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1. Major equipment selected for Jordan petroleum refinery proposed treatment plant (TP):
1.1 Selection criteria for the core of the TP: 

Electrocoagulation (EC) reactors have been selected basing on the following reasons:
· EC is most commonly used in the oil and gas industry to remove emulsified oil, total petroleum hydrocarbons, suspended solids, and heavy metals (Martin 2014). It can process all the aforementioned multiple contaminants in just the chamber of the EC (GENESIS WATER TECHNOLOGIES 2019).   

· [bookmark: _GoBack]In addition to having the ability of removing particulate Chemical Oxygen Demand (COD) (Garcia-Morales et al. 2018) it removes also soluble COD from wastewater which contains petroleum hydrocarbons (Asselin et al. 2008). Soluble COD might contain recalcitrant compounds and its removal by EC is an advantage. Having the ability to remove both types of COD is a privilege and is the primary purpose for wastewater treatment (Jimenez et al. 2005). 

· It has low maintenance costs because the system is not easily damaged due to not containing moving parts. Moreover, the metal blades within the reactor can be easily cleaned and replaced inexpensively (GENESIS WATER TECHNOLOGIES 2019). 

· EC does not need any addition of coagulants since they are generated in situ. Therefore, purchase, transportation, storage, and handling costs of chemical coagulants are not contained in the process. It is expected to be more economical than conventional chemical coagulation (Abuzaid et al. 2002).  
1.1.1 Characteristics of EC reactor
Based on the bench-scale trials performed in this work we provided a company called Waterneer  the results of our tests in addition to the characteristics of the EC reactor that gave the highest removal percentages for the different wastewater quality parameters studied relevant to using 4 Aluminum and 4 stainless steel electrodes at 10 Amp, 5 minutes reaction time, 10 mm inter-electrode distance and in bipolar electrode configuration and plate dimensions of 181 X 103 mm for the treatment of synthetic JRWW along with the required wastewater volumetric flow rate (53.3 m3/hr) and provided us with the characteristics of the full-scale EC reactor which are as follows: 
· 3 EC reactors each capable of treating 53.3 m3/hr of refinery wastewater
· The residence (reaction) time is 5 minutes per EC reactor at a flow rate of 53.3 m3/hr
· Bipolar electrode configuration
· Feed pump per EC reactor pumping 53.3 m3/hr @ 10 m total head
· Total metal blade area is 38.4 m2 per EC reactor
· Number of metal blades is 16 per EC reactor (8 metal blades Aluminium and 8 metal blades stainless steel)
The wastewater from Jordan petroleum refinery is only mechanically treated (Mohsen and Jaber 2002) and some quality parameters of the wastewater discharged is given in Table SM1. The final use of the mechanically treated wastewater from Jordan petroleum refinery is for irrigation (Mohsen and Jaber 2002) and norms for using treated wastewater for irrigation in Jordan are shown in Table SM2.    
                                      
                                       Table SM1 Some wastewater quality parameters of Jordan petroleum
                                    refinery (The Hashemite Kingdom of Jordan Environment Statistics 
                                      
                                 2014-2015 (2018))
	Parameter
	Actual Jordanian refinery wastewater qualitya

	HCO3, ppm
	568

	Phenol, ppm
	0.036

	TDS, ppm
	5339

	Fat, Oil, & Grease (FOG), ppm
	Less than 8

	TSS, ppm
	32

	COD, ppm
	430

	BOD5, ppm
	54

	pH
	8.43


         
          Table SM2 Norms for using treated wastewater for irrigation in Jordan (Standards for wastewater re-
            use-Jordan) 
	Parameter
	Allowable limit per end use in ppm

	
	Cooked Vegetables, Parks, Playgrounds and  Sides of Roads within city limits (A)
	Fruit Trees, Sides of Roads outside city limits, and landscape (B)
	Field Crops, Industrial Crops and Forest Trees (C)
	Cut Flowers (D)

