86  =
1.75

C
=C

COD,e

TOC,e  

3

n/1

TOC,ef

TOC,eTOC,6

kg/m 1.34=g/L 1.34=

CK

C-C
ionconcentrat doseCarbon  Activated =

 

Activated Carbon dose requirement=(Activated Carbon dose concentration) Q6 

=(1.34 kg/m3)(3,448.66  m3/d)(2.205lb/kg)=10,185.33 lb/d 

Sludge thickener 

Table A.10 Design parameter values of the thickener 

Parameter Unit Value Reference 

Vesilind parameter, k L/g 0.35 

[26] 

Vesilind parameter, v0 m/h 9 

Settler height Hth m 3 

Settler safety factor sth unitless 1.5 

Thickened sludge concentration, CTSS, 

thickener sludge 
kg/m3 25 

Solids recovery unitless 0.9 [28] 
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3

0.5

0.5

sludgethickener TSS,

sludgethickener TSS,

l

21.71kg/m=

])
(0.35)(25)

4
-(1+)[1

2

25
(=

])
kC

4
-(1+)[1

2

C
(=

Cion concentrat sludge limiting

 

limiting solids flux Fl=CTSS, thickener sludge v0 (k∙C1-1)exp(-k∙ C1) 

=0.74kg/m2∙h=17.86kg/ m2∙d 

Vsludge thickener=Hth sth WTSS,  10/Fl =(3)(1.5)(753.61)/17.86=189.88m3 

Mass of TSS, WTSS, thickener sludge=WVSS,  thickener sludge=0.9WTSS,  10 

=0.9(753.61) kg/d=678.25 kg/d 

Mass of VSS, WVSS, thickener overflow=WVSS,  10- WVSS,  thickener sludge 

=753.61kg/d-678.25kg/d=75.36 kg/d 

Mass of COD, WCOD, thickener overflow=(1.42)WVSS, thickener overflow 

=  (1.42)(75.36 kg/d)=107.01 kg/d 

Mass of N, WN, thickener overflow=(0.12) WVSS, thickener overflow  

=(0.12)(75.36 kg/d)=  9.04 kg/d 

/dm 27.13=
kg/m 25

kg/d 678.25
=

C

W
=Q flow sludgeThickener 3

3

sludgethickener 

sludgethickener 

sludgethickener 
 

Thickener overflow Qthickener overflow=Q10-Qthickener sludge 

=188.12 m3/d-27.13 m3/d=160.99 m3/d 

Anaerobic digestion 

Side stream anaerobic digester converted sludge to CH4 in the absence of air at a specific 

solids retention time and a specific temperature. Mean values of solids retention time and 

temperature shall be between 15 days at 35℃ to 55 ℃ and 60 days at 20℃ [134]. 
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Kabouris et al. reported that the biodegradable volatile solids destruction value of 

anaerobic digester was 69% at a retention time of 12 days and 35℃ [287]. It was reported 

70% of biodegradable COD could be converted to CH4 at 35℃ [40]. As a result, 

retention time, temperature and biodegradable COD destruction value are assumed to be 

15d, 35℃ and 70%. 

RTAD=15d 

TAD=35℃ 

Qtotal sludge to AD=Q7+Q8+Q9+Q thickener sludge 

=  101.54 m3/d+39.04 m3/d +8.04 m3/d +27.13 m3/d =   175.75  m3/d  

VAD=Q total sludge to AD× RTAD = 175.75  m3/d ×15d= 2,636.22 m3/d  

Mass of VSS, W VSS,  total sludge to AD=W VSS,  7+W VSS,  8+W VSS,  9+W VSS,  thickener sludge 

=  4,966.99 kg/d+1,737.34 kg/d+401.86  kg/d+678.25 kg/d=  7,784.44 kg/d 

Mass of ISS, W ISS,  total sludge to AD=W ISS,  1=717.00 kg/d 

Mass of TSS, W TSS,  total sludge to AD=W ISS,  total sludge to AD+W VSS,  total sludge to AD 

=717.00 kg/d+7,859.80 kg/d=  8,501.44  kg/d 

Mass of pCOD, W pCOD,  total sludge to AD=(1.42 kg COD / kg VSS )WVSS,  total sludge to AD 

=(1.42 kg COD /kg VSS )( 7,784.44 kg/d )=   11,053.90   kg/d 

Mass of nbpCOD, W nbpCOD,  total sludge to AD=W nbpCOD,  1=1,928.21 kg/d 

Mass of bpCOD, W bpCOD,  total sludge to AD=W pCOD,  total sludge to AD-W nbpCOD,  total sludge to AD 

=  11,053.90   kg/d-1,928.21 kg/d=  9,125.69 kg/d 

Mass of bVSS, W bVSS,  total sludge to AD=W bpCOD,  total sludge to AD/1.42=6,426.54  kg/d 

CH4+2O2→CO2+2H2O 
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1 kg COD digested could be converted to 0.25 kg CH4 or 0.35m3 CH4 theoretically at 0℃ 

and 1 atm [28] 

Mass of CH4, AD  ,CH4
W =(0.25)(0.7)W bpCOD,  total sludge to AD 

=(0.25)(0.7)( 9,125.69 kg/d )=  1,597.00  kg/d 

Mass of VSS destroyed, W VSS,  DG=(0.7)W bVSS,  total sludge to AD=  4,498.58  kg/d 

Mass of TSS remaining, W TSS,  REM=W TSS,  total sludge to AD- W VSS,  DG  

= 8,501.44kg/d- 4,498.58  kg/d= 4,002.86 kg/d 

As shown in table A.4, the specific gravity of the bulk sludge and solids content for 

anaerobic digestion sludge are 1.01-1.03 and 3-6%. 0.045 and 1.02 are assumed to be the 

corresponding solid content and the specific gravity of the anaerobic sludge. Therefore, 

the wet bulk sludge concentration of anaerobic sludge is equal to 45.90 kg/m3. It was 

reported that the solid concentration in supernatant is 2000-15000 mg/L [28]. 5000 mg/L 

is assumed as the solid concentration in supernatant in this study. 

3

tSupernatanTSS,

3

tSupernatanTSS,REMTSS,

AD  tosludge total
kg/m 5

W
+

kg/m 45.9

W-W
=Q  

3

tSupernatanTSS,

3

tSupernatanTSS,3

kg/m 5

W
+

kg/m 45.9

W-kg/d 4,002.86
=/dm 175.75  

WVSS,  Supernatant= 496.82 kg/d 

WCOD,  Supernatant=(1.42)496.82 kg/d= 705.48  kg/d 

WN,  Supernatant=(0.12) 496.82 kg/d= 59.62kg/d 

QSupernatant=  (496.82 kg/d)/(5 kg/ m3)=99.36 m3/d 

Qsludge to dewatering= 175.75  m3/d-99.36 m3/d= 76.38 m3/d 

WTSS, sludge to dewatering= 4,002.86 kg/d-496.82 kg/d=3,506.04  kg/d 
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Sludge dewatering 

Table A.11 Design parameter values of the Sludge dewatering 

Parameter Unit Value Reference 

Solids Content % 22 

[27] The specific gravity of the bulk sludge unitless 1.06 

Solids capture % 93 

 

WTSS, sludge cake=(0.93)  3,506.04  kg/d=(0.93)  3,506.04  kg/d= 3,260.61kg/d 

/dm 13.98  =
)(1000kg/m1.06(0.22)

/d3,260.61kg
=Q 3

3cake sludge  

Qcentrate=Qsludge to dewatering-Qsludge cake=76.38 m3/d-13.98 m3/d = 62.40 m3/d  

WVSS,  centrate=WTSS, sludge to dewatering-WTSS, sludge cake 

=3,506.04  kg/d-3,260.61kg/d= 245.42 kg/d 

WCOD,centrate=(1.42) 245.42  kg/d=  348.50   kg/d 

WN,centrate=(0.12)  245.42  kg/d= 29.45 kg/d 

Qcombined sidestream=Qthickener overflow+QSupernatant+Qcentrate 

=160.99 m3/d+99.36 m3/d + 62.40 m3/d = 322.76 m3/d  

WVSS,  combined sidestream=WVSS,thickener overflow+WVSS,Supernatant+WVSS,centrate= 817.60kg/d 

WCOD,  combined sidestream=WCOD,thickener overflow+WCOD,Supernatant+WCOD,centrate= 1,160.99kg/d 

WN,  combined sidestream=WN,thickener overflow+WN,Supernatant+WN,centrate=98.11kg/d 

Since the combined sidestream is returned to the UASB, the calculations in the first 

iteration will remain the same for preliminary and primary treatment. Other calculations 

need to be revised. The above computational procedure was repeated two more iterations 

by a spreadsheet program. After the fourth iteration, stable flow and mass loadings were 
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obtained. The final results are summarized in Table A.12. We could determine energy and 

cost based on final iteration. 

Table A.12 Final parameter values for estimating energy and cost 

Iteration 1.00 2.00 final 

Oxygen requirement (kg/d) 8,031.30 8,230.30 8,234.00 

Mass of CH4 (kg/d) 6,332.19 6,612.02 6,617.19 

Excess sludge production (kg/d) 3,260.61 3,280.58 3,280.94 

VUASB (m3) 2,342.58 2,446.91 2,448.84 

VPN/A (m3) 4,767.93 4,960.63 4,964.66 

Vactivated sludge process with nitrification and denitrification(m3) 1,339.63 1,375.17 1,375.77 

Methanol requirement WCH3OH(kg/d) 2,310.27 2,362.95 2,363.94 

Q6 (m3/d) 3,448.66 3,764.10 3,771.33 

Activated carbon dose requirement (lb/d) 10,185.33 10,163.36 10,162.86 

Vsludge thickener (m3) 189.88 195.31 195.40 

VAD (m3) 2,636.22 2,676.85 2,677.57 

Qsludge to dewatering (m3/d) 76.38 76.85 76.86 

 

Energy 

Energy consumption 

Table A.13 Equations for calculating the energy consumption 

Unit energy metrics Related equations Reference 

Energy consumption 

Energy consumption of areation process (kWh/d)
= (Aeration demand (kgO2/d)) OTa⁄  

OTa = Oxygen transfer efficiency (actual) = 1.2kgO2/kWh 

[26] 

 

/dO kg 8,234.00

WWdemandaeration  =trequiremenOxygen 

2

ionnitrificat with process sludge ,activatedOPN/A,O 22

=

+=
 

kWh/yr 322,504,509.  =kWh/d 6,861.67 =

kWh/O kg 1.2

/dkgO 8234.00
= 

OT

/d)(kgO demandAeration 
=

 processareation  ofn consumptioEnergy 

2

2

a

2
 

Energy production 
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Table A.14  Equations for calculating the energy production 

Unit energy metrics Related equations Reference 

Energy production 

Energy production(kWh/d) = (Electricity recovery) (Enthalpy of combustion) 

(CH4 production from UASB and anaerobic digester (kg/d)) 

Electricity recovery=38% 

Enthalpy of combustion=13.9 kWh/kg CH4 

[34, 38-

40] 

 

Mass of CH4=CH4  production from UASB and anaerobic digester= 6,617.19 kg/d 

kWh/yr  .9112,757,470 =

kWh/d 34,951.98  =kg/d) 617.19kWh/kg)(6,(38%)(13.9=

(kg/d))digester  anaerobic and  UASBfrom production (CH

 )combustion of(Enthalpy  recovery)(Energy  = (kWh/d)productionEnergy 

4
 

5.09=
kWh/yr 322,504,509.

kWh/yr  .9112,757,470
=

nconsumptioy Electricit

prodcutiony Electricit
=nconsumptioy electricit and prodcutiony electricitbetween  Ratio

 

Cost 

Preliminary treatment. 

Table A.15 Equations for calculating cost of preliminary treatment. 

Unit cost metrics Related equations Reference 

Preliminary 

treatment 

Capital cost of preliminary treatment($)= EXP [3.25972 +0.61915 x ]1000 

OHRS = EXP [6.39872 + 0.23096 x + 0.16496 x2 - 0.0146 x3] 

XMHRS = EXP [5.8461+ 0.20651 x + 0.06884 x2 + 0.02382 x3 - 0.00441 x4] 

TMSU =EXP [7.23566 + 0.39994 x - 0.22498 x2 + 0.1101 x3 - 0.01103 x4] 

EERG = EXP [6.30864 + 0.23453 x - 0.35844 x2 + 0.00871x3] 

EERMS = EXP [7.1497 + 0.28856 x - 0.07886 x2 + 0.014662 x3] 

EER = EERG + EERMS 

where 

x=In(Qi) 

Qi =flow to the treatment plant, MGD, 

OHRS=operation man-hour requirements, hr/yr, 

XMHRS= maintenance man-hour requirements, hr/yr, 

TMSU=total material and supply cost, $/yr, 

EERG=electrical energy required for grit removal, kWh/yr 

EERMS= electrical energy required for flow measurements and screening, 

kWh/yr, 

EER=total electrical energy required, kWh/yr . 

[31] 

 

Qi=3785.4 m3/d=1 MGD 
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Capital cost of preliminary treatment($)= EXP [3.25972 +0.61915 ln(1)]1000=26042.24$ 

Costs are based on 1986 cost data. The cost of preliminary treatment is updated to 

November, 2020 by using Engineering News Record (ENR) Cost Index [288]. 

November 2010 ENR CCI=11579.02 

1986 ENR CCI=4295.00 

70208.07$=
4295.00

11579.02
  )(26042.24$=

CCI ENR 1986

CCI ENR 2010November 
  )(26042.24$=t($)y treatmenpreliminar ofcost  Capital

 

OHRS = EXP [6.39872 + 0.23096   ln(1)  + 0.16496  ln(1)2 - 0.0146   ln(1)3]= 601.08 

hr/yr 

XMHRS = EXP [5.8461+ 0.20651 ln(1)+ 0.06884 ln(1)2 + 0.02382 ln(1)3 - 0.00441 

ln(1)4]= 345.88 hr/yr 

TMSU =EXP [7.23566 + 0.39994 ln(1) - 0.22498 ln(1)2 + 0.1101 ln(1)3 - 0.01103 

ln(1)4]= 1388.06 $/yr 

EERG = EXP [6.30864 + 0.23453 ln(1) - 0.35844 ln(1)2 + 0.00871ln(1)3]= 549.30 

kWh/yr 

EERMS = EXP [7.1497 + 0.28856 ln(1) - 0.07886 ln(1)2 + 0.014662 ln(1)3]= 1273.72 

kWh/yr 

The updated November, 2020 unit price of electricity, and labor are 0.1045 $/kWh and 

59.31$/hr, respectively [288, 289]. 
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$/yr 60,096.69 =

 )$/kWh  1045kWh/yr)(0. 1273.72+kWh/yr (549.30+

4295.00

11579.02
$/yr) (1388.06+31$/hr)hr/yr)(59. 345.88+hr/yr (601.08

ty treatmenpreliminar ofcost  M&O

=
 

Primary treatment 

Table A.16 Equations for calculating cost of primary treatment. 

