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•  Energy	and	Power	Units	
•  Electrical	energy	
•  Chemical	Energy	of	COD	
•  Hydraulic	energy	and	pumping	
•  Aera>on	energy	
•  Energy	recovery	from	digester	gas	
•  Social	cost	of	energy	(carbon)	



Energy Conversion 

1 BTU = 1054.4 Joules (=~1 kJ) 
1 BTU = 778.15 ft-lbf = 1.355 J 
1 kW-hr = 3600 J = 3412 BTU 
1 calorie = 4.184 J;  1 Calorie = 1000 calories! 
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𝑭𝒐𝒓𝒄𝒆=𝒎𝒂𝒔𝒔∙𝒂𝒄𝒄𝒆𝒍𝒆𝒓𝒂𝒕𝒊𝒐𝒏   

[𝒌𝒈∙ ​𝒎/​
𝒔↑𝟐  ]=𝑵𝒆𝒘𝒕𝒐𝒏𝒔  

[𝑵∙𝒎]=𝑱𝒐𝒖𝒍𝒆𝒔     

[𝒇𝒕∙ ​𝒍𝒃↓𝒇 ] 
[𝑩𝑻𝑼] 

𝑾𝒐𝒓𝒌=𝑭𝒐𝒓𝒄𝒆∙𝒅 



Power Conversion 

1 W = 3.414 BTU/hr 
1 hp = 550 ft-lb/s 
1 hp = 745.7 W (=~ 0.75 kW) 
1 hp = 17.9 kWh/day 
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S.I. Unit:  [​𝑱𝒐𝒖𝒍𝒆𝒔/𝒔𝒆𝒄𝒐𝒏𝒅 ]=[​𝒌𝒈∙ ​
𝒎↑𝟐 /​𝒔↑𝟑  ]=𝑾𝒂𝒕𝒕𝒔 

 

   𝑷𝒐𝒘𝒆𝒓= ​𝑬𝒏𝒆𝒓𝒈𝒚/𝒕𝒊𝒎𝒆  
 



Electrical Power 

Volts	=	Energy	per	unit	charge	=	 ​𝐽𝑜𝑢𝑙𝑒𝑠/𝐶𝑜𝑢𝑙𝑜𝑚𝑏 	
	(1	Coulomb	=	6.24*1018	charges)	

	
Current	=	Flow	of	charge	per	unit	>me	=	 ​𝐶𝑜𝑢𝑙𝑜𝑚𝑏/𝑠𝑒𝑐𝑜𝑛𝑑 	
	
Power	=	Energy	per	unit	>me	=	Joules/second	=	WaQs	

​𝐽𝑜𝑢𝑙𝑒𝑠/𝑠𝑒𝑐𝑜𝑛𝑑 =𝑊𝑎𝑡𝑡𝑠= ​𝐽𝑜𝑢𝑙𝑒𝑠/𝐶𝑜𝑢𝑙𝑜𝑚𝑏 ∙ ​𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑠/𝑠𝑒𝑐𝑜𝑛𝑑 	

𝑃=𝐸∙𝐼	

120𝑉∙20𝐴𝑚𝑝𝑠=2400 𝑊	



Bad energy unit #1 

 ​𝑘𝑊/ℎ𝑟 = ​𝑘𝐽/𝑠𝑒𝑐/ℎ𝑟 = ​𝑘𝐽/​𝑠𝑒𝑐↑2  ∙ ​
1/3600  
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 𝑘𝑊= ​𝑘𝐽/𝑠𝑒𝑐𝑜𝑛𝑑  

 What is a kW per hr? 



Bad Energy Unit #2: 

•  Note:	A	12,000	BTU/hr	A/C	actually	uses	only	
about	1,170W	

•  Electric	Power	Usage	=		
								Cooling	power/Coefficient	of	Performance	

•  COP	is	typically	about	3	

✓	

GE	12,000	Bri>sh	Thermal	
Unit	WINDOW	AIR	
CONDITIONER	WITH	

REMOTE	
•  BTU	per	What?	
•  12,000	BTU/second	=	4.2	MegaWaQs!	