	BOD
	30
	200
	300
	15

	COD
	100
	500
	500
	50

	TSS
	50
	200
	300
	15

	Fat, oil& grease (FOG)
	8
	8
	8
	2

	Phenol
	Less than 0.002
	Less than 0.002
	Less than 0.002
	Less than 0.002

	Bicarbonate
	400
	400
	400
	400

	pH
	6-9
	6-9
	6-9
	6-9



Since the discharged wastewater quality parameters (phenol and bicarbonate) for Jordan refinery does not comply with the norms A, B, C, and D in Table SM2,  it has been decided to select the most stringent norms (category D) so that the treated Jordan refinery wastewater (JRWW) using EC the reactor yields quality parameters at or below the aforementioned norms. 
The design life of the EC reactors is 20 years [According to A. Syal (personal communication, 10 August 2021)]. Moreover, the TDS remains the same during EC treatment (5339 ppm) and the cut flowers that can be used for irrigation with EC treated wastewater are of the salt-tolerant type. Examples of these are Celosia argentea var. cristata (L.) Kuntze “Chief Rose” and “Chief Gold”, Matthiola incana (L.) R. Br. “Cheerful White” and “Frolic Carmine” (Carter and Grieve 2008).       

1.2 Selection criteria of clarifier
A lamella (inclined plate) clarifier has been selected to remove the solids from the treated wastewater leaving the EC reactors because of the following reasons: 
· Reduction in costs due to lower land area requirement (lower footprint) when compared to conventional clarifiers (Saleh and Hamoda 1999)
· Has higher removal efficiency than conventional clarifiers (Costle et al. 1980).
· Installed costs for lamella clarifiers are up to one half that of conventional systems of similar capacity (General Inclined Plate Clarifier Overview).  
· Up to 50 % reduction in cost of sedimentation basins when compared to conventional clarifiers (General Inclined Plate Clarifier Overview). 
No means (charts or equations) was available in literature to estimate the cost of lamella clarifiers. Therefore, the cost of two of them each of 81.76 m3/hr (360 US gallons per minute) design flow has been obtained from WWE Water& Wastewater Equipment Company (http://wwe-co.com/). They have the following characteristics:
· Flash Mix/Flocculation Tank
· Inlet size-25.4 cm  (10”) flange
· Plate Area- 156.06 m2 (1680 square feet) 
· Physical size-3.66 m (12’) length x 5.79 m (19’) width x 3.556 m (11’8”) height
· One (1) 186.4 Watt (0.25 horse power (hp)) flash mixer
1.3 Slurry storage tank selection

A slurry storage tank is installed before the inclined plate clarifiers, slurry pumps, and polymer station (Fig. SM1) due to the following reason:
· To store the slurry when major equipment after slurry tank are idle due to maintenance requirements
The capacity of the tank is determined according to the amount of slurry/sludge loaded into and drawn off from it, their transfer process (continuous, intermittent), and the storage time required for operation & maintenance [Central Public Health& Environmental Engineering Organization (CPHEEO)]. The amount of slurry loaded into and drawn off will be the same and the transfer process is continuous. Therefore, the capacity of the slurry tank is determined according to the storage time required for maintenance. The lamella clarifiers, slurry pumps, and polymer station after slurry tank are the major equipment. If subjected to maintenance, slurry will accumulate in the tank. Table SM3 outlines a general maintenance schedule for lamella clarifiers, slurry pumps, and polymer station. 
Table SM3 General maintenance table for major equipment after slurry tank
	Major equipment
	Type of maintenance
	Number of times maintenance is performed per year
	Maintenance time per maintenance in minutes
	Average maintenance time per maintenance in minutes

	Slurry pump
	Packing seal changea
	11a
	30-60a
	45

	
	Bearing changea
	1a
	30-90a
	60

	
	Oil changea
	Weeklya
	Performed while the pump is runninga

	
Lamella Clarifier
	Hose down the sides and between the plates and inspecting the coating and plates of the clarifierb
	2b
	1,200b
	--

	Polymer Station
	There is no yearly maintenancec  


a According to Z. Qin (personal communication, 10  April 2020) b According to J. Titus (personal communication, 26 November 2019) c According to C. Vanderbeken (personal communication, 24 May 2020) 
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Fig. SM1 EC TP schematic. Abbreviations are as follows: ECR stands for electrocoagulation reactor, AT stands for adjacent tank, SST stands for   slurry storage tank, PS stands for polymer station, LC stands for lamella clarifier.  