Unit cost 

metrics 
Related equations Reference 

Micro sieving 

Capital cost of rotating belt filter ($)= 0.55  

Capital cost of primary clarifier with 50% TSS removal($) 

 Capital cost of priamry clarifier=-0.00002(Q)2+19.29(Q)+220,389 

Q=32.6/surface overflow rate (influent flow rate) 

TSS removal of primary clarifier = -0.004006[Surface overflow rate(m/d)] 

+0.73782 

Operating Power Consumption =129.6 kWh/d 

Labor hour =216 hour/yr 

Maintenance Materials cost ($/yr) = 2% of capital costs 

[1, 17, 30, 35, 

37] 

 

Capital cost of rotating belt filter ($)= 0.55 Capital cost of priamry clarifier with 50% 

TSS removal($) 

TSS removal of primary clarifier = -0.004006[Surface overflow rate(m/d)] +0.73782 

59.37m/d=
0.004006

0.5-0.73782
=

0.004006

clarifierprimary  of removal TSS-0.73782
=rate overflow Surface

 

/dm 2,078.70 =
59.37

.4(32.6)3785
=

rate overflow surface

)(32.6)(Q
=

rate overflow surface

rate) flowluent (32.6)(inf
=Q

3

i

 

Capital cost of primary clarifier=-0.00002(Q)2+19.29(Q)+220,389 

=-0.00002(2,078.70 )2+19.29(2,078.70)+220,389= 260,400.72 $ 
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Costs are based on 1996 cost data. The cost is updated to November, 2020 by using 

Engineering News Record (ENR) Cost Index [288]. 

November 2010 ENR CCI=11579.02 

1996 ENR CCI=5620.00 

$ 536,509.80=
5620.00

11579.02
  $) 2(260,400.7=

CCI ENR 1996

CCI ENR 2010November 
  $) 2(260,400.7=$)clarifier(primary  ofcost  Capital

 

Capital cost of rotating belt filter = 0.55 Capital cost of primary clarifier with 50% TSS 

removal($)= 0.55 ×536,509.80 $= 295,080.39$  

Operating Power Consumption =129.6 kWh/d 

Labor hour =216 hour/yr 

Maintenance Materials cost ($/yr) = 2% of capital costs=(0.02)(295,080.39$)= 5,901.61 

$/yr 

The updated November, 2020 unit price of electricity, and labor are 0.1045 $/kWh and 

59.31$/hr, respectively [288, 289]. 

O&M cost of rotating belt filter =(216 hour/yr)(59.31$/hr)+(5,901.61 $/yr)+(129.6 

kWh/d)(365d/yr)(0.1045 $/kWh ) =  23,655.84 $/yr 

UASB 

van Haandel and van der Lubbe [26] summarized the unit capital cost and cost factors 

in Table A.17. Flow rates were estimated based on capacity (P.E.) and wastewater 

production of 120 L/P.E./d [290, 291]. 

Based on the average values in table A.17, regression models of capital cost and cost 

factors are developed as shown in Figure A.6, A.7, and A.8.  
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Table A.17 Costing parameters for different WWTP sizes 

Capacity 

(P.E) 
25000 50000 100000 200000 

Flow rate 

(m3/d) 
3000 6000 12000 24000 

Unit capital 

cost ($/m3 

volume) 

min max mean min max mean min max mean min max mean 

UASB 600 1000 800 500 700 600 350 500 425 250 400 325 

Activated 

sludge tank 
220 300 260 180 250 215 150 200 175 120 170 145 

Final 

clarifier 
350 550 450 300 400 350 250 330 290 200 260 230 

Sludge 

thickener 
700 1000 850 500 800 650 300 500 400 250 400 325 

Anaerobic 

digester 
600 1000 800 450 700 575 300 400 350 250 350 300 

Capital 

cost 

(US$/kW): 

min max mean min max Mean Min Max mean min max mean 

Aeration 

equipment 
4500 7000 5750 4000 5200 4600 3200 4000 3600 2800 3500 3150 

Cost 

factors 
min max mean min max mean min max mean min max mean 

fac 1.4 1.5 1.45 1.35 1.45 1.4 1.3 1.4 1.35 1.25 1.35 1.3 

fi 1.6 1.9 1.75 1.5 1.8 1.65 1.5 1.7 1.6 1.4 1.6 1.5 
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Figure A.6 Capital cost of UASB, aeration tank, final clarifier, sludge thickener and 

anaerobic digester 
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Figure A.7 Capital cost of aeration equipment 
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Figure A.8 Cost factors 

The following equations could be used for predicting capital cost and cost factors: 

Unit capital cost of UASB ($/m3 volume) =27070(Flow rate (m3/d))-0.44 R2=0.9979 

 (A.1) 

Unit capital cost of activated sludge tank ($/m3 volume) =2497.8(Flow 

rate (m3/d))-0.282 

R2=0.9997 

 (A.2) 

Unit capital cost of final clarifier ($/m3 volume) =5664.5(Flow rate 

(m3/d))-0.318 

R2=0.9973 

 

 (A.3) 
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Unit capital cost of sludge thickener ($/m3 volume) =42072(Flow rate 

(m3/d))-0.486 

R2=0.9773 

 

 (A.4) 

Unit capital cost of anaerobic digester ($/m3 volume) =41699(Flow rate 

(m3/d))-0.496 

R2=0.9662 

 

 (A.5) 

Unit capital cost of aeration equipment ($/kW) =60459(Flow rate (m3/d))-

0.296 

R2=0.9864 

 (A.6) 

Cost factors, fac =2.2092(Flow rate (m3/d))-0.053 R2=0.9997 

 (A.7) 

Cost factors, fi=3.0884(Flow rate (m3/d))-0.071 R2=0.9839 

 (A.8) 

Flow rate =Qi=1MGD=3,785.4 m3/d 

Unit capital cost of UASB =27070(Flow rate (m3/d))-0.44=27070(3,785.4 m3/d)-

0.44=721.31$/m3 volume 

Unit capital cost of activated sludge tank =2497.8(Flow rate (m3/d))-0.282=2497.8(3,785.4 

m3/d)-0.282=244.64 $/m3 volume 

Unit capital cost of final clarifier ($/m3 volume) =5664.5(Flow rate (m3/d))-

0.318=5664.5(3,785.4 m3/d)-0.318=412.40 $/m3 volume 

Unit capital cost of sludge thickener ($/m3 volume) =42072(Flow rate (m3/d))-

0.486=42072(3,785.4 m3/d)-0.486=767.42 $/m3 volume 
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Unit capital cost of anaerobic digester ($/m3 volume) =41699(Flow rate (m3/d))-

0.496=41699(3,785.4 m3/d)-0.496=700.46 $/m3 volume 

Unit capital cost of aeration equipment ($/kW) =60459(Flow rate (m3/d))-

0.296=60459(3,785.4 m3/d)-0.296=5276.43 kW 

Cost factors, fac =2.2092(Flow rate (m3/d))-0.053=2.2092(3,785.4 m3/d)-0.053=1.43 

Cost factors, fi=3.0884(Flow rate (m3/d))-0.071=3.0884(3,785.4 m3/d)-0.071=1.72 

Table A.18 Equations for calculating cost of UASB. 

Unit cost metrics Related equations Reference 

Mainstream UASB 

Capital cost of UASB($)=(costing factors)(Volume of UASB (m3 

)) (unit capital cost of UASB($/m3)) 

Volume of UASB (m3) 

=(sludge production from UASB(m3/d))(sludge age(d)) 

 

O&M cost (US$/year)=(p+o+n+ 0.3mciv+0.7 mme&i )Capital cost 

where 

p=personnel cost=0.035,  

o=operation cost=0.01,  

n=insurance cost=0.003,  

mciv=maintenance costs for civil works=0.075 

mme&i=maintenance costs for mechanical, electrical and 

instrumentation equipment (E&I)=0.00175 

[26] 

 

The capital cost of UASB($)=(cost factors)(Volume of UASB (m3 )) 

(unit capital cost of UASB($/m3))=fac fi VUASB (Unit capital cost of UASB 

)=(1.43)(1.72)(2,448.84 m3)(721.31$/ m3 volume)= 4,338,325.70 $  

Costs are based on 2006 cost data. The cost is updated to November, 2020 by using 

Engineering News Record (ENR) Cost Index [288]. 

November 2010 ENR CCI=11579.02 

2006 ENR CCI=7749.37 
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$ 116,482,280.=
7749.37

11579.02
  $) .70(4,338,325=

CCI ENR 2006

CCI ENR 2010November 
  $) .70(4,338,325= UASB($)ofcost  Capital

 

O&M cost of UASB=(p+o+n+ 0.3mciv+0.7 mme&i )Capital cost of UASB 

=(0.035+0.01+0.003+(0.3)(0.075)+(0.7)(0.0175))( 6,482,280.11 ) 

=  405,142.51 $/yr 

PN/A 

Based on the data in table A.19, regression models of equipment cost and are 

developed as shown in Figure A.9.  

Table A.19 Equipment cost of SBR reactor 

Flow 

rate 

(MGD) 

Reactors 

Equipment cost ($) Reference Volume of a 

reactor (MG) 

Number of 

reactors 

Total volume 

(MG) 

0.012 0.021 1 0.021 94000 

[32] 

1 0.479 2 0.958 339000 

1.4 0.678 2 1.356 405000 

1.46 0.91 2 1.82 405000 

2 0.958 2 1.916 564000 

4.25 1.556 4 6.224 1170000 
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Figure A.9 Equipment cost of SBR 

The following equation could be used for predicting equipment cost of SBR: 

Equipment Cost of SBR ($) =(Volume of SBR(MG))166438+155108 R2=0.9839 

 (A.9) 

Table A.20 Equations for calculating cost of partial nitrification/anammox. 

Unit cost metrics Related equations Reference 

Partial nitrification 

/Anammox 

Capital cost of PN/A($) =Equipment Cost of PN/A SBR($) 

(Capital cost⁄Equipment Cost) 

Capital cost/Equipment Cost=2.405 

Equipment Cost of PN/A($) =(Volume of PN/A(MG))166438+155108 

O&M cost (US$/year)=(p+o+n+ 0.3mciv+0.7 mme&i )Capital cost 

where 

p=personnel cost=0.035,  

o=operation cost=0.01,  

n=insurance cost=0.003,  

mciv=maintenance costs for civil works=0.075 

mme&i=maintenance costs for mechanical, electrical and 

instrumentation equipment (E&I)=0.00175 

[26, 29, 

32] 
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VPN/A= 4,964.66 m3/d=1.31 MG 

Equipment Cost of PN/A SBR($) =(Volume of PN/A(MG))166438+155108 

=(1.31)166438+155108= 373,219.15$ 

Capital cost of PN/A($) =Equipment Cost of PN/A($)(Capital cost⁄Equipment Cost) 

=(2.405)(373,219.15$)=  898,017.68 $ 

Costs are based on 1998 cost data. The cost is updated to November, 2020 by using 

Engineering News Record (ENR) Cost Index [288]. 

November 2010 ENR CCI=11579.02 

1998 ENR CCI=5920 

$ 731,756,446.=
5920

11579.02
  $) 8(898,017.6=

CCI ENR 1998

CCI ENR 2010November 
  $) 8(898,017.6=PN/A($) ofcost  Capital

 

O&M cost of PN/A=(p+o+n+ 0.3m civ+0.7 mme&i)Capital cost of PN/A 

=(0.035+0.01+0.003+(0.3)(0.075)+(0.7)(0.0175))(1,756,446.73 )=   109,777.92 $/yr 

Activated sludge system with nitrification, and denitrification 

Table A.21 Equations for calculating cost of activated sludge system with nitrification, 

and denitrification 

Unit cost 

metrics 
Related equations Reference 

Activated 

sludge process 

with 

nitrification, and 

denitrification 

Capital cost of activated sludge process with nitrification, and denitrification($)= 

(costing factors)(Volume of activated sludge process with nitrification, and 

denitrification  (m3)) (unit capital cost of activated sludge tank  

tank ($/m3)) 

O&M cost (US$/year)=(p+o+n+ 0.3mciv+0.7 mme&i )Capital cost 

O&M cost of CH3OH(US$/yr)=(Price of CH3OH($/1000kg))(Methanol 

requirement (kg/d))(365d/yr) 

where 

p=personnel cost=0.035,  

o=operation cost=0.01,  

n=insurance cost=0.003,  

mciv=maintenance costs for civil works=0.075 

[26, 292] 
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mme&i=maintenance costs for mechanical, electrical and instrumentation 

equipment (E&I)=0.00175 

Price of CH3OH=379$/1000kg 

 

Vactivated sludge process with nitrification and denitrification= 1,375.77  m3 

Capital cost of activated sludge process with nitrification and denitrification($) 

=(costing factors)(Volume of activated sludge process with nitrification and 

denitrification (m3))(unit capital cost of activated sludge tank ($/m3)) 

=fac fi Vactivated sludge process with nitrification and denitrification (Unit capital cost of activated sludge 

tank)=(1.43)(1.72)(1,375.77 m3)(244.64 $/ m3  volume)=  826,645.82 $  

Costs are based on 2006 cost data. The cost is updated to November, 2020 by using 

Engineering News Record (ENR) Cost Index [288]. 

November 2010 ENR CCI=11579.02 

2006 ENR CCI=7749.37 

$ 391,235,165.=
7749.37

11579.02
  $)  2(826,645.8=

CCI ENR 2006

CCI ENR 2010November 
  $)  2(826,645.8=

($)ation denitrific andion nitrificat with process sludge activated ofcost  Capital

 

O&M cost of activated sludge process with nitrification and denitrification 

=(p+o+n+ 0.3mciv+0.7 mme&i)Capital cost of activated sludge process with nitrification 

and denitrification=(0.035+0.01+0.003+(0.3)(0.075)+(0.7)(0.0175))(1,235,165.39) 

=   77,197.84 $/yr 

$/yr 327,015.17=

/yr)kg/d)(365d  94kg)(2,363.(379$/1000=

5d/yr)(kg/d))(36 )t Wrequiremen (Methanol

g))OH($/1000kCH of (Price=OH(US$/yr)CH ofcost  M&O

OHCH

 3 3

 3  
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Final clarifier 

Table A.22 Equations for calculating cost of final clarifier 

Unit cost metrics Related equations Reference 

Final clarifier 

Capital cost of final clarifier($)=(costing factors)(volune of final 

clarifier(m3)) (unit capital cost of final clarifier($/m3)) 

O&M cost (US$/year)=(p+o+n+ 0.3mciv+0.7 mme&i )Capital cost 

where 

p=personnel cost=0.035,  

o=operation cost=0.01,  

n=insurance cost=0.003,  

mciv=maintenance costs for civil works=0.075 

mme&i=maintenance costs for mechanical, electrical and 

instrumentation equipment (E&I)=0.00175 

[26] 

 

Vfinal clarifier=569.73m3 

Capital cost of final clarifier($)=(costing factors)(Volume of final clarifier 

(m3))(unit capital cost of final clarifier ($/m3))=facfi V final clarifier (Unit capital cost of final 

clarifier)=(1.43)(1.72)(569.73 m3)(412.40$/ m3 volume)=   577,082.28 $  

Costs are based on 2006 cost data. The cost is updated to November, 2020 by using 

Engineering News Record (ENR) Cost Index [288]. 