•  12,000	BTU/hour	=	3,515	WaQs	

•  EER	=	(Cooling	Power	in	BTU/hr)	/	(Electric	Power	in	W)	
•  In	this	example,	EER	=	12,000/1,170	=	10.2	

•  Window	air	condi>oner	unit	ra>ng	
•  E.g.	12,000	“BTU”	



Simple WWRF Energy Balance 

•  Chemical energy input (COD) 
•  Pumping energy 
•  Aeration energy 
•  Energy from digester gas 
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Energy from Influent COD 
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Influent flow rate 100,000          cu m/d
 = 26.4 MGD

Influent VSS 96 g/cu m
Energy/COD 4 kWh/kgCOD
Influent COD Conc. 136 g/cu m
Influent COD Flux 13,632            kg/d
Energy input 54,528            kWh/d



Hydraulic Energy Grade Line 

h 
TDH SH 

NPSH 

SH 



Hydraulic Grade Line 

Credit:	Ethan	Gehenio	

Nominal	headloss	through	plant:	5.5	meters	(18	feet)	



Water Power 

s
lbsday

gal
lbs

day
galW 2550

sec400,86
34.8104.26 6 =×××=!

s
lbftft

s
lbhMP LW

⋅
=×=⋅= 010,46182550!

Water Power: 

E.g. Pumping 26.4 MGD against a head change of 18 feet: 

hp
lbft
shp

s
lbftPW 7.83

550
010,46 =

⋅
⋅

×
⋅

=

​𝑃↓𝑊 = ​𝑊 ∙ ​ℎ↓𝐿 =𝑄∙𝜌∙ ​ℎ↓𝐿 	



Brake horsepower 

P

W
B

PP
ε

=

E.g. If the previous pump were 80% efficient: 

bhphpPB 6.104
%80
7.83

==



Motor horsepower 

MP

W

M

B
M

PPP
εεε

==

E.g. If the motor were 85% efficient: 

hphpPM 123
%85
6.104

==

Note: 1 hp = 0.746 kW = 17.9kWh/d; so 

daykWhkW
hp
kWhpPM /220275.91746.0123 ==⋅=

2202 ​𝑘𝑊ℎ/𝑑𝑎𝑦 ∙ ​$0.15/𝑘𝑊ℎ =$330 𝑝𝑒𝑟 𝑑𝑎𝑦=$120,565 per year	



Actual Pump 
Performance 
  
– The Pump   
   Curve 



Simplified Pump Curve 

0

20

40

60

80

100

120

140

160

180

200

0 2 4 6 8 10 12 14 16 18 20 22 24

Capacity (100 gpm)

To
ta

l H
ea

d 
(f

t)

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

90.0%

100.0%

Ef
fic

ie
nc

y

lbft
shpft

s

gal
lb

d
galPW

⋅

⋅
⋅××

×=

550
138

60
min

34.81400

e 

H 

What will be the TDH, efficiency, and power requirement of this pump at 1400 gpm? 

TDH = 138 ft 

e = 84% 

PW = 48.8 hp 

84.0
8.48 hpPP

P

W
B ==

ε

PB = 58.1 hp 



S.I. Headloss Calculation 

​𝑃↓𝑊 = ​𝑀 𝑔∆ℎ	

​ℎ↓𝐿 =𝑔∆ℎ	

​𝑃↓𝑊 =𝑄∙𝜌∙ ​ℎ↓𝐿 = ​𝑀 ∙ ​ℎ↓𝐿 	

Influent flow rate 100,000          cu m/d
 = 26.4 MGD

Mass flow rate 1,157.41         kg/s
hL 5.5 meters
g 9.8 m/s/s
Pw 62,384            kg-m2/s3 [W]
Pw 1,497              kWh/day

Pump efficiency 80%
Motor efficiency 85%
Pumping power req'd 2,202      kWh/day



Empirical aeration system design 
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eMF
XV
S)(SQU ⋅=