The highest maintenance time is for lamella clarifiers. Therefore, the capacity of the slurry tank is found according to this maintenance time. Slurry tanks can often consist of above-ground cylindrical tanks made of either steel or concrete (Oliver et al. 2007). Above-ground tanks made from concrete are selected since they are cheaper than steel tanks of the same capacity (Couper et al. 2005). In a period of 20 hours, the time when lamella clarifiers are idle, 3,200 m3 of slurry will accumulate in the tank [Jordan Refinery Company has a wastewater flow of 160 m3/hr (Mohsen and Jaber 2002)] and an additional 100 m3 will be assumed to be present continuously in order to have a total capacity of 3,300 m3 so as to be consistent with the typical slurry tank capacity and diameter of Irish Industrial Tanks LTD (2019). Table SM4 lists values for the typical diameters, capacities, and freeboard of cylindrical slurry tanks. The freeboard creates a clearance above the maximum level in slurry tank being 30 cm. 

  Table SM4 Typical diameters, capacities, and freeboard of cylindrical slurry tanks
	Diameter (m)a
	Capacitya
(m3)
	Freeboarda
(m3)
	% fillb

	25.62
	2,900
	154.64
	94.94

	26.47
	3,096
	165.12
	94.94

	27.32
	3,299
	175.94
	94.94

	28.18
	3,508
	187.11
	94.94


  a Irish Industrial Tank LTD (2019) b Calculated   

For the situation presented here the tank diameter and % fill are 27.32 m and 94.94 %, respectively. From the aforementioned information a slurry tank volume and height of 3,476 m3 and 5.93 m, respectively, is calculated. In order to prevent solids settling and maintain the slurry homogenous, the tank has been equipped with hydraulic mixing by recirculation pumping. The mixing pump capacity is calculated according to equation 1.1 [United States Environmental Protection Agency (US EPA) (1985)]:

                               

where MP is the mixing power (Watt), EF is the efficiency of mixing pump [dimensionless (default value = 0.7 (US EPA (1985)))], TDH is the total dynamic head of the pump [meter (default value = 7.62 m (25 ft)) US EPA (1985)))], 956 is the density of sludge/slurry (kg/m3) found experimentally, 6.1183 conversion factor (Watt to kg-meter/min).

The mixing power is calculated according to equation 1.2 [US EPA (1985)]:

                                                        

where ME is the mixing energy in Watt/m3, and sludge volume is its volume in m3. 

A recent mixing energy figure for sludge in a holding tank is 8 Watt/m3 (Interim Report 2019). A 26400 Watt maximum mixing power is required to maintain slurry homogenous and prevent solids settling. The mixing pump capacity is 31.68 m3/min. The concrete slurry tank will be 0.5 meter above ground. This is in order to be able to connect a pipe from the bottom of the tank to the pumps pumping to lamella clarifiers (Fig. SM1).  