November 2010 ENR CCI=11579.02 

2006 ENR CCI=7749.37 

$ 862,270.21=
7749.37

11579.02
  $) 8(577,082.2=

CCI ENR 2006

CCI ENR 2010November 
  $) 8(577,082.2=

($)clarifier  final ofcost  Capital

 

O&M cost of final clarifier=(p+o+n+ 0.3mciv+0.7 mme&i)Capital cost of final 

clarifier=(0.035+0.01+0.003+(0.3)(0.075)+(0.7)(0.0175))(862,270.21 )= 53,891.89  $/yr 

Activated Carbon Adsorption system 
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Table A.23 Equations for calculating cost of activated carbon adsorption system 

Unit cost metrics Related equations Reference 

Activated Carbon System 

Capital cost of Package Granular Activated Carbon Columns($) 

=(1+(Miscellaneous costs)/(construction cost))(0.0084 x3 – 5.2233  x2  

+ 1318.4  x +27144) 

(Miscellaneous costs)/(construction cost)=0.28 

x = plant flow to activated Carbon System(gpm) 

Capital cost of Granular Carbon Regeneration ($)=(1+(Miscellaneous 

costs)⁄(construction cost))( 2E–8x3 – 0.0018 x2  + 93.965 x+2000000) 

x = regeneration capacity (lb⁄day) 

O&M cost of Package Granular Activated Carbon 

Columns($/yr)=(0.0005 x3 – 0.3763  x2  + 140.13  x   +4959) 

x = plant flow (gpm) 

O&M cost of Granular Carbon Regeneration ($/yr)=15.503 x + 128481 

O&M cost of virgin Carbon  ($⁄yr)=(Activated carbon 

loss)(365d/y)(Cost of virgin carbon) x 

Activated carbon loss=6% 

Cost of virgin carbon=1.2$/lb 

x = regeneration capacity (lb⁄day) 

[36, 43] 

 

Activated Carbon dose requirement=regeneration capacity= 10,162.86  lb/d 

Q6=3771.33 m3/d=691.86gpm 

Since the maximum limit of plant flow to activated carbon system is 350 gpm, number of 

package granular activated carbon columns is 2. 

 gpm  345.93  =
2

691.86gpm
=x  

Capital cost of package Granular Activated Carbon Columns($)=(number of package 

Granular Activated Carbon Columns)(1+(Miscellaneous costs)/(construction 

cost))(0.0084 x3  – 5.2233  x2  + 1318.4  x   +27144) 

=(2)(1+0.28)(0.0084 ( 345.93 ) 3  – 5.2233  (345.93 ) 2  + 1318.4  ( 345.93 )   +27144) 

=  527,081.60 $ 

Capital cost of Granular Carbon Regeneration ($)=(1+(Miscellaneous 

costs)/(construction cost))(2E–8x3   – 0.0018 x2  + 93.965 x   +2000000) 

=(1+0.28)( 2E–8(10,162.86 ) 3   – 0.0018(10,162.86)2  + 93.965(10,162.86)  +2000000) 
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=  3,571,245.24 $  

Costs are based on 2009 cost data. The cost is updated to November, 2020 by using 

Engineering News Record (ENR) Cost Index [288]. 

November 2010 ENR CCI=11579.02 

2009 ENR CCI=8585.71 

$ 710,842.60=
8585.71

11579.02
  $) 0(527,081.6=

CCI ENR 2009

CCI ENR 2010November 
  $) 0(527,081.6=

($) ColumnsCarbon  ActivatedGranular  package ofcost  Capital

$ 224,816,319.=
8585.71

11579.02
  $) .24(3,571,245=

CCI ENR 2009

CCI ENR 2010November 
  $) .24(3,571,245=

($)on RegeneratiCarbon Granular  ofcost  Capital

 

Capital cost of activated carbon system ($)=710,842.60 $+4,816,319.22 $=5,527,161.82$ 

O&M cost of Package Granular Activated Carbon Columns($/yr)=(number of package 

Granular Activated Carbon Columns)(0.0005 x3  – 0.3763  x2  + 140.13  x  +4959) 

=(2)(0.0005 ( 345.93)3  – 0.3763 ( 345.93)2  + 140.13 (345.93) +4959)=  58,203.34 $/yr 

O&M cost of Granular Carbon Regeneration ($/yr)=15.503 x + 128481 

=15.503(10,162.86 ) + 128481=286,035.76 $/yr  

The 2009 unit price of electricity, natural gas and labor are 0.0981 $/kWh, 0.00898 and 

45.82 $/hr, respectively. The updated November, 2020 unit price of electricity, natural 

gas and labor are 0.1045 $/kWh ,0.00766 $/scf and 59.31$/hr, respectively [288, 289]. 

Component percent of electricity, labor and maintenance materials are 23%, 49% and 

28% for Package Granular Activated Carbon Columns. Costs are based on 2009 cost 
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data. The cost is updated to November, 2020 by using Engineering News Record (ENR) 

Cost Index [288]. 

$/yr  73,154.98 =
8585.71

11579.02
)$/yr)(0.28 58,203.34 (+

45.82

59.13
  /yr)(0.49)58,203.34$ (+

0.0981

0.1045
  /yr)(0.23)58,203.34$ (

yr)Columns($/Carbon  ActivatedGranular  Package ofcost  M&O

=  

Component percent of electricity, natural gas, labor and maintenance materials are 9%, 

42%, 36% and 13% for Granular Carbon Regeneration. 

$/yr  313,336.74   =

8585.71

11579.02
)$/yr)(0.13 6(286,035.7+

45.82

59.13
  6)6$/yr)(0.3(286,035.7+

0.0898

0.0766
  2)6$/yr)(0.4(286,035.7+

0.0981

0.1045
  9)6$/yr)(0.0(286,035.7

on($/yr)RegeneratiCarbon Granular  ofcost  M&O

=

 

O&M cost of virgin Carbon  ($/yr)=(Activated carbon loss)(365d/y)(Cost of virgin 

carbon) x=(0.06)(365d/y)(1.2$/lb) (10,162.86 lb/d)=  267,079.86 $/yr 

O&M cost of activated carbon system ($⁄yr) 

=73,056.35$/yr+313,345.28 $/yr+267,093.08 $/yr=653,571.58  $/yr 

Sludge thickener 

Table A.24 Equations for calculating cost of sludge thickener 

Unit cost metrics Related equations Reference 

Sludge thickener 

Capital cost of sludge thickener($)=(costing factors)(volune of sludge 

thickener(m3)) (unit capital cost of sludge thickener($/m3)) 

O&M cost (US$/year)=(p+o+n+ 0.3mciv+0.7 mme&i )Capital cost 

where 

p=personnel cost=0.035,  

o=operation cost=0.01,  

n=insurance cost=0.003,  

mciv=maintenance costs for civil works=0.075 

mme&i=maintenance costs for mechanical, electrical and 

instrumentation equipment (E&I)=0.00175 

[26] 
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V sludge thickener=195.40m3 

Capital cost of sludge thickener ($)=(costing factors)(Volume of sludge 

thickener(m3)) (unit capital cost of sludge thickener ($/m3)) 

=fac fi V sludge thickener (Unit capital cost of sludge thickener)=(1.43)(1.72)(195.40 

m3)(767.42$/ m3  volume)= 368,304.04  $  

Costs are based on 2006 cost data. The cost is updated to November, 2020 by using 

Engineering News Record (ENR) Cost Index [288]. 

November 2010 ENR CCI=11579.02 

2006 ENR CCI=7749.37 

$   550,315.98=
7749.37

11579.02
  $) 4(368,304.0=

CCI ENR 2009

CCI ENR 2010November 
  $) 4(368,304.0=

($)  thickenersludge ofcost  Capital

 

O&M cost of sludge thickener=(p+o+n+ 0.3mciv+0.7 m me&i )Capital cost of sludge 

thickener=(0.035+0.01+0.003+(0.3)(0.075)+(0.7)(0.0175))(550,065.07 )= 34,394.75 $/yr 

Anaerobic digestion 

Table A.25 Equations for calculating cost of anaerobic digestion 

Unit cost metrics Related equations Reference 

Anaerobic digestion 

Capital cost of anaerobic 

digestion($)=(costing factors)(volune of anaerobic digestion(m3))  

(unit capital cost of anaerobic digestion($/m3)) 

O&M cost (US$/year)=(p+o+n+ 0.3mciv+0.7 mme&i )Capital cost 

where 

p=personnel cost=0.035,  

o=operation cost=0.01,  

n=insurance cost=0.003,  

mciv=maintenance costs for civil works=0.075 

mme&i=maintenance costs for mechanical, electrical and 

instrumentation equipment (E&I)=0.00175 

[26] 

 

VAD=   2,677.57m3 
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Capital cost of anaerobic digestion ($)=(costing factors)(Volume of anaerobic 

digestion(m3)) (unit capital cost of anaerobic digestion ($/m3))=fac fi VAD (Unit capital 

cost of anaerobic digestion)=(1.43)(1.72)( 2,677.57  m3)(700.46$/ m3volume) 

= 4,606,458.17  $  

Costs are based on 2006 cost data. The cost is updated to November, 2020 by using 

Engineering News Record (ENR) Cost Index [288]. 

November 2010 ENR CCI=11579.02 

2006 ENR CCI=7749.37 

79$6,882,920.=
7749.37

11579.02
  $) .17(4,606,458=

CCI ENR 2009

CCI ENR 2010November 
  $) .17(4,606,458=

($)digestion  anaerobic ofcost  Capital

 

O&M cost of anaerobic digestion=(p+o+n+ 0.3mciv+0.7 mme&i)Capital cost ofanaerobic 

digestion=(0.035+0.01+0.003+(0.3)(0.075)+(0.7)(0.0175))( 6,882,920.79 ) 

= 430,182.55 $/yr 

Sludge dewatering 

Table A.26 Equations for calculating cost of sludge dewatering 

Unit cost metrics Related equations Reference 

Sludge dewatering 

Capital cost of sludge dewatering($)=(1+(Miscellaneous 

costs)/(construction cost))(-0.0727 x3+48.326  x2  + 13071x+389081) 

(Miscellaneous costs)/(construction cost)=0.28 

x = flow to sludge dewatering(gpm) 

O&M cost of sludge dewatering($/yr)=0.5981 x2+ 1598.4  x+48127 

x = flow to sludge dewatering(gpm) 

[36] 

 

Q sludge to dewatering=76.86 m3/d=14.10gpm 
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Capital cost of sludge dewatering ($)=(1+(Miscellaneous costs)/(construction cost))(-

0.0727 x3+48.326  x2  +13071 x +389081)=(1+0.28)(-0.0727 (14.10) 3+48.326(14.10) 2  + 

13071(14.10) +389081)=745,971.85  $ 

Costs are based on 2009 cost data. The cost is updated to November, 2020 by using 

Engineering News Record (ENR) Cost Index [288]. 

November 2010 ENR CCI=11579.02 

2009 ENR CCI=8585.71 

$  431,006,046.=
8585.71

11579.02
  $) 5(745,971.8=

CCI ENR 2009

CCI ENR 2010November 
  $) 5(745,971.8=

($) dewatering sludge ofcost  Capital

 

O&M cost of sludge dewatering($/yr)=0.5981 x2+ 1598.4  x+48127 

=0.5981(14.10) 2+ 1598.4(14.10)+48127=70,783.85 $/yr 

The 2009 unit price of electricity, natural gas and labor are 0.0981 $/kWh, 0.00898 and 

45.82 $/hr, respectively. The updated November, 2020 unit price of electricity, natural 

gas and labor are 0.1045 $/kWh ,0.00766 $/scf and 59.31$/hr, respectively [288, 289]. 

Component percent of electricity, labor and maintenance materials are 30%, 62% and 8% 

for  

sludge dewatering. Costs are based on 2009 cost data. The cost is updated to November, 

2020 by using Engineering News Record (ENR) Cost Index [288]. 

$/yr  87,064.07   =
8585.71

11579.02
  )$/yr)(0.08  (70,783.85+

45.82

59.13
  )$/yr)(0.62  (70,783.85+

0.0981

0.1045
  )$/yr)(0.30  (70,783.85

($/yr) dewatering sludge ofcost  M&O

=  
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Sludge disposal 

Table A.27 Equations for calculating cost of sludge disposal 

Unit cost metrics Related equations Reference 

Sludge disposal 

O&M costs of sludge(US$/year)=(Excess sludge production 

(ton TSS/yr))(sludge disposal cost($⁄ton TSS)) 

Sludge disposal cost=280$/ton 

[26] 

 

Excess sludge production= 3,280.94 kg/d= 1,197.54 ton/yr 

O&M costs of sludge disposal ($/year)=(Excess sludge production 

(ton TSS⁄yr))(sludge disposal cost($/ton TSS)) 

=(1,197.54 ton/yr)(280$/ton)= 335,312.36 $/yr 

Aeration equipment 

Table A.28 Equations for calculating cost of aeration equipment 

Unit cost metrics Related equations Reference 

Aeration equipment 

Capital cost of aeration equipment($)=(costing factors)(Installed 

capacityof aeration equipment (kW))(unit capital cost of aeration 

equipment($/kW)) 

Installed capacity of aeration equipment=1.5 (Energy consumption of 

areation process )/24 

O&M cost (US$/year)=(p+o+n+ 0.3mciv+0.7 mme&i )Capital cost 

where 

p=personnel cost=0.035,  

o=operation cost=0.01,  

n=insurance cost=0.003,  

mciv=maintenance costs for civil works=0.075 

mme&i=maintenance costs for mechanical, electrical and 

instrumentation equipment (E&I)=0.00175 

[26] 

 

Energy consumption of areation process=6,861.67 kWh/d 

Installed capacity of aeration equipment=1.5(Energy consumption of areation process)/24 

=1.5 (6,861.67)/24=428.85 kW 

Capital cost of aeration equipment($)=(costing factors)(Installed capacityof aeration 

equipment (kW))(unit capital cost of aeration equipment($/kW))  
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=fac fi (Installed capacityof aeration equipment (kW))(unit capital cost of aeration 

equipment($/kW))=(1.43)(1.72)(428.85 kW)( 5,276.43 $/kW)=5,557,674.11 $ 

Costs are based on 2006 cost data. The cost is updated to November, 2020 by using 

Engineering News Record (ENR) Cost Index [288]. 

November 2010 ENR CCI=11579.02 

2006 ENR CCI=7749.37 

54$8,304,217.=
7749.37

11579.02
  $)  .11(5,557,674=

CCI ENR 2006

CCI ENR 2010November 
  $) .11(5,557,674=

($)equipment aeration  ofcost  Capital

 

O&M cost of aeration equipment=(p+o+n+ 0.3m civ+0.7 m me&i)Capital cost of aeration 

equipment=(0.035+0.01+0.003+(0.3)(0.075)+(0.7)(0.0175))(8,304,217.54) 

=  519,013.60  $/yr 

Electrical energy 

Table A.29 Equations for calculating cost of electrical energy 

Unit cost metrics Related equations Reference 

Electrical energy 
O&M costs of electrictrical energy(US$⁄year)=(electricity consumption-

electricity prodcution)(electricity cost($/kWh) 
[26] 

 

Energy consumption of areation process=  2,504,509.32 kWh/yr 

Energy production= 12,757,470.91 kWh/yr  

The updated November, 2020 unit price of electricity is 0.1045 $/kWh [289]. 