⋅
−⋅

≡ /0

c

USOUR
θ
42.1

−=

  

 

 [per day] 

 𝑂𝑇𝑅=𝑂𝑈𝑅=𝑆𝑂𝑈𝑅∗𝑋          [kg/m3/day] 

 
Fine bubble diffuser: 
 

     1.2<𝑂𝑇𝐸<2.0                  [kgO2/kW-hr] 

 
      𝑂𝑇𝑃=𝑉∙ ​𝑂𝑇𝑅/𝑂𝑇𝐸                 [kW-hr/day] 

 [per day] 

Q       100,000  cu m/d 
 =  26.4 MGD 

S0 120 g/cu m 
S 5.4 g/cu m 

X (MLVSS)           1,110  g/cu m 
V         25,000  cu m 
      

F/M 0.43 per day 
MCRT 6.77 days 

      
eB 95.5%   
U 0.413 per day 
      

SOUR 0.203 per day 
OTR=OUR 225.5 g/cu m/d 

OTE 1600 gO2/kWh 
      

OTP           3,524  kWh/day 



Sludge production mass balance 
Primary removal 40% VSS removal
Underflow VSS flux 3,840              kg/d

Act. Sl. Waste Flow 871                 cu m/d
Waste VSS Conc. 3,331              g/cu m
Waste VSS flux 2,901              kg/d

VSS flux to digester 6,741              kg/d

Digester HRT 20 d
kd 0.03 per d
Kp 0.625
VSS flux out of dig. 4,212.91         kg/d
VSS destruction rate 2,528              kg/d



Energy recovery from digester gas 

Digester HRT 20 d
kd 0.03 per d
Kp 0.625
VSS flux out of dig. 4,212.91         kg/d
VSS destruction rate 2,528              kg/d

Qgas 2,528              cu m/d
E dig gas 22,000            J/cu m
Power from gas 55,610,410      J/d

15,447            Kwh/d
Engine eff 30%
New Digester Power 4,634              Kwh/d



The Social Cost of Carbon 

Social Cost of CO2, 2015-2050 a (in 2007 dollars per metric ton 
CO2) 
hQps://www.epa.gov/climatechange/social-cost-carbon		

Emission Factor 
7.03 × 10-4 metric tons CO2 /
kWh 
(eGRID, U.S. annual non-baseload 
CO2 output emission rate, year 2012 data) 
 
= 703 g CO2e/kWh 
 
Using $42/tonne CO2e 
Social cost of electricity = 
$0.0295/kWh 
 
At $0.15/kWh → 20% of electric 
cost 

		 																		Discount	Rate	and	StaAsAc	

Year	 5%	Average	 3%	Average	 2.5%	Average	
High	Impact	

(95th	pct	at	3%)	

2015	 $11		 $36		 $56		 $105		

2020	 $12		 $42		 $62		 $123		

2025	 $14		 $46		 $68		 $138		

2030	 $16		 $50		 $73		 $152		

2035	 $18		 $55		 $78		 $168		

2040	 $21		 $60		 $84		 $183		

2045	 $23		 $64		 $89		 $197		

2050	 $26		 $69		 $95		 $212		



WRRF Net Power 
ENERGY BALANCE kWh/day
COD power 54,528     
Hydraulic power (2,202)     
Aeration power (6,533)     
Net digester power 4,634      
NET 50,427     

ELECTRICITY REQUIREMENT:
Pumping 2,202      
Aeration 6,533      
Digester gas credit (4,634)     
TOTAL 4,101      
COST/day ($.15/kWhr) 615$       224,526$      

SOCIAL COST OF CARBON
Cost per kWh 0.0295$   
TOTAL (per day) 121$       44,157$       

(per	year)	

(per	year)	



Whitehouse Global Warming Web Site 
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Thank you 

David A. Vaccari 
dvaccari@stevens.edu 
Department of Civil, 
Environmental and  
Ocean Engineering 