1.4 Selection of the sludge dewatering machine:

The most prominent techniques for sludge dewatering are (AQS environmental solutions)
· Centrifuge
· Plate and frame filter press
· Belt filter press
· Geomembrane
The criterion for selecting one machine from these prominent techniques was based on performing cost calculations that consist of capital, operation, and maintenance (O&M) costs. The Geomembrane has not been considered due to unavailability of information for cost estimation. The technique that had the lowest capital and O&M costs was selected for sludge dewatering. Equations for calculating the construction and O&M costs have been obtained from Sharma (2010). Capital costs (Cap. C) have been estimated as 28 % higher than construction costs (Sharma 2010). The latter are computed for September 2009. Percentages exist for each equipment that split the construction and O&M costs into several components which can be adjusted to suit the Jordanian case. Table SM6 shows the construction cost (CC) equations for the sludge dewatering equipment with component cost percentages, while Table SM7 shows the O&M costs with component cost percentages. As aforementioned the CCs of the sludge dewatering equipment are for September 2009 and are updated to a future year 2022. The latter is defined as the opening year of the wastewater TP in Jordan. The construction and O&M costs are updated using Engineering News Record Construction Cost Index (ENR CCI). ENR CCI for September 2009 has a value of 8586 (Sharma 2010). In order to update the data to a future date a plot of ENR CCI index values against time is shown in Fig. SM2. The data was fitted to a function that gives an equation with a high coefficient of determination. The function can be used to predict a future value of ENR CCI via extrapolation up to the year 2022. Data for ENR CCI index values from the year 1929 to 2018 were taken from Zevin (2019).

The fitting function has been found to be 

                                  

where x is in years. The predicted annual average ENR CCI value for the year 2022 is about 11971.  
The CCs include a component that is the labor requirement for installing the manufactured equipment and the remaining associated accessories. The O&M costs include annual energy, labor, and maintenance material requirements. Labor and energy costs need to be adjusted to suit the Jordanian conditions and updated to the year 2022. Maintenance materials costs have been updated to the year 2022.  
                   
                   Fig. SM2 Annual average ENR CCI index values vs. time in years (blue diamonds)  
                   including the function which fits the data (solid line) with a coefficient of
                   determination of 0.995

In order to apply the equations in Table SM6 and SM7 the volumetric sludge generation rate from the treatment of JRWW using EC is determined experimentally. Additionally, the dry solids content of sludge can be calculated using formula 1.4 (Von Sperling and Gonçalves 2007):     
        

The core of the wastewater TP is the EC reactor and is the source of sludge. The quantity of sludge produced per cubic meter of JRWW treated using EC has been determined experimentally and was found to be 2.9 kg sludge/m3 wastewater treated when aluminum is used as anode in the EC reactor and stainless steel as cathode (there where 8 electrodes in the EC reactor 4 are aluminum and 4 stainless steel) in bipolar electrode configuration at a current of 10 A and a reaction time of 5 minutes. The compaction of sludge generated from the treatment of JRWW using polyacrylamide (PAM) cationic Anafloc 6691 flocculating agent has been performed. Table SM5 shows the results of sludge compaction using the aforementioned polymer. It has been decided to use the settling experiments in the presence of a polymer flocculant because more solids have been settled out as compared when no polymer is used during settling.             
       Table SM5 Compaction of electrocoagulated JRWW sludge flocculated with Anafloc 6691 vs. time for   
       aluminum (10 A) in bipolar configuration. Anafloc 6691 concentration 0.001 g/L.   
	Settling time (min)
	Settled sludge volume (mL/L)

	0
	1000

	10
	168

	20
	160

	30
	152


            
The dry sludge produced relevant to Table SM5 has been determined to be 2.9 kg dry solids/(m3 wastewater) as aforementioned. The lamella clarifiers to be used in the proposed JRWW EC TP are as aforementioned from WWE water and Wastewater Company. They require 1 to 2 minutes of flocculation (retention) time while competitive clarifiers require a flocculation time of 10 to 20 minutes (General Inclined Plate Clarifier Overview), an average time of 15 minutes is required by competitive clarifiers for flocculation. From Table SM5 and at 15 minutes sedimentation time a sludge volume of 164 ml/(L wastewater) can be computed. The slurry/sludge density produced during treatment of JRWW through EC using aluminum as anode (10 A) in bipolar electrode configuration was determined experimentally to be 956 kg/m3. Using equation 1.4 the % dry solids can be computed in the sludge relevant to Table SM5 (1.85 %). This % dry solid content is the solids content of sludge before dewatering. The 164 ml/L number is going to be used for sludge volumetric flow rate calculations coming from the bottom of the inclined plate clarifier. 