O&M costs of electrictrical energy(US$⁄year)=(electricity consumption-

electricity prodcution)(electricity cost($/kWh)=(2,504,509.32 kWh/yr- 12,757,470.91 

kWh/yr )(0.1045$/kWh)= - 1,071,434.49 $/yr 
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Table A.30 Wastewater quality for 1215 WWTPs in China 

 

No. 
Treatment 

technology 

Design 

capacity 

(10,000 m3/d) 

Operation 

loading ra 

te (%) 

Influent BOD 

concentration 

(mg/L) 

Influent COD 

concentration 

(mg/L) 

Influent NH4 

concentration 

(mg/L) 

1 MBR 10 84.26 364 663 42.7 

2 AO+AAO 4 110.55 264 553 53.4 

3 CAS 100 93.26 202 409 39.2 

4 AO+AAO 60 104.99 224 468 52.1 

5 AO+AAO 40 102.89 227 485 48.3 

6 MBR 15 113.55 352 646 35.2 

7 SBR 8 95.27 188 395 50 

8 OD 20 100.74 214 444 48.3 

9 AO+AAO 55 90.7 157 387 40.3 

10 AO+AAO 45 82.39 183 487 48.6 

11 AO+AAO 40 94.01 317 639 47.3 

12 AO+AAO 10 91.75 259 616 34.9 

13 AO+AAO 20 97.79 198 358 40.6 

14 OD 4 75.7 66.7 305 18.6 

15 AO+AAO 3 93.6 131 373 22 

16 AO+AAO 3 94 98.9 385 39.8 

17 OD 6 93.9 79.7 262 24.7 

18 OD 5 87.8 58 224 23.8 

19 AO+AAO 3 82.8 94 331 37.2 

20 AO+AAO 7 87.3 131 310 36.1 

21 AO+AAO 3.7 89.6 92 231 20.9 

22 SBR 1 66.6 64 172 13.9 

23 Others 3 96.2 114 193 22 

24 OD 3 99 101 187 42.2 

25 AO+AAO 2 68.4 68.4 187 32.2 

26 AO+AAO 1 79.9 32.8 107 12 

27 AO+AAO 3 90 51.7 120 20.6 

28 AO+AAO 1 110 54.4 219 23.7 

29 CAS 1 101 105 333 36.6 

30 Biolak 3 74.3 35.3 125 17.5 

31 SBR 10 95.4 147 371 13.9 

32 AO+AAO 5 58 131 401 16.9 

33 SBR 1 59.8 43.6 141 7.04 

34 AO+AAO 0.5 68 108 173 15.21 

35 AO+AAO 1 49.5 52.1 364 23.8 
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36 AO+AAO 16 98.5 114 243 36.9 

37 AO+AAO 20 98.5 116 305 32 

38 AO+AAO 60 82.2 182 394 60.2 

39 Biolak 2 98 102 123 19.4 

40 OD 10 85.7 134 534 116 

41 AO+AAO 6 98.7 260 448 25.4 

42 Biofilm 4 96 111 305 36.5 

43 SBR 2 51.8 98.6 218 23.9 

44 Biofilm 6 92.8 52 189 30.5 

45 Biolak 3 56.4 113 271 33.7 

46 OD 2 103 72 212 20.3 

47 SBR 1 69.4 210 226 28.8 

48 SBR 2 91.5 82.6 219 14.6 

49 SBR 2 41.9 109 322 42.4 

50 AO+AAO 5.3 100 160 431 26.4 

51 SBR 4 75 150 200 40 

52 Biolak 5 40.2 181 357 26.3 

53 SBR 5 69.7 216 432 26.5 

54 OD 15 66.4 172 490 45.5 

55 AO+AAO 16 63.5 236 504 55.7 

56 OD 15 69.4 105 393 20.5 

57 CAS 4 41.5 68.1 192 29.1 

58 AO+AAO 8 121 260 552 43 

59 OD 8 51 137 314 21.4 

60 Others 8 75.7 55.7 167 14.2 

61 SBR 4 69.7 68.7 219 55.9 

62 OD 4 52.5 85 192 27.4 

63 CAS 4 41.5 68.1 192 29.1 

64 SBR 2 74.3 123 211 22.7 

65 OD 4 116 130 449 26 

66 AO+AAO 4 74.9 255 480 48.4 

67 AO+AAO 12 97.2 220 624 46.9 

68 OD 7 59.9 86.7 230 25.3 

69 OD 7 82.8 140 316 11.9 

70 AO+AAO 4 71.6 193 322 41.6 

71 OD 2 70.8 117 334 25.3 

72 OD 5 65 170 479 16.6 

73 Others 3 60.4 159 193 22.6 

74 OD 6 76.1 175 286 30.1 

75 OD 10 80.5 216 487 45 
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76 Biofilm 10 80 165 450 43 

77 Biolak 6.6 80.1 105 331 29.2 

78 Biolak 3 100 89.2 225 28.5 

79 SBR 2 82.9 98 323 35 

80 Biolak 2.5 79.5 180 256 26.8 

81 Others 3 81.1 112 374 31.2 

82 OD 2.5 64.3 120 350 35.5 

83 Biolak 3 61 145 235 24.4 

84 Biolak 3 63.3 150 260 20 

85 SBR 3 79.4 185 278 47 

86 Others 16 16.6 173 616 33.9 

87 Others 8 70.1 136 454 56.3 

88 Others 3 91.2 136 454 56.3 

89 SBR 3 88.3 135 242 9.3 

90 SBR 2 63.6 32.4 93 32.6 

91 OD 3 97 20.3 173 16.9 

92 AO+AAO 4 110 180 214 24 

93 SBR 4 85.4 107 319 32.2 

94 AO+AAO 3 98.9 121 309 26.1 

95 SBR 1.2 86.6 103 187 42.5 

96 Biolak 1 81.6 88.4 195 23.1 

97 OD 3 118 97.3 221 21.1 

98 Biolak 3 66.7 100 220 22.3 

99 Others 20 82 143 475 6.79 

100 AO+AAO 2 110 112 313 23.2 

101 OD 1.25 98.2 132 239 25.2 

102 OD 1.5 91.9 113 220 21.9 

103 Biolak 4 82.9 151 276 14.4 

104 SBR 2 97.3 165 276 34.3 

105 AO+AAO 2 99.5 167 276 30 

106 SBR 3 88.3 135 242 9.3 

107 OD 1 83.9 192 495 25 

108 AO+AAO 1 98.3 96.7 144 21.1 

109 SBR 2 88.1 76.6 141 29.5 

110 AO+AAO 10 96.8 211 477 51.3 

111 AO+AAO 12 91.2 130 501 22 

112 Others 1.1 99.4 28.7 255 28.1 

113 OD 2 37.3 137 353 34.9 

114 SBR 1.8 5.96 23.4 271 37.4 

115 OD 3 51 171 434 56.9 



251 

 

116 OD 3 44.6 153 352 41 

117 OD 8 78 90.4 189 17.5 

118 Biofilm 5 59.1 77.4 216 32.4 

119 Biolak 2 26.3 178 201 27.3 

120 Biolak 3 78.4 91.9 230 23.7 

121 OD 2 103 189 267 18.3 

122 Biolak 3 58.9 56.4 386 42.4 

123 Biolak 2 87.4 144 428 33.5 

124 Biolak 2 96.6 121 287 33 

125 AO+AAO 3.5 32.6 155 317 35.3 

126 AO+AAO 2 107 84.7 232 19.1 

127 AO+AAO 2.5 76.2 131 259 35.4 

128 AO+AAO 7 50.9 90.4 186 19.7 

129 Wetland 1.5 54.1 99.3 167 37.6 

130 Others 1.5 90.2 114 236 34.8 

131 SBR 5 28.7 100 325 11.2 

132 OD 1.5 86.8 104 218 23.3 

133 OD 2 89 108 328 33 

134 OD 1.5 95.9 110 270 23 

135 OD 3 60 124 292 35.6 

136 Others 4 52.8 54.6 164 14.7 

137 Others 2 80 142 289 19 

138 AO+AAO 16 99.5 210 418 49.3 

139 OD 4 99.4 183 398 24.7 

140 CAS 6 77.1 174 441 37.7 

141 Biofilm 2 106 132 266 25.1 

142 SBR 5 91.7 87.7 192 36.2 

143 AO+AAO 16 103 210 522 26.9 

144 OD 1.5 89.8 132 277 29.7 

145 OD 1 49.2 160 336 44.9 

146 OD 0.8 78 178 374 29 

147 AO+AAO 4 86.7 89.6 242 17.9 

148 SBR 0.5 61.2 89.7 209 14.4 

149 AO+AAO 8 81.9 100 402 34.6 

150 Wetland 2 47.9 89.7 370 44 

151 Others 3 69.2 99 342 33 

152 AO+AAO 0.8 18.8 41.8 91.5 11.3 

153 OD 2 80.8 145 324 26.4 

154 AO+AAO 7.5 85.41 163 276 27 

155 OD 1.5 46.8 159 298 33.6 
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156 AO+AAO 1 51 156 346 42 

157 SBR 2 36.1 108 214 25.4 

158 AO+AAO 1.5 45.2 146 335 39.8 

159 OD 1.5 50.5 167 325 28 

160 MBR 0.8 89.7 181 323 25.7 

161 AO+AAO 0.8 79.8 114 183 22.2 

162 AO+AAO 1 69.6 112 234 35.29 

163 Biofilm 2 58 67.5 222 32.6 

164 OD 12 84 133 364 42.8 

165 AO+AAO 1 64.6 86.8 212 27.6 

166 OD 1 88.5 121 234 24.5 

167 OD 1.8 123 175 300 37.3 

168 Others 0.2857 100 168 388 44 

169 OD 1.5 76.9 100 312 48.3 

170 OD 2 43.4 173 361 30.3 

171 Others 3.5 62.2 209 360 38 

172 AO+AAO 1 58.1 150 324 32.5 

173 OD 1 84.1 187 364 29.2 

174 AO+AAO 2 68.8 177 328 31.4 

175 OD 3 71.3 216 478 47.1 

176 SBR 2.5 55 155 398 63.6 

177 Others 0.8 70.6 103 332 34.5 

178 AO+AAO 1 64.1 123 227 27.6 

179 AO+AAO 1 54.3 101 250 31.2 

180 AO+AAO 1.5 50.1 109 315 30.7 

181 Others 1.2 53 125 293 31.6 

182 AO+AAO 1.8 56.8 212 439 43.7 

183 AO+AAO 2 41.2 142 400 50.5 

184 SBR 1.5 55.3 181 462 62 

185 AO+AAO 1 74.3 181 330 47 

186 Others 3 57.4 125 306 45.2 

187 OD 1.5 57.4 126 200 30 

188 AO+AAO 1.2 45.2 177 310 45 

189 AO+AAO 8 68.7 154 347 46 

190 AO+AAO 4 24.1 163 408 66.8 

191 Others 2 29 149 309 41 

192 OD 1.6 33.6 140 324 33 

193 AO+AAO 2 55.9 107 367 48.9 

194 AO+AAO 3 66.4 157 254 29.6 

195 SBR 0.5 80 94.8 216 30.3 
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196 AO+AAO 0.7 33.7 94 287 28.8 

197 AO+AAO 1 45.5 160 294 40.7 

198 AO+AAO 0.25 77.6 116 313 28 

199 AO+AAO 0.5 86.1 142 327 37.9 

200 AO+AAO 0.5 35.1 134 368 78.3 

201 Biofilm 1 36.9 126 287 29.5 

202 AO+AAO 1 45.3 130 255 37.5 

203 Others 4 48.2 112 350 46 

204 Biofilm 3.5 83.2 160 317 30.5 

205 Biofilm 0.35 97.7 118 287 28.1 

206 OD 2 25.9 100 256 30.5 

207 OD 1 79.2 131 295 31.9 

208 AO+AAO 0.75 76.6 123 251 32.3 

209 AO+AAO 1.5 11.1 190 336 30.7 

210 AO+AAO 2 31.3 220 320 46 

211 AO+AAO 0.65 40.9 181 262 36.2 

212 AO+AAO 0.6 42.9 131 261 29.7 

213 AO+AAO 0.6 52.3 288 390 39.7 

214 OD 1.5 59.2 165 331 51.1 

215 Others 4 61.6 540 1200 57.9 

216 OD 10 59 134 414 23.2 

217 AO+AAO 15 56 128 400 27.2 

218 AO+AAO 15 59.6 111 332 23.8 

219 AO+AAO 39 72.8 129 392 19.6 

220 AO+AAO 10 82.4 103 302 26 

221 Biolak 3 71.3 200 277 29.5 

222 MBR 15 88.5 127 239 21.9 

223 Biolak 2 87.9 178 386 16.3 

224 AO+AAO 5 102 114 267 25.8 

225 SBR 10 85.9 195 302 36.1 

226 SBR 5 80.4 199 299 37.8 

227 SBR 1.5 82.9 81.6 176 28.2 

228 Biolak 2 86.4 200 235 25.8 

229 SBR 1 72.3 120 200 30 

230 SBR 1.5 87.9 150 231 33 

231 AO+AAO 10 89.8 132 245 17.8 

232 SBR 3 92.2 75.3 186 22.5 

233 SBR 1.5 73.7 50.5 107 14.5 

234 SBR 5 100 163 235 26 

235 SBR 15 24.2 112 210 43.1 



254 

 

236 AO+AAO 10 82.4 152 472 40.5 

237 AO+AAO 32.5 84.7 159 291 32 

238 Others 32.5 93 172 317 34.6 

239 SBR 15 103 179 462 29.1 

240 Others 6 62.2 136 283 28.2 

241 AO+AAO 5 90.4 206 427 18 

242 SBR 10 37 156 318 35 

243 SBR 2 25.1 100 240 19 

244 SBR 2 25 100 240 19 

245 SBR 1 49.3 180 350 25 

246 SBR 1 77.5 132 466 36.9 

247 SBR 2 39.9 52 110 17.7 

248 SBR 2 89.6 200 400 30 

249 SBR 10 37 156 318 35 

250 AO+AAO 2 100 100 260 20 

251 SBR 1 65.8 120 280 20 

252 AO+AAO 10 71.2 137 270 53.8 

253 Biofilm 2 27.9 184 393 30.8 

254 Others 20 60.7 115 289 44.6 

255 SBR 5 103 99.5 295 18.8 

256 SBR 1.5 91.3 180 230 22 

257 SBR 1.5 110 4.3 42.1 268 

258 SBR 5 89 345 618 19.8 

259 SBR 3 35.4 174 362 26.4 

260 Others 1 96.2 117 204 38.6 

261 AO+AAO 5 96.8 83.7 219 24 

262 SBR 2 106 136 263 28.7 

263 SBR 1 11.1 61 156 17.5 

264 SBR 2 59.6 136 327 60 

265 Biofilm 6 39.4 195 387 53.9 

266 Biofilm 13 87.8 111 330 31.7 

267 SBR 0.3 57.5 300 192 30.5 

268 SBR 6 99.2 89 196 26 

269 SBR 10 36 152 397 25.6 

270 AO+AAO 2 60.3 55.4 228 43.5 

271 SBR 1.5 100 114 245 34.8 

272 SBR 1 74.8 160 315 22.4 

273 SBR 1 77.5 200 157 19.8 

274 AO+AAO 1.5 47.5 286 337 38 

275 AO+AAO 2 61.9 200 200 30 
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276 CAS 5 76.8 160 348 25 

277 AO+AAO 4 8.36 60.5 121 18.3 

278 AO+AAO 10 100 86.2 247 18.5 

279 AO+AAO 2 100 103 345 20.6 

280 Wetland 2 95.9 100 240 19.4 

281 SBR 2 90 110 160 28 

282 SBR 2.5 91 134 406 49.7 

283 SBR 3 74 111 170 16.9 

284 AO+AAO 1.5 81.8 192 522 46.8 

285 SBR 4 52.5 97.6 278 32 

286 SBR 5 93.8 301 484 28 

287 SBR 5 99.5 86.9 392 32.3 

288 SBR 2 54.9 114 400 29 

289 SBR 2 3.01 200 350 30 

290 AO+AAO 4.5 67.1 102 257 35.7 

291 SBR 2 36.9 141 294 32.8 

292 AO+AAO 280 83.2 113 254 24.8 

293 AO+AAO 170 93 142 251 19.8 

294 CAS 7.5 95.6 151 337 31.7 

295 Others 6 74 169 298 30.6 

296 SBR 6 105 106 302 18.2 

297 AO+AAO 2 113 129 290 37.5 

298 AO+AAO 4 98.8 192 370 36.8 

299 AO+AAO 10.5 90.8 122 259 28 

300 AO+AAO 2.2 98.3 124 356 27.1 

301 AO+AAO 5 92.4 140 236 25 

302 SBR 40 97.2 176 364 28.9 

303 AO+AAO 50 102 127 228 23.3 

304 Others 4 82.7 127 279 29.5 

305 Others 10 97.4 166 333 24 

306 AO+AAO 10 116 162 316 21.1 

307 AO+AAO 6 76.5 141 406 36.5 

308 AO+AAO 5.5 62.6 111 273 17.6 

309 AO+AAO 3.5 84.5 104 222 20.9 

310 OD 12 97.6 154 344 23.4 

311 OD 3 72.5 59.1 121 11.7 

312 AO+AAO 1.2 99.3 71.6 184 11 

313 OD 3.4 91.1 115 416 17.3 

314 OD 1 123 105 315 13.7 

315 SBR 0.25 103 57.8 122 15.9 
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316 OD 1 102 93.1 349 15.3 

317 SBR 0.5 54.3 50.5 123 9.78 

318 AO+AAO 2.8 76.3 192 368 18 

319 OD 6 72.9 182 399 16.2 

320 Others 10 90.4 162 371 23.6 

321 SBR 1 124 271 624 18.9 

322 AO+AAO 1 105 201 365 39.4 

323 AO+AAO 15 86.9 144 327 28.4 

324 AO+AAO 20 74.4 120 445 24.7 

325 AO+AAO 1.25 111 226 621 34.6 

326 AO+AAO 5 103 74.8 184 27.5 

327 AO+AAO 14 91.4 159 343 30.8 

328 AO+AAO 13.8 88.1 196 358 24.3 

329 OD 1.7 93.6 164 370 13.5 

330 OD 0.4 84.3 158 362 9.1 

331 OD 1.2 81.7 143 321 10 

332 AO+AAO 2.5 60.4 122 216 34 

333 AO+AAO 2.5 122 80.8 134 20.2 

334 AO+AAO 1.75 33.5 62.3 109 22.5 

335 AO+AAO 1.25 80.2 51.3 75.2 14.7 

336 AO+AAO 0.5 94.8 69 115 10.8 

337 AO+AAO 12 71.3 176 517 25.2 

338 SBR 7 102 108 333 26.9 

339 AO+AAO 5 110 116 360 25.1 

340 OD 8 78.5 102 267 22.8 

341 OD 8 73.8 85.3 223 24.1 

342 OD 4 99 64 163 22.8 

343 AO+AAO 2 41.4 78.6 157 13.3 

344 OD 3.5 28 10.9 46.8 7.04 

345 Others 15 92.3 84.9 242 27.5 

346 Others 11 92.9 150 213 26.3 

347 Others 4 90.3 105 291 30.4 

348 Others 5 94 102 341 24.7 

349 OD 4 106 80.6 225 31 

350 AO+AAO 2.5 89.6 20.7 68.9 17.2 

351 AO+AAO 2 61.8 18.2 59.2 13.5 

352 AO+AAO 4.5 106 54 156 30.2 

353 AO+AAO 2 19.2 26.1 117 24.1 

354 AO+AAO 16.5 100 91 182 29 

355 AO+AAO 15 98 120 239 20.7 
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356 AO+AAO 3 107 79.3 183 34 

357 AO+AAO 1.5 97.5 89.7 212 22.3 

358 AO+AAO 20 93 51.8 223 20.4 

359 AO+AAO 15 104 104 247 27.9 

360 AO+AAO 10 70.5 93.1 232 24.3 

361 AO+AAO 5 91.7 180 168 22.2 

362 AO+AAO 3 91.2 55.5 159 23.6 

363 AO+AAO 4 91.2 127 399 14.6 

364 AO+AAO 3 33.6 34.4 207 6.79 

365 Others 4 27.1 222 576 14.6 

366 AO+AAO 9.8 67.1 211 464 26.5 

367 OD 3.5 77.6 100 217 25.9 

368 OD 7 57 84 179 29.1 

369 OD 2 61.5 204 384 35.8 

370 AO+AAO 1 63.1 94 186 26.4 

371 AO+AAO 3 48.8 146 308 30.3 

372 OD 1.1 72.6 88 172 25.2 

373 AO+AAO 2 68.4 106 226 17.9 

374 AO+AAO 2.5 41.6 92 186 32.5 

375 AO+AAO 0.4 63.9 124 228 47.5 

376 OD 9 75.6 121 359 20.8 

377 AO+AAO 3 57.2 82.1 249 21.8 

378 OD 3 105 102 305 22 

379 OD 8 73.5 187 428 25.9 

380 OD 8 65.3 198 420 28.8 

381 SBR 4 63.9 160 390 33.8 

382 SBR 4 38.5 134 306 28.4 

383 SBR 4 46.4 137 316 24.8 

384 CAS 18 79.9 129 395 31.7 

385 CAS 14 79.6 130 286 22 

386 AO+AAO 4 105 148 335 18.8 

387 Others 6 96.4 131 284 16.4 

388 Others 10.3 97 98.2 420 16.3 

389 OD 25 76.4 134 291 31.2 

390 AO+AAO 4 87.9 156 315 27.6 

391 OD 4 88.8 165 327 36.1 

392 SBR 2.5 79 129 550 24.6 

393 Others 9.8 82.7 200 388 25.9 

394 AO+AAO 2 84.8 45.9 125 15.9 

395 AO+AAO 2 94.8 83.5 264 29.5 
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396 AO+AAO 2 4.58 30 100 20 

397 AO+AAO 1.5 67 155 583 27 

398 SBR 18 99.3 140 285 25.2 

399 Others 15 105 124 289 24.3 

400 AO+AAO 5 91.8 93 224 22.4 

401 SBR 14.5 98.5 90.5 240 28.7 

402 AO+AAO 4 97.8 90.2 227 28.1 

403 AO+AAO 1 91.9 94.3 225 26.7 

404 SBR 2 86.7 104 230 25.7 

405 AO+AAO 2 87.3 86.2 306 20.4 

406 Biolak 2 61.4 128 252 27.8 

407 AO+AAO 1.5 23.1 70.5 176 13.6 

408 AO+AAO 0.5 65.7 74 173 20 

409 SBR 1.4 15.7 35 100 14 

410 AO+AAO 5 48 65.1 182 22.8 

411 AO+AAO 60 97.8 85.7 256 24.6 

412 AO+AAO 10 102 114 309 29.1 

413 AO+AAO 30 94.6 225 744 20.3 

414 Others 4 84.8 106 241 17.5 

415 Others 4.5 88.2 71 178 19.1 

416 OD 0.8 77.2 33.8 185 13.3 

417 Others 2 30.9 356 810 22.9 

418 OD 6 96.8 124 341 32.5 

419 AO+AAO 8 99.7 169 385 17.3 

420 SBR 1 108 120 320 10.8 

421 Others 10 105 73 187 20 

422 AO+AAO 16 101 85 196 20 

423 AO+AAO 8 89.2 73 186 26 

424 AO+AAO 16 86.9 99 229 13 

425 AO+AAO 20 62 96 253 20 

426 Others 8 71.1 143 219 28.9 

427 AO+AAO 10 78.3 47 207 14.7 

428 SBR 6 101 95 237 21.7 

429 OD 22 103 88.8 180 18.1 

430 AO+AAO 3 94.4 109 222 21.9 

431 AO+AAO 5 97.4 68.6 215 18.8 

432 SBR 6 111 68.2 200 16.1 

433 AO+AAO 0.25 64.3 35.8 106 11 

434 AO+AAO 0.25 64.5 40 115 10.4 

435 OD 0.3 69.1 34.8 104 11 
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436 AO+AAO 50 7.52 134 353 25.3 

437 SBR 6 111 68.2 200 16.1 

438 OD 20 109 63 124 19.8 

439 OD 8 87.6 162 362 28.3 

440 Biofilm 1 94.8 98 135 16.5 

441 AO+AAO 30 108 124 399 18.4 

442 Others 2 77.7 99.1 361 27.6 

443 SBR 15 87.4 121 369 23.4 

444 Others 16 58.1 120 290 19.1 

445 AO+AAO 6 74.6 123 346 13 

446 AO+AAO 5 88.7 62 167 24.7 

447 AO+AAO 7.5 70.6 108 300 14.8 

448 OD 3 101 49.9 259 17.9 

449 SBR 2 81.6 122 215 26.7 

450 AO+AAO 3 65.3 76.9 299 10.5 

451 SBR 2.64 99.3 43.4 170 8.4 

452 SBR 1.5 65 23.8 90.5 15.8 

453 AO+AAO 5 87.5 82.6 227 23.2 

454 Others 90 84.2 221 620 61.6 

455 OD 15 93.2 222 527 17.3 

456 OD 7 94.9 70 217 27.3 

457 AO+AAO 3.5 103 83.6 294 17.8 

458 OD 2 122 33.1 104 10.8 

459 OD 6 106 50.1 202 20.5 

460 OD 4 102 40.8 151 17.4 

461 AO+AAO 15 98.6 62 236 22.7 

462 AO+AAO 4 95.2 59 268 21.8 

463 AO+AAO 2 110 31.9 161 9.38 

464 Others 5 66.5 53 190 17.3 

465 OD 4 97.7 89 235 26.3 

466 SBR 4 62.7 71.5 312 14.9 

467 OD 10 82.4 96.4 210 13.7 

468 Others 15 95.5 98.7 401 22.2 

469 OD 1.95 87.4 33 118 21.2 

470 Others 0.5 106 59.1 98.7 8.3 

471 SBR 1.8 95.3 63.1 174 24.7 

472 Others 0.5 105 38.1 227 12.5 

473 Others 0.5 112 47 93 13 

474 Others 0.5 101 102 224 24.9 

475 SBR 5 70.2 100 387 32.1 
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476 OD 5 91.3 167 287 16.4 

477 SBR 5.5 116 98.8 204 25.7 

478 OD 30 114 71 181 26.2 

479 OD 18 112 109 272 22.5 

480 Others 10 103 104 197 31.5 

481 OD 20 112 98 206 22.7 

482 OD 5 107 85 208 23 

483 OD 10 107 66.7 169 21.1 

484 AO+AAO 3 35.9 88.6 216 39 

485 OD 2 53.8 51.6 107 24.9 

486 AO+AAO 5 2.53 43 122 20.2 

487 OD 2 120 58.3 136 22.5 

488 AO+AAO 20 100.5 122 392 19.5 

489 AO+AAO 15 95.1 103 260 29.4 

490 AO+AAO 2.5 57 62.9 219 26 

491 OD 2.5 83.5 125 229 24 

492 OD 3 93.1 95.6 260 23.2 

493 Biofilm 2.5 77.2 180 199 25.3 

494 AO+AAO 2.5 80.7 16.8 44.2 5.4 

495 Others 2 102 61.9 160 19.4 

496 OD 2.5 66.2 69 131 20 

497 OD 6 86 115 182 25.2 

498 OD 10 91.4 103 212 17.9 

499 AO+AAO 2 27.4 22.5 48.9 2.97 

500 AO+AAO 2.75 73.3 131 262 19.8 

501 AO+AAO 4.5 100 59.4 173 13.2 

502 AO+AAO 2 75 78.1 223 9.8 

503 SBR 3 79.5 48.6 149 16.9 

504 Others 3 75.6 52 130 14 

505 AO+AAO 10 105 86 177 22.3 

506 OD 5 101 70 199 26.1 

507 AO+AAO 0.5 98.6 80 150 20 

508 Others 4.5 105 105 273 30 

509 AO+AAO 1 84.7 65 137 15.5 

510 OD 3 96.4 83.8 179 28.4 

511 OD 6 86.4 110 219 25.8 

512 AO+AAO 1.1 69.2 171 399 49.6 

513 OD 5 90.7 79.3 155 19.6 

514 SBR 10 109 97.3 215 19 

515 AO+AAO 3 106 80.9 196 20.9 
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516 OD 4 96.9 80.5 234 35.6 

517 OD 4 79.4 60 253 31.6 

518 CAS 2 99.5 160 233 23.5 

519 OD 2.58 100 118 234 32.6 

520 OD 5 75 99 195 25 

521 OD 8 96.4 82.3 203 20 

522 OD 2 97.4 81.3 191 17.2 

523 OD 4 75.6 104 219 25 

524 OD 2.5 105 91 203 24 

525 OD 1.5 94.6 87.2 191 19.9 

526 OD 4 46.4 88.1 189 20 

527 AO+AAO 2 53.4 94 161 12.9 

528 OD 1 16.4 53.3 128 18.6 

529 OD 8 67.5 56 134 14.6 

530 Others 2.5 67.8 38 265 20 

531 OD 1 53.7 17.2 106 12.7 

532 OD 2 67.6 59.6 128 12.6 

533 Others 2 90.4 60 158 16 

534 AO+AAO 6.65 85.3 189 149 17.9 

535 OD 3 88.6 97.6 203 18.3 

536 OD 1 73.9 79.5 199 15.1 

537 OD 4 70.2 85 153 14.9 

538 OD 2 72.9 85.3 160 18.2 

539 OD 0.75 103 26.5 105 12.5 

540 OD 4 87.7 84.3 171 15 

541 AO+AAO 8 110 48.1 106 16 

542 Others 60 71.2 81.4 167 15.2 

543 SBR 5 53 60.9 176 24.9 

544 SBR 5 84.8 149 322 25.7 

545 AO+AAO 10 65.5 59 149 19.7 

546 Others 2.5 90.5 77.4 219 17.8 

547 OD 2.5 91.5 92 226 21.7 

548 SBR 1.25 61.3 135 353 16.9 

549 SBR 5 59.8 41.8 112 22.3 

550 OD 3 68.8 61.2 171 18.8 

551 OD 1 2.46 21.8 53.1 11.7 

552 OD 1 31.2 32 117 13.8 

553 SBR 4 81.2 63 193 28.3 

554 OD 1 115 58 165 28 

555 OD 1 71 45 143 18.8 
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556 AO+AAO 12 92.8 78.1 159 7.88 

557 SBR 5 76 95 184 23.3 

558 OD 2 97 104 294 33.2 

559 Others 30 93.1 141 332 22.5 

560 Others 20 90.2 120 279 30.3 

561 AO+AAO 6 91.9 146 340 20.4 

562 AO+AAO 10 66.1 111 258 27.1 

563 Others 9 65 111 249 27.5 

564 OD 10 73.2 181 367 17.7 

565 OD 2.5 114 81 172 17.6 

566 OD 3 100 54 177 23.8 

567 AO+AAO 16 106 79.6 199 18.5 

568 SBR 1.75 99.4 62.5 197 20.7 

569 OD 1 61.7 72.9 187 28 

570 OD 1 46 52.9 170 15.9 

571 OD 1.5 87.9 42.5 137 19.9 

572 SBR 4 69.1 42.7 134 12.6 

573 OD 1 72 58 183 17.6 

574 Others 1 44.2 55.3 136 26.9 

575 SBR 2 55 58.6 153 14.7 

576 OD 2 63.1 58.9 156 22.8 

577 OD 2 129 59.9 204 21.8 

578 Others 0.4 18.5 180 109 8.1 

579 OD 3 92.5 45.3 136 13.4 

580 AO+AAO 1 85.5 49.4 160 17.6 

581 OD 2 66.5 51.1 167 17.2 

582 OD 1.25 102 46.1 146 20.9 

583 OD 4 95 60.4 198 17 

584 AO+AAO 15 92.5 78.8 165 17.9 

585 SBR 4.5 100 74.7 160 12.5 

586 SBR 4.5 62.1 42 131 25.9 

587 OD 2.5 25.7 39 103 21.8 

588 OD 2.5 48.7 49.8 172 20 

589 OD 2.5 13.5 47.9 151 28.8 

590 OD 7 77.8 83 200 22.2 

591 SBR 1 25.8 34 111 21 

592 AO+AAO 4.5 84.7 119 242 25.8 

593 Biofilm 0.25 85.7 93 162 23.1 

594 OD 3 102 80.9 206 17.9 

595 OD 4 83.2 90.8 217 26.1 
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596 Others 10 101 37 109 18.2 

597 AO+AAO 10 91.7 55.4 149 19.8 

598 OD 5 72.2 74.5 196 19.1 

599 OD 3 44.5 54.3 115 18.8 

600 OD 1.25 75.2 84.9 181 18.2 

601 OD 2 65.4 41 167 14.3 

602 SBR 2 39.9 103 159 16.9 

603 OD 1 40.6 48.3 117 24.6 

604 Others 10 78.6 63.4 232 24.5 

605 OD 2.5 93.9 63.7 159 21.6 

606 OD 4 65.2 75.2 222 22 

607 AO+AAO 2 73 60 131 23.7 

608 OD 3 67.3 97 202 17.2 

609 Biofilm 0.8 92.2 111 197 43.8 

610 OD 3 83.2 203 373 36.8 

611 OD 1 105 65 170 21.2 

612 OD 2 100 65 186 20.4 

613 OD 0.5 82.6 74 186 24.6 

614 SBR 1 8.79 84 211 25.8 

615 OD 2.5 68.8 79.6 189 18 

616 OD 2 114 89 188 14.8 

617 AO+AAO 5 80.3 52.1 237 20.2 

618 AO+AAO 3 25.9 33.8 129 18.8 

619 OD 1 85.5 76 148 25.7 

620 OD 1.5 105 51.3 154 13.1 

621 OD 1 104 35.6 133 11.6 

622 OD 1 84.8 44.1 107 17.3 

623 OD 2 90.4 66.2 186 19.3 

624 Wetland 1.5 96.8 52 172 10.2 

625 OD 1 37.8 47.1 137 15.5 

626 OD 1.5 83.9 68.1 164 16 

627 OD 1.5 95.4 81.9 128 13.8 

628 AO+AAO 15 93.1 72.7 220 13.9 

629 AO+AAO 2 39 103 302 14.9 

630 AO+AAO 4 75 44.1 172 15.4 

631 AO+AAO 2.5 108 55 154 23 

632 OD 2 83.3 40.6 126 16.6 

633 OD 2 73.8 62 173 15.3 

634 OD 1 77 48.7 139 17.3 

635 AO+AAO 1.5 75.8 30.6 89.9 6.73 
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636 OD 2 93.5 37.8 141 21.4 

637 OD 4 94.5 71.5 176 23.6 

638 SBR 4 59.1 66.4 194 25.3 

639 OD 2 109 78.3 176 18.9 

640 OD 1 77.3 69.5 168 26.3 

641 SBR 1 66.2 51.2 178 21.9 

642 Others 1 98 56.6 160 26.6 

643 OD 5 68.5 89.1 247 24.9 

644 OD 5 102 109 235 26.9 

645 OD 1 44.4 40.1 98.8 26.5 

646 OD 2 23.3 56.9 139 20.6 

647 Others 50 98.3 60.6 175 17.6 

648 CAS 8 102 63.5 188 23.9 

649 OD 10 72.3 65.6 184 15.8 

650 AO+AAO 20 84.3 79 216 24.4 

651 OD 4 79.5 30.1 131 12.7 

652 AO+AAO 8 95.2 65.9 178 18.1 

653 OD 8 89.3 36.3 85.7 10.7 

654 OD 1 37.8 46 105 15.2 

655 OD 1.5 54.4 54.6 128 10.1 

656 OD 0.75 68.7 46.9 113 9.26 

657 SBR 10 103 45.9 116 11.4 

658 OD 3 67.9 65.3 165 15.5 

659 OD 0.75 120 25 80 6.5 

660 OD 2 71.2 25.4 77.9 7.63 

661 CAS 2.5 98.3 78 179 20.1 

662 OD 1.5 84.4 87 164 20.6 

663 OD 1 99.2 49.7 133 13.4 

664 OD 6 100 51 114 11.9 

665 OD 6 27 36.1 110 10.4 

666 Others 5 90.1 52 110 22.9 

667 OD 2 98.9 33.1 101 7.2 

668 OD 0.5 100 42.3 82.4 11.1 

669 SBR 1 94.1 67.3 119 10.5 

670 SBR 6 102 64.8 144 23.1 

671 OD 4 69.8 34.9 93.2 16.2 

672 OD 1.5 106 62.2 146 22.1 

673 OD 0.5 111 39.2 106 17.4 

674 OD 1 91.8 47.8 111 16.8 

675 OD 2 92.3 55.2 131 20.2 



265 

 