                Table SM6 Equations for estimating the construction cost of sludge dewatering equipment for 3785 to 757000 m3 per day water treatment plants (Sharma 2010)                                                                                                                                                                                                                                                                       
	Treatment unit
	Construction Cost (CC) Equations
	Equation number
	Component Cost-Percentages
	Applicable Ranges of x

	
	
	
	A
	B
	C
	D
	E
	Minimum
	Maximum

	Filter press
	
	1.5
	61
	21
	1
	1
	16
	0.122
	25.37

	
	x= total filter press volume, m3
	
	
	
	
	
	
	

	Decanter Centrifuge
	
	1.6
	50
	19
	7
	1
	23
	0.038
	1.892

	
	x= machine capacity, m3 per minute
	
	
	
	
	
	
	

	Belt filter press
	
	1.7
	65
	24
	3
	
	8
	0.057
	1.703

	
	x= machine capacity, m3 per minute
	
	
	
	
	
	
	

	CC=September 2009 construction cost, A=manufactured equipment, B= labor, C=pipe and valves, D=electrical equipment and instrumentation, E= housing. 



              Table SM7 Equations for estimating the operation and maintenance costs of sludge dewatering equipment applicable for 3785 to 757000 m3 per day      water TPs (Sharma 2010) 
	Treatment unit
	Operation and Maintenance Cost (O&MC) equations
	Equation number
	Component Cost-Percentages
	Applicable ranges of x

	
	
	
	F
	G
	H
	Minimum
	Maximum

	Filter press
	
	1.8
	10
	88
	2
	0.122
	25.37

	
	x= total filter press volume, m3
	
	
	
	
	

	Decanter Centrifuge
	
	1.9
	27
	61
	12
	0.038
	1.892

	
	x= feed sludge flow rate, m3 per minute
	
	
	
	
	

	Belt filter press
	
	1.10
	30
	62
	8
	0.057
	1.703

	
	x= feed sludge flow rate, m3 per minute
	
	
	
	
	

	F = Electricity Cost at US $ 0.0981/kWh, G= labor cost at US $ 45.82/hr, H= Maintenance Material cost (F and G costs are for September 2009 in the United States).  



The sludge flow can be computed to be 629.76 m3/day. The sludge flow from the bottom of lamella clarifier  is now known, but the filter press volume is required to enable us to compute CC and operation and maintenance costs (O&MC) for the filter press and compare these costs with the ones relevant to decanter centrifuge and belt filter press. Universal Filtration and Pumping Solutions, Inc. published curves from which one can estimate the latter volume based on the % dry solids content and m3 of sludge processed per cycle by the filter press. For 2 % (1.85 % ≈ 2 %) dry solids content, the relationship between filter press volume and m3 of sludge processed per cycle is shown in Fig. SM3. 

                           
                          Fig. SM3 Press volume per cycle vs. m3 of sludge per cycle for sludge dry solids 
                          content of 2 % (the data was taken Universal Filtration & Pumping Solutions, Inc.) 

Linear regression of the data in Fig. SM3 resulted in an equation with a coefficient of determination of 1 given by
                       