676 OD 1 113 34.7 77.4 13.2 

677 OD 1 106 48.1 112 14.8 

678 OD 2 98.5 32.5 95.3 11.6 

679 OD 4 64 59 107 17.1 

680 OD 0.75 110 46 103 19.2 

681 OD 8 104 86.5 219 21.4 

682 OD 1 77.7 37.3 90.3 14.7 

683 OD 0.3 68 55.8 142 19.3 

684 OD 1 126 66.4 154 16.1 

685 OD 1 100 91.7 202 16.4 

686 OD 0.6 82.2 70.9 175 24.6 

687 OD 1.5 80.2 81 165 17.1 

688 OD 1 61.4 46.8 102 14.3 

689 OD 0.75 102 54.4 166 19.8 

690 OD 1 157 40.6 140 16.9 

691 AO+AAO 2 85 85 276 26 

692 OD 1 105 67.5 132 22.7 

693 AO+AAO 4 63.7 40.5 97.9 13.7 

694 OD 2.25 77.3 54.6 133 11.2 

695 OD 2 61 68.3 157 19.6 

696 OD 12 89.7 77.6 172 23.3 

697 OD 0.75 114 59.2 138 14.1 

698 OD 2 96.3 75.7 242 10.2 

699 OD 1.5 87.3 55.2 149 21 

700 OD 3 98.6 49 100 9.67 

701 OD 1.5 89.1 41.9 106 9.8 

702 OD 2 87.6 45 125 10.6 

703 AO+AAO 2 60.6 55.8 141 12.5 

704 AO+AAO 2 75.4 48 112 8.9 

705 OD 0.75 99 45.7 121 12 

706 OD 1 80 52.4 114 10.4 

707 OD 0.5 99.6 34.2 102 7.25 

708 AO+AAO 30 106 169 363 38.1 

709 AO+AAO 20 110 145 437 46.4 

710 AO+AAO 20 99.7 142 452 40 

711 AO+AAO 3 158 104 303 29.8 

712 AO+AAO 3 110 169 397 49.5 

713 Biofilm 0.5 76.4 137 263 38.7 

714 AO+AAO 5 50.4 122 362 54.7 

715 OD 4 39.8 56.8 168 28.9 
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716 AO+AAO 4 83.6 81.5 341 20.9 

717 AO+AAO 2 65.8 106 322 34.8 

718 AO+AAO 1 36.2 13.6 70.2 11.4 

719 AO+AAO 5 90.9 125 266 36.8 

720 AO+AAO 4 38.2 89.6 194 24.6 

721 AO+AAO 3 46.1 61.5 241 25.8 

722 Others 10 66.8 331 762 55.3 

723 Others 17 109 367 827 41.3 

724 SBR 16 86.3 303 725 61 

725 Biofilm 14 85 219 482 47 

726 Others 15 61.9 109 408 21.5 

727 Others 15 77.3 297 781 24.2 

728 AO+AAO 1 69.8 161 354 31.1 

729 SBR 2 24.4 154 428 35 

730 AO+AAO 11 76.1 167 553 41 

731 Others 8 92.7 155 354 36.3 

732 AO+AAO 8 76.8 206 411 42.4 

733 AO+AAO 3 100 157 482 43.8 

734 AO+AAO 3 43.7 125 345 25.8 

735 Others 20 77.1 105 342 52.8 

736 Biofilm 5 69.8 99 354 26.6 

737 AO+AAO 10 133 111 373 31.8 

738 AO+AAO 4 101 105 333 34.6 

739 AO+AAO 7.5 78.4 88.2 258 33.6 

740 Others 8 72.7 109 325 19.3 

741 AO+AAO 5 49.1 127 365 38 

742 Others 6 66.3 214 376 33.5 

743 AO+AAO 2 35.9 108 222 25.6 

744 OD 7 94.1 98.7 225 25.8 

745 AO+AAO 4 83.7 70.9 226 26.9 

746 AO+AAO 2 46.4 86.7 272 39.7 

747 AO+AAO 4 82.8 142 316 18.3 

748 AO+AAO 4 43.2 191 229 21.7 

749 Others 6 95.6 88.9 286 27.5 

750 OD 3 88 53.6 199 36.3 

751 AO+AAO 4 52.2 163 413 16.4 

752 Others 6 89.5 42.8 291 16.8 

753 AO+AAO 7.5 70.9 104 338 35.5 

754 AO+AAO 2 39.7 110 420 45.1 

755 AO+AAO 4 12.7 40.7 279 28.9 
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756 AO+AAO 6 31.5 83.6 243 34.1 

757 Others 5 61.4 50.49 220 22.1 

758 AO+AAO 20 101 522 1137 45.5 

759 Others 12 88.2 289 760 44.9 

760 AO+AAO 5 97.2 94 390 35 

761 Biolak 2 89.2 149 302 27.5 

762 AO+AAO 3 77.9 234 405 36 

763 OD 2 77.4 127 314 32.5 

764 AO+AAO 4 80.8 153 318 37.8 

765 Biolak 5 93.2 183 379 26.7 

766 MBR 3 16.6 50 260 35 

767 OD 2 74.1 180 342 18 

768 AO+AAO 5 92.2 139 339 34.4 

769 AO+AAO 4 64 90 220 20.3 

770 AO+AAO 4 26.3 35 414 25.8 

771 Biolak 10.6 76.1 261 740 52.2 

772 AO+AAO 8 88.1 280 520 30 

773 AO+AAO 12 70 130 400 26.7 

774 OD 3 51.5 50.8 263 26.2 

775 Others 4 76.3 66.7 365 14.7 

776 AO+AAO 8 71.2 187 401 25.6 

777 AO+AAO 3.5 86.3 107 237 52.8 

778 OD 5 74.6 88.6 411 24.9 

779 OD 10 93.5 76.6 431 27.2 

780 AO+AAO 5 71.2 115 338 26 

781 AO+AAO 2 97.1 142 356 20.9 

782 AO+AAO 5 94 108 336 44.6 

783 OD 12 71.5 132 331 28.9 

784 AO+AAO 3 100 192 424 39.3 

785 Others 20 98.9 115 383 39.7 

786 Others 6 81.6 53 126 22.9 

787 Biolak 4 53.8 88 236 18.1 

788 Others 4 108 157 312 13.9 

789 AO+AAO 3 74.3 102 287 17 

790 AO+AAO 8 96.2 52 184 24 

791 AO+AAO 3 41.1 58 190 42 

792 Others 5 80.7 90 179 22.7 

793 Biolak 3 83.2 80 100 30 

794 SBR 4 73.3 71 131 13.3 

795 OD 3 66.8 96.6 224 30.4 
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796 AO+AAO 4 79.6 53.5 270 16.9 

797 AO+AAO 3 16.6 71.3 250 17 

798 AO+AAO 3 89.4 47.2 96.4 7.89 

799 Biofilm 2.5 26.7 14.1 99.6 7.1 

800 AO+AAO 4 52.1 53 121 19.9 

801 AO+AAO 6 55.2 36 120 12.4 

802 AO+AAO 2 76.6 29.6 70 12.7 

803 AO+AAO 2 44.7 43 104 16 

804 OD 4 83.3 84.5 233 22.2 

805 OD 2 111 128 347 23.3 

806 Others 6 83.6 138 350 32.2 

807 AO+AAO 3 41.5 75.6 204 22.3 

808 OD 5 81.4 125 281 28.6 

809 AO+AAO 4 95.4 115 308 25.2 

810 AO+AAO 4 102 154 361 31.6 

811 AO+AAO 5 84.3 122 274 24.8 

812 OD 4 95.6 97.2 285 28.5 

813 AO+AAO 12 75.8 108 326 30 

814 OD 3 95 126 285 30.4 

815 Others 2 53.5 121 265 24 

816 Biofilm 4 110 178 443 53.9 

817 MBR 1 61.7 165 258 19.8 

818 OD 8 95.3 102 299 34 

819 AO+AAO 4 8.9 493 1011 43.2 

820 AO+AAO 4 46.9 118 304 22 

821 Biofilm 2 78.2 116 456 32 

822 AO+AAO 2 49.4 142 422 29.7 

823 SBR 5 77 137 233 26.2 

824 OD 5 86.5 172 337 25.6 

825 AO+AAO 2.5 90.2 159 319 31.7 

826 Wetland 1 89.9 155 289 26.3 

827 Biofilm 1 93.7 142 301 32.2 

828 AO+AAO 2 100 151 374 29 

829 Others 0.8 88.7 155 334 37.9 

830 OD 6 90.1 124 300 23.4 

831 AO+AAO 4 72.7 101 289 24.7 

832 OD 2.5 92.2 136 261 17 

833 AO+AAO 1 20.8 39.2 105 10.2 

834 AO+AAO 2 91.8 169 287 28 

835 Biolak 1.5 50.3 134 266 38.6 
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836 AO+AAO 2 67.2 173 360 31.3 

837 AO+AAO 10 90.8 133 257 25 

838 Others 3 104 104 282 14.5 

839 OD 2 104 120 235 22.9 

840 AO+AAO 4 89 115 282 34.8 

841 Others 2 62.8 143 379 28.8 

842 Biolak 3 102 121 272 28 

843 AO+AAO 4 106 168 264 28.4 

844 AO+AAO 3 90.5 90.5 174 28.4 

845 AO+AAO 6 52.9 95.7 269 26.1 

846 AO+AAO 8 90 149 398 20.7 

847 AO+AAO 8 88.6 137 298 21.9 

848 Others 2 80.3 144 268 30.6 

849 AO+AAO 3 100 133 355 19.6 

850 AO+AAO 3 100 101 345 25.8 

851 AO+AAO 2 20 67 111 16.7 

852 AO+AAO 15 104 150 270 22.4 

853 AO+AAO 1.5 94.6 82 240 24 

854 Others 6 73.7 114 313 27.2 

855 AO+AAO 4 106 41 154 18 

856 AO+AAO 4 61.8 215 267 26 

857 AO+AAO 5 93.6 122 259 22 

858 AO+AAO 3 55.8 92.2 306 30.6 

859 AO+AAO 3 55.2 142 372 33.8 

860 Others 5 64.8 96 366 24 

861 AO+AAO 4 74.3 80.5 273 33 

862 OD 2 81.2 82.5 331 25 

863 OD 2 99.5 124 255 31.5 

864 AO+AAO 3 60.6 116 275 22.1 

865 AO+AAO 2.5 38.3 94.5 270 23.6 

866 AO+AAO 7.5 88.5 67 216 20.6 

867 AO+AAO 4 84.5 53.9 210 24.1 

868 AO+AAO 4 52.4 80 329 34.4 

869 Others 8 88.6 92.2 272 35.8 

870 AO+AAO 1.5 36.2 180 420 55 

871 AO+AAO 1.9 66.8 86.7 210 34 

872 AO+AAO 4 53.5 57.6 247 26.4 

873 AO+AAO 2 14.3 25.5 120 8.38 

874 AO+AAO 2 18.5 120 230 30 

875 AO+AAO 2 41 85 183 18.2 
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876 AO+AAO 6 72.1 123 294 20.5 

877 AO+AAO 8 88.3 117 378 24.8 

878 AO+AAO 16 79.8 101 319 31.3 

879 OD 1.5 84.3 86.5 221 31.2 

880 AO+AAO 1.5 81.6 243 411 29.2 

881 AO+AAO 3 87.9 103 232 26.7 

882 SBR 3 79.3 180 170 30 

883 AO+AAO 8 103 113 280 29.2 

884 AO+AAO 4 110 102 282 26.5 

885 AO+AAO 40 124 93.7 264 32.8 

886 OD 20 110 213 391 34.2 

887 AO+AAO 60 78.6 232 413 37.7 

888 OD 3 78.1 141 352 26 

889 OD 2 99.8 85.4 267 27.5 

890 SBR 3 71.6 278 493 65.8 

891 AO+AAO 10 131 174 255 25.3 

892 OD 3 93.7 17.3 235 18.5 

893 OD 3 24.5 89.7 239 23.8 

894 OD 2 101 106 205 24 

895 OD 3 60.3 72.5 338 7.64 

896 OD 3 85.4 60.2 100 15.3 

897 OD 3 100 107 193 28.8 

898 AO+AAO 30 113 92 200 20.3 

899 OD 7 95.5 58 154 13.5 

900 AO+AAO 7 80.3 58.3 163 8.47 

901 Others 18 67.4 124 263 13.2 

902 AO+AAO 4.5 87.4 25.1 74.3 7.1 

903 AO+AAO 10 65.9 103 249 22.3 

904 AO+AAO 10 73.4 102 248 21.2 

905 AO+AAO 10 75.6 98.6 234 24.7 

906 SBR 1.2 76 109 263 23 

907 AO+AAO 8 76.4 64.2 194 20.3 

908 OD 4 61.2 51.7 132 11 

909 Biofilm 1 61.8 51 122 11.4 

910 Others 2 99.9 120 182 19.8 

911 OD 4 101 70.6 253 13.6 

912 OD 2 107 51.6 140 14.8 

913 AO+AAO 5 72.3 123 320 11.7 

914 Biofilm 1 92.1 75 150 14 

915 OD 2.5 74.5 62 158 16.6 
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916 OD 2 102 63.6 212 15.6 

917 OD 2 112 45 165 16 

918 OD 2 98.2 57.6 166 11.3 

919 AO+AAO 17 77.2 87.2 246 13.2 

920 SBR 2 95.8 225 365 29 

921 OD 3 50.2 71.3 139 17.3 

922 OD 10 94.8 39.5 120 12.1 

923 OD 3 99.9 63.4 149 19.8 

924 OD 2 137 68.7 145 19 

925 OD 3 83.5 65.5 166 19.4 

926 Others 2 103 41.3 90.4 10.5 

927 OD 10 97 45 182 16.6 

928 OD 3 105 33 100 15 

929 AO+AAO 10 89.3 65.3 208 8.3 

930 SBR 1 93.8 30.1 92.5 23.4 

931 Biofilm 10 92.2 85.7 239 17.5 

932 AO+AAO 1 92.5 45.4 129 21.5 

933 SBR 1 89.3 51.8 134 20.2 

934 SBR 1 92.3 60.2 140 21.9 

935 SBR 2 93.3 52.4 134 17.5 

936 OD 10 86 135 410 17.1 

937 OD 2 94.5 48.3 135 17.6 

938 Others 22 106 131 203 20.6 

939 AO+AAO 33 68.5 90 257 18.5 

940 AO+AAO 20 97 90.5 186 24 

941 AO+AAO 20 116 80.1 144 14.4 

942 AO+AAO 20 78.3 70.4 141 19.1 

943 AO+AAO 5 92.3 116 188 20.7 

944 AO+AAO 3 97.6 74 165 16.5 

945 AO+AAO 15 63.6 105 217 24.8 

946 MBR 10 85.3 81.2 158 23.8 

947 OD 5 62.8 50.6 130 16.6 

948 OD 2 44.3 76.8 190 12.2 

949 SBR 2 32.3 5.1 13.4 3.99 

950 OD 1.1 41 31 81.7 9.47 

951 AO+AAO 1.6 99.7 65.2 147 28.1 

952 OD 1 39.5 289 708 11.3 

953 AO+AAO 2 41.5 49.1 153 12.8 

954 AO+AAO 4.8 100 31.2 91 10.8 

955 AO+AAO 4.9 125 68.1 127 19.8 
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956 AO+AAO 2.5 27.9 23.1 83.3 14.3 

957 SBR 0.13 40 67.4 213 11.1 

958 SBR 4 88.2 41.6 97 18.2 

959 SBR 2 67.9 59.7 147 13.8 

960 SBR 3 92.9 37.7 101 10.6 

961 SBR 20 113 71.4 136 14.2 

962 SBR 4 81.8 32 91 22.3 

963 OD 4 98.2 88 180 21.5 

964 SBR 2 106 24.4 53 4.83 

965 Others 2 90.5 51 104 13 

966 SBR 4 87.1 35.3 95 9.29 

967 SBR 10 99.9 91.6 226 18.1 

968 AO+AAO 2.5 93.7 60.5 147 8.59 

969 AO+AAO 10 100 52 156 16.8 

970 AO+AAO 15 86.7 100 261 15.6 

971 AO+AAO 2 47.6 50 137 21 

972 AO+AAO 0.3 85.3 25 72.5 4.62 

973 AO+AAO 22 126 61.7 172 20.8 

974 AO+AAO 30 94.6 90.5 186 24 

975 Others 30 92 202 415 38 

976 Others 35 93.3 229 582 20 

977 SBR 6 92.6 47.3 153 23.8 

978 AO+AAO 73.6 98.2 147 316 28.8 

979 Others 8 47.4 129 280 29.8 

980 AO+AAO 8 72.2 112 293 19.2 

981 SBR 10 101 92.2 254 21.9 

982 AO+AAO 20 101 59.2 193 21 

983 AO+AAO 4 128 189 334 29.6 

984 Others 20 7.84 107 335 52.6 

985 OD 20 73.2 74.9 159 15.8 

986 OD 3 63 231 634 29.1 

987 SBR 12 61.8 134 267 19.8 

988 AO+AAO 20 115 75.3 221 22.2 

989 AO+AAO 15 77 84 213 14.5 

990 Biofilm 40 97.5 48.7 156 21 

991 AO+AAO 15 105 32.7 117 28.6 

992 AO+AAO 15 70.5 143 368 27.6 

993 AO+AAO 24 87.3 132 375 23.9 

994 Biofilm 5 65 111 255 23.7 

995 AO+AAO 12.5 92.9 77.5 186 25.9 
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996 AO+AAO 15 106 61.5 178 22 

997 SBR 3 67.4 52.2 116 17.9 

998 AO+AAO 5 79.9 86.4 204 20 

999 AO+AAO 5 121 47 142 13.8 

100

0 
AO+AAO 10 118 3.46 5.55 0.43 

100

1 
SBR 4 103 33.8 87.9 7.54 

100

2 
SBR 4 52.2 41.6 115 8.83 

100

3 
AO+AAO 20 105 56.3 187 25 

100

4 
AO+AAO 25 96.4 180 289 28.8 

100

5 
AO+AAO 10 93.9 145 291 21.1 

100

6 
OD 3 112 94.2 230 23.2 

100

7 
OD 5 111 94.2 230 23.2 

100

8 
OD 5 83.3 78.7 193 19.7 

100

9 
SBR 1.8 83.3 115 254 19.1 

101

0 
SBR 5 119 53 161 16.9 

101

1 
AO+AAO 8 99.3 115 206 21.8 

101

2 
AO+AAO 5.5 102 138 252 17.4 

101

3 
Others 3 110 49.4 160 14.7 

101

4 
AO+AAO 2.646 99.4 47.4 156 16.6 

101

5 
OD 2 110 51.4 170 17.5 

101

6 
Others 5 72.8 41.5 196 10.1 

101

7 
SBR 3.5 99.4 53.5 184 21 

101

8 
SBR 3.5 91.7 84 182 15.2 

101

9 
Others 3 105 62.2 172 13.8 

102

0 
AO+AAO 6 78.3 64.1 162 14.9 

102

1 
AO+AAO 7.5 58 53.9 148 18.8 

102

2 
AO+AAO 26 98.7 80.4 155 24.9 

102

3 
Others 12 82.4 95.7 241 7.74 

102

4 
AO+AAO 10 20.2 73.3 151 16.2 

102

5 
AO+AAO 3.2 69.3 85 230 13 
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102

6 
Others 3 79.8 81.7 191 12.1 

102

7 
Others 3 87.8 99.6 259 12.9 

102

8 
Others 20 95.6 57.3 191 26.9 

102

9 
Biofilm 4 80.5 59.6 189 20.8 

103

0 
Biofilm 0.5 94.2 69.2 186 16.5 

103

1 
Others 4 81 58.6 187 19.4 

103

2 
Others 8 88.2 74.8 200 18 

103

3 
OD 0.5 45.2 69.2 127 16.5 

103

4 
Others 10 101 77.1 182 21.8 

103

5 
OD 4 102 67.7 168 18.4 

103

6 
Others 0.5 42.3 49.7 112 16.4 

103

7 
AO+AAO 8 123 65.3 149 11.3 

103

8 
Wetland 0.4 82.2 35.2 135 7.97 

103

9 
Others 0.4 57.7 37.3 183 13.7 

104

0 
Others 0.2 82.6 96.3 168 24.3 

104

1 
OD 5 95.4 62 140 16.2 

104

2 
SBR 0.5 78.2 58 202 16 

104

3 
Wetland 0.5 72.6 65 148 36 

104

4 
SBR 8 62.9 72.7 184 23.7 

104

5 
AO+AAO 0.8 94.3 65.2 131 30.2 

104

6 
Wetland 0.15 67.4 86.9 140 13.6 

104

7 
Wetland 0.3 75.6 95.7 131 13.3 

104

8 
AO+AAO 1 30.1 30.4 95.6 15.5 

104

9 
AO+AAO 0.3 60.7 45 105 11 

105

0 
Others 2 120 84.1 169 14.3 

105

1 
Wetland 0.3 90.4 60 150 10 

105

2 
Others 5 23.6 47 128 20.7 

105

3 
AO+AAO 5 98.6 39.8 109 19 

105

4 
AO+AAO 6 94 34.2 117 14.9 
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105

5 
AO+AAO 10 39.2 27.5 107 10.7 

105

6 
SBR 8 46.8 38.4 100 10.4 

105

7 
SBR 2 102 25.8 95.2 15.4 

105

8 
OD 4 8.1 40 140 18 

105

9 
OD 5 99.7 40 140 18 

106

0 
AO+AAO 2 77 38.4 99.4 19.1 

106

1 
AO+AAO 2 70.2 60 186 17.7 

106

2 
AO+AAO 2 32.7 19.8 94.4 11.2 

106

3 
AO+AAO 0.5 104 30.7 85.4 13 

106

4 
Others 3 99.4 28.3 104 16 

106

5 
SBR 5 88 24.7 87.3 21.1 

106

6 
SBR 5 86.8 24.7 98.8 15.7 

106

7 
Wetland 2 88.1 41 118 18.2 

106

8 
AO+AAO 2 87.2 42 117 18 

106

9 
AO+AAO 4 93 52.1 127 17.3 

107

0 
AO+AAO 5 55.8 70.4 177 19.9 

107

1 
AO+AAO 8 80.9 68.9 175 18 

107

2 
AO+AAO 1.5 82.7 55.5 125 15.2 

107

3 
AO+AAO 5 26.3 39.5 101 8.93 

107

4 
OD 4 100 35.6 111 19 

107

5 
OD 4 102 39.6 122 21 

107

6 
OD 2 95.7 13.4 73.4 7.75 

107

7 
Others 4 71.5 485 1413 135 

107

8 
Others 1 47.2 5.5 70.2 3.01 

107

9 
Others 3 36 17.3 96.2 9.24 

108

0 
OD 2 102 27.5 118 13.4 

108

1 
Others 1 68.7 11.9 66.4 7.39 

108

2 
Wetland 3 90.4 35 118 18.2 

108

3 
AO+AAO 6 67.5 63.3 126 16.3 
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108

4 
Wetland 1 49.7 16.8 51.4 4.18 

108

5 
AO+AAO 1 53.4 18 52.7 5.02 

108

6 
AO+AAO 1 76.6 22.4 66.2 5.54 

108

7 
Others 1.5 86.2 15.9 43.2 4.55 

108

8 
Others 2 87.3 42.5 136 10.2 

108

9 
OD 2 95.5 60 124 12.4 

109

0 
SBR 4 122 75 200 18.1 

109

1 
OD 5 108 64.1 159 18.2 

109

2 
AO+AAO 10 93.9 54.1 170 17.2 

109

3 
AO+AAO 5 112 65 145 11.8 

109

4 
OD 1.5 75.8 74 153 15.2 

109

5 
AO+AAO 4 90.6 70 168 18.3 

109

6 
SBR 12 120 105 200 20.6 

109

7 
AO+AAO 12 76.7 65.3 145 15.4 

109

8 
OD 4 130 57.3 200 16 

109

9 
SBR 6 101 64.7 127 22 

110

0 
SBR 3 84.9 23.7 99.5 11.5 

110

1 
Others 10 90.7 56.5 140 16.5 

110

2 
Others 10 90.7 56.5 140 16.5 

110

3 
SBR 2 87.6 68.8 173 19.8 

110

4 
Others 1 100 81.5 179 19.9 

110

5 
OD 1 102 57 126 19.7 

110

6 
Wetland 1 71.6 94.6 167 19.2 

110

7 
SBR 2 100 71.1 169 19.8 

110

8 
OD 3 91.6 106 191 23.5 

110

9 
AO+AAO 4 79.5 67.7 165 18.7 

111

0 
Others 9 35.4 84.1 160 20.5 

111

1 
OD 1 86.9 95.7 254 21.7 

111

2 
SBR 4 81.1 67.8 162 20.2 
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111

3 
OD 4 79.9 52 122 11.1 

111

4 
AO+AAO 2 60 69 169 20 

111

5 
Others 10 94 79.2 177 12.9 

111

6 
OD 6 86.1 54.7 164 14.5 

111

7 
Wetland 1.2 68 13.9 50.3 14.2 

111

8 
SBR 1 119 92.8 243 19.6 

111

9 
SBR 1 37.1 35 60.1 13 

112

0 
Biofilm 0.3 88.7 68.9 166 27.7 

112

1 
AO+AAO 10 77.2 144 260 20.4 

112

2 
AO+AAO 4.5 65.8 143 260 20.3 

112

3 
AO+AAO 10 64.4 155 275 26.8 

112

4 
AO+AAO 3.35 95.6 99 179 22.2 

112

5 
SBR 2 55.9 117 217 24.9 

112

6 
AO+AAO 3 105 82 152 8.06 

112

7 
SBR 1 73.1 51 82 10.3 

112

8 
SBR 3 59.5 51.8 90 9.9 

112

9 
SBR 7 103 81 157 15.3 

113

0 
Others 3 85.5 60 161 23.2 

113

1 
AO+AAO 20 69.5 62 160 14.8 

113

2 
AO+AAO 1 92.8 49.8 111 20 

113

3 
OD 1.5 91.3 52 122 18.6 

113

4 
SBR 1 82.6 44.4 132 22.3 

113

5 
AO+AAO 1 96.7 80.2 143 18.7 

113

6 
OD 1.5 84.5 40.5 135 16.7 

113

7 
OD 2 41.9 47.2 112 19.6 

113

8 
Others 30 77.1 149 332 19.7 

113

9 
AO+AAO 1.5 51.9 45 139 18.3 

114

0 
AO+AAO 20 76.4 81.5 176 18 

114

1 
OD 5 41 28.9 75.9 12.9 
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114

2 
Others 8 132 72.7 222 29.1 

114

3 
CAS 1 71.4 48.6 133 11.9 

114

4 
AO+AAO 1.5 55 52.4 160 29.2 

114

5 
Biofilm 1.5 63.9 46.5 155 20.5 

114

6 
AO+AAO 3 34.7 35.5 103 12.1 

114

7 
CAS 1.5 90.4 80.5 274 24.8 

114

8 
AO+AAO 1.5 70.9 15 86.8 11.5 

114

9 
AO+AAO 1.5 29.9 39 110 14 

115

0 
OD 0.5 93.7 40.7 105 19.6 

115

1 
SBR 1.5 65.3 13.8 86.7 12.4 

115

2 
OD 2.5 63.4 20 87.2 13.5 

115

3 
OD 3 83.5 35.9 126 14.4 

115

4 
Biofilm 0.7 78.9 18.6 107 7.31 

115

5 
SBR 2.5 45.1 28.6 131 12.8 

115

6 
SBR 1.4 57.5 20.8 73.2 11.7 

115

7 
SBR 3 77.8 19.8 93.6 12.1 

115

8 
AO+AAO 1.5 65.1 29.5 121 15.6 

115

9 
OD 1 82.5 38.1 116 18.9 

116

0 
OD 1.5 106 21.6 90.4 13.8 

116

1 
AO+AAO 1 54.5 11.8 82.7 10.9 

116

2 
AO+AAO 3 62.2 20.7 85.3 10.8 

116

3 
SBR 6 87.7 65 270 35.2 

116

4 
SBR 6 90.9 56.4 281 15.4 

116

5 
Biofilm 4 63.9 60 167 24.3 

116

6 
OD 2 90.4 94.8 219 30.7 

116

7 
SBR 6 65.3 85.8 210 21.1 

116

8 
SBR 8 100 97.1 217 23.7 

116

9 
AO+AAO 0.8 79.4 89.6 227 29.9 

117

0 
OD 0.6 86.1 73 213 31 
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117

1 
AO+AAO 0.6 105 100 243 33.6 

117

2 
AO+AAO 2 100 41.4 165 5.56 

117

3 
SBR 1.5 70.7 70 221 26.3 

117

4 
OD 1 77 126 270 30 

117

5 
AO+AAO 1 72.9 58.5 189 29.7 

117

6 
SBR 1 50.6 83.8 214 30.9 

117

7 
SBR 1.5 81.6 80 195 17.9 

117

8 
SBR 1 42.5 126 245 41.4 

117

9 
OD 2.5 95.1 72 215 25.7 

118

0 
SBR 0.75 53.3 56 145 17.7 

118

1 
SBR 1 75.1 93 192 34.2 

118

2 
SBR 1 70.5 59.2 188 21.4 

118

3 
SBR 1 70.6 72 196 29.9 

118

4 
SBR 1 62.1 73.4 174 23 

118

5 
SBR 1 59.6 63.6 145 22.6 

118

6 
SBR 1 52.9 98 187 24.5 

118

7 
SBR 0.6 62.4 51 165 22.9 

118

8 
SBR 0.75 42.5 105 242 40.3 

118

9 
SBR 1 72.8 135 234 36.9 

119

0 
SBR 1.5 33.9 126 240 30 

119

1 