Where x is m3 of sludge per cycle fed to filter press. Since the sludge produced per day from lamella clarifiers is 629.76 m3 and the filter press operating cycle varies from 3 to 5 hours (Gonçalves et al. 2007), an average operating cycle of 4 hours (6 cycles per day) is used for computing a sludge processing per cycle of 104.96 m3. Using the latter number, a filter press volume of about 7.72 m3 is computed using equation 1.11. CCs have been updated to 2022 and afterwards the labor component of the latter is adjusted in order for it to be relevant to the Jordanian average hourly labor wage. Housing costs have been neglected since it contains labor and material costs summed together and no means were available to separate these two. The average monthly wage in Jordan for the manufacturing, mining, and energy sector for the year 1987 is 101.44 Jordanian Dinars (JD) (Abu Jaber et al. 2018). This hourly labor wage can be computed from the aforementioned average monthly wage. Knowing that the refinery in Jordan operates 24/7 (Jordan petroleum refinery website 2020) and assuming that the operating person at the proposed wastewater TP works 8 hour per shift, an hourly wage rate of 0.422 JD (US $ 0.596) can be computed for the year 1987. Electricity costs, for the Jordan Petroleum Refinery, being a large industry, for the year 2012 averages 0.085 JD/kWh (Regional Center for Renewable Energy and Energy Efficiency (RCREEE) 2012). The aforementioned costs in Jordan are adjusted to the year 2022 using the ENR CCI (United States Environmental Protection Agency (US EPA) 1985). Table SM8 shows the Cap. C for three dewatering equipment and its adjusted values to suit the Jordanian case, while Table SM9 shows the O& MC for the three dewatering equipment along with the adjusted O& MC to suit the Jordanian case. Tables SM8 and SM9 show that the decanter centrifuge has the lowest capital and O&M cost from all. Therefore, the decanter centrifuge has been selected for dewatering the sludge taken from lamella clarifiers. It should be noted that the Cap. C calculated using equation 1.6 includes the Cap. C of the associated polymer station (Sharma 2010).  

1.5 Polymer station for lamella clarifiers selection 
The polymer station PAM cationic ANAFLOC 6691 mass flow rate is calculated basing on 0.000345 kg PAM cationic flocculant/kg DS as demonstrated here:


                                                                                      

There are two cases for mass flow rate of PAM cationic ANAFLOC to lamella clarifiers:
1. 
2. 
The mass flow rate of polymer solution with a 0.02 wt. % PAM cationic = 0.16/0.0002 = 800 kg polymer solution/hr (@160 m3/hr) or 817.5 kg polymer solution/hr (@ 163.53 m3/hr). 

Dilute polymer solutions have a specific gravity less than 1.02 (TRAMFLOC, INC. 2019). Therefore, the polymer solution is considered to have the specific gravity of water.  

 
SP 1000 dry polymer station has a maximum capacity of 1000 liters polymer solution/hr (DRYCAKE centrifuge Brochure) which would be suitable for our case.  
 

	Type of dewatering equipment
	CC in 1,000 US $
	Cap. C in 1,000 US $ (2022)
	% Breakdown of CC
	Breakdown of CC in 1,000 US $ (year 2022)
	Year 2022 (in Jordan)

	
	2009
	2022
	
	A
	B
	C
	D
	E
	A
	B
	C
	D
	E
	CC with no B and E (1,000 US $)
	B (Jordan case) in 1,000 US $
	Cap. C in 1,000 US $

	Filter press
	2,616
	3,647
	4,668
	61
	21
	1
	1
	16
	2,224.7
	765.9
	36.47
	36.47
	583.5
	2,297.6
	27.1
	2,975.6

	Decanter centrifuge
	913.7
	1,273.9
	1,630.6
	50
	19
	7
	1
	23
	637
	242
	89.2
	12.7
	293
	738.9
	8.6
	956.7

	Belt filter press
	2,432.4
	3,391
	4,340.9
	65
	24
	3
	
	8
	2,204.4
	813.9
	101.7
	0
	271.3
	2,306.1
	28.8
	2,988.6


         Table SM8 Capital costs of the three dewatering equipment along with its adjusted values to suit the Jordanian case


         Table SM9 O& MC for the three dewatering equipment along with the adjusted O& MC to suit the Jordanian case
	Type of dewatering equipment
	Sep, 2009
	% Breakdown of O& MC
	Breakdown of O& MC in 1,000 US $/yr (Sep, 2009) 
	Breakdown of O& MC in 1,000 US $/yr (year 2022 in Jordan)
	Total O& MC in 1,000 US $/yr (year 2022 in Jordan)