Others 1 57 73.2 164 23.3 

119

2 
SBR 1 81.8 81 288 18.8 

119

3 
SBR 0.8 49.7 74.7 194 19 

119

4 
OD 20 84.2 270 700 34.8 

119

5 
AO+AAO 50 75.8 220 420 23 

119

6 
AO+AAO 20 87.2 249 483 35.1 

119

7 
AO+AAO 10 86.1 117 418 28.6 

119

8 
OD 4 97.5 107 236 34.2 

119

9 
SBR 1.5 72.7 151 402 28.2 
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120

0 
OD 8 84 168 462 38.3 

120

1 
OD 3 58.1 175 328 37.9 

120

2 
OD 5 126 180 359 23.4 

120

3 
OD 10 60.9 175 593 17.6 

120

4 
OD 10 115 186 365 27.9 

120

5 
OD 5 92.1 208 728 42 

120

6 
AO+AAO 2.5 89 57.1 255 19.1 

120

7 
OD 1.5 76.5 130 304 42.7 

120

8 
SBR 10 101 246 465 29.8 

120

9 
OD 6 62.3 145 318 46 

121

0 
Biolak 2 38.4 128 280 41 

121

1 
Biolak 2 53.4 221 487 40 

121

2 
Others 1.5 35.6 249 618 67.3 

121

3 
Others 1 70.7 171 453 64 

121

4 
Others 3 46.2 11.2 70.9 105 

121

5 
SBR 3 77.8 120 329 26.3 

 

Table A.31 Mean, maximum and minimum value of wastewater quality for 1215 

WWTPs in China 

Parameter 
Influent BOD concentration 

(mg/L) 

Influent COD concentration 

(mg/L) 

Influent NH4 concentration 

(mg/L) 

Mean value 103.00 248.54 24.65 

Maximum 

value 
540.00 1413.00 268.00 

Minimum 

value 
3.46 5.55 0.43 

 

Table A.32 Mean value and ranges of leachates, and the industrial wastewater quality 

Parameter 
TSS 

(mg/L) 

BOD 

(mg/L) 

COD 

(mg/L) 

TN 

(mg/L) 

Mean value 

Young leachate 1,390 7,478 14,548 2,094 

Medium leachate 277 2,454 8,238 2,179 

Old leachate 327 574 3,953 2,539 

Meat processing wastewater 1,373 1,215 3,282 298 

Tannery wastewater 1,510 1,179 3,696 269 

Textile wastewater 338 255 853 31 

Maximum value Young leachate 2,400 10,800 24,400 2,517 
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Medium leachate 595 5,550 13,646 2,928 

Old leachate 633 1,375 5,200 3,147 

Meat processing wastewater 3,438 1,602 5,422 427 

Tannery wastewater 2,690 1,760 6,240 358 

Textile wastewater 520 455 1,411 49 

Minimum value 

Young leachate 724 4,680 9,310 1,172 

Medium leachate 143 965 4,975 1,365 

Old leachate 30 190 3,105 1,889 

Meat processing wastewater 625 891 1,697 217 

Tannery wastewater 890 463 2,155 132 

Textile wastewater 137 150 513 19 

 

 

 

Table A.33 Treatment systems for different papers 

Paper System Figure Wastewater 
Primary 

treatment 
Secondary treatments 

Tertiary 

treatment 

Unit Energy and 

Cost Comparison 

of Two Treatment 

Systems of 

Young, Medium 

and Old Leachates 

A 3.1 

Young, 

medium and 

old leachate 

Micro 

sieving 

Activated sludge process 

with direct line 

nitrification and 

denitrification process 

Activated 

carbon 

B 3.2 

Young, 

medium and 

old leachate 

Micro 

sieving 

Up-flow anaerobic sludge 

blanket (UASB), partial 

nitrification/Anammox 

(PN/A), and activated 

sludge process with direct 

line nitrification and 

denitrification process 

Activated 

carbon 

Effect of Micro-

Sieving on the 

Unit Energy and 

Cost in Food 

Wastewater 

Treatment System 

A 4.1 

Meat 

processing 

wastewater 

Primary 

clarifier 

or micro 

sieving 

Activated sludge process 

with direct line 

nitrification and 

denitrification process 

 

B 4.2 

Meat 

processing 

wastewater 

Primary 

clarifier 

or micro 

sieving 

Activated sludge process 

with recycle line 

nitrification/denitrification 

 

C 4.3 

Meat 

processing 

wastewater 

Primary 

clarifier 

or micro 

sieving 

Up-flow anaerobic sludge 

blanket (UASB), partial 

nitrification/Anammox 

(PN/A) 

 

D 4.4 

Meat 

processing 

wastewater 

 

Up-flow anaerobic sludge 

blanket (UASB), partial 

nitrification/Anammox 

(PN/A) 

 

E 4.3 

Meat 

processing 

wastewater 

Primary 

clarifier 

Up-flow anaerobic sludge 

blanket (UASB), partial 

nitrification/Anammox 

(PN/A) 

 

F 4.3 

Meat 

processing 

wastewater 

Micro 

sieving 

Up-flow anaerobic sludge 

blanket (UASB), partial 

nitrification/Anammox 

(PN/A) 

 

Treatment 

performance, 

energy, and cost 

analysis of 

A 5.1 

Meat 

processing 

wastewater, 

tannery 

Primary 

clarifier 

Activated sludge process 

with direct line 

nitrification and 

denitrification process 
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energy-positive 

wastewater 

treatment systems 

for different 

industrial 

wastewaters 

wastewater 

and textile 

wastewater 

B 5.2 

Meat 

processing 

wastewater, 

tannery 

wastewater 

and textile 

wastewater 

Micro 

sieving 

Up-flow anaerobic sludge 

blanket (UASB), partial 

nitrification/Anammox 

(PN/A), and activated 

sludge process with direct 

line nitrification and 

denitrification process 

 

Last section: Unit 

energy and cost of 

systems with 

innovative 

technologies for 

treating leachate 

and industrial 

wastewater 

A 3.2 

Young, 

medium, old 

leachate, 

meat 

processing 

wastewater, 

tannery 

wastewater 

and textile 

wastewater 

Micro 

sieving 

Up-flow anaerobic sludge 

blanket (UASB), partial 

nitrification/Anammox 

(PN/A), and activated 

sludge process with direct 

line nitrification and 

denitrification process 

Activated 

carbon 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



283 

 

Table A.34 Unit energy consumption with different operation loading rate 

Operation loading rate (%) 0-20 20-40 40-60 60-80 80-100 >=100 

SBR 6.189 2.631 1.771 1.638 1.225 1.464 

OD 9.349 3.596 2.332 1.713 1.625 1.625 

AO+AAO 5.119 3.653 2.170 1.697 1.531 1.575 

Biolak  2.820 1.447 1.755 1.556 0.933 

AS   3.095 1.383 1.011 0.792 

Biofilm  1.745 1.590 2.524 1.418 1.294 

Wetland   2.496 1.988 1.388  

Others 2.257 1.945 2.417 1.208 1.485 1.717 

MBR 2.698   2.210 2.483 1.043 

 

Table A.35 Unit energy consumption with different COD removal efficiency 

COD removal efficiency (%) 60-70 70-80 80-90 90-100 

SBR 4.634 2.275 1.618 1.296 

OD 12.241 3.422 1.850 1.284 

AO+AAO 6.157 4.178 1.769 1.466 

Biolak  3.478 1.748 1.348 

AS   2.252 0.943 

Biofilm  1.782 2.043 1.303 

Wetland 5.151 1.277 1.746 1.086 

Others 4.054 3.450 1.486 1.276 

MBR   2.210 2.279 

 

Table A.36 Unit energy consumption with different influent COD concentration 

Influent COD concentration (mg/L) 0-150 150-250 250-450 450-1000 

SBR 2.846 1.408 1.310 0.629 

OD 3.010 1.525 1.292 0.828 

AO+AAO 3.894 1.780 1.291 0.770 

Biolak 3.823 1.573 1.395 0.667 

AS 2.810 1.887 0.937  

Biofilm 3.830 1.691 1.342 1.044 

Wetland 2.364 1.120 1.315  

Others 2.952 1.631 1.189  

MBR  2.584 2.783 1.182 
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Figure A.10Actual and theoretical unit energy consumption per m3 flow rate of WWTPs 

with AO+AAO technology 
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Figure A.11 Actual and theoretical unit energy consumption per m3 flow rate of WWTPs 

with OD technology 
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Figure A.12 Actual and theoretical unit energy consumption per m3 flow rate of WWTPs 

with SBR technology 
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Figure A.13 Unit energy consumption with different operation loading rate 
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Figure A.14 Unit energy consumption with different COD removal efficiency 
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Figure A.15 Unit energy consumption with different influent COD concentration 
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Figure A.16 BOD/COD ratio of leachate and industrial wastewater 
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Figure A.17 BOD concentration of leachate and industrial wastewater 
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Figure A.18 Excel model of leachate treatment system for treating young leachate 

 

Figure A.19 Summary of capital and O&M cost of unit process in treatment system 
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Figure A.20 Energy consumption as a function of daily N removal 

 

Figure A.21 Unit energy consumption of leachate treatment system 
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Figure A.22 Energy production as a function of daily BOD removal 

 

Figure A.23 Unit energy production of leachate treatment system 
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Figure A.24 Unit cost of leachate treatment system 

  

Figure A.25 Unit energy consumption of WWTPs in China 
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loading rate, energy consumption, influent and effluent COD, 

BOD5, and NH4+-N concentrations were collected. 

-A novel index of total oxygen demand was developed for 
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