	
	O&MC in 1,000 US $/yr
	F
	G
	H
	F
	G
	H
	F
	G
	H
	

	Filter press
	647.1
	10
	88
	2
	64.7
	569.5
	12.9
	101.7
	70
	18.1
	189.7

	Decanter centrifuge
	143.6
	27
	61
	12
	38.8
	87.6
	17.2
	60.9
	10.8
	24.0
	95.7

	Belt filter press
	240.8
	30
	62
	8
	72.2
	149.3
	19.3
	113.5
	18.3
	26.8
	158.7




1.6 Sludge tank and mixing pump after lamella clarifiers selection 

A sludge tank should be present before decanter centrifuge because of the following reasons:
· To store the sludge when major equipments relevant to sludge tank are idle due to maintenance requirements
· Manufacturers of lamella clarifiers from WWE water and wastewater Equipment Company do not recommend to pump sludge directly from the inclined plate clarifier cone to decanter centrifuge as “rat-holing” can occur. Therefore, a storage tank before the decanter centrifuge is required. It should be noted that discharge of the sludge from the bottom of lamella clarifier is by the hydrostatic head pressure of the unit.  
The capacity of the sludge tank is determined according to the amount of sludge loaded into and drawn off from the tank, the sludge transfer process (continuous, intermittent), and the storage time required for operation & maintenance (CPHEEO). Since the amount loaded into and drawn off from the tank will be the same and the transfer process is continuous, the capacity of the sludge tank is determined according to the storage time required for maintenance. A general maintenance table of major equipment relevant to this tank is shown in Table SM10.  
Table SM10 General maintenance table for major equipment relevant to sludge tank 
	 Major equipment
	Type of maintenance 
	Number of times per year
	 Maintenance hours per service
	Average maintenance hours per service

	Decanter centrifuge
	Intermediatea service
	2a
	12 to 16a
	14

	
	Major servicea
	1a
	24 to 28a
	26

	Submersible pump
	Can work for a period of over 20 years without the need to replace any partsb


a According to D. Sahaya (personal communication, 8 January 2020) b According to H. Lee (personal communication, 30 January 2020)

A submersible sludge pump will be used in the sludge tank to pump sludge to the dewatering machine. The submersible pump along with the decanter centrifuge are the two major equipments in the EC TP if subjected to maintenance, sludge will accumulate in the tank. As seen in Table SM10, the submersible pump can work for a period of over 20 years without the need to replace any parts. Consequently, the tank is sized according to the major service average maintenance hours (26 hours) being the longest time. Sludge storage tanks are generally located underground (CPHEEO), therefore an underground tank is considered here. Moreover, underground storage tanks are either made from steel or fiberglass (Yale Environmental Health& Safety (2011)) and it is common to have them made from steel but rarely are they made from fiberglass (Massachusetts Department of Environmental Protection (2017)). An underground tank made from steel is going to be selected for the EC TP. 

Typical dimensions for a sludge underground storage tank along with % fill are shown in Table SM11.  

Table SM11 Typical dimensions for a sludge underground storage tank with its percentage fill (US EPA (1985))
	Capacity (m3)
	Length (m)
	Width (m)
	Depth (m)
	% filla

	37.85
	3.35
	3.35
	3.66
	92


a Calculated

In a period of 26 hours (major service of dewatering machine) about 682.2 m3 of sludge will accumulate in this tank. Moreover, there should be constant sludge depth in which the pump is submerged. Consequently, a constant sludge volume of 60 m3 for pump submergence is assumed. A total volume of about 742.2 m3 is present and the tank volume would be 806.8 m3. The % fill in Table SM11 is used to calculate the tank volume. Using the proportion of dimensions, the length, width, and depth of this tank is calculated as 9.04, 9.04, and 9.87 meters, respectively. The constant height of sludge present for pump submergence is calculated to be 0.73 meters. In order to prevent solids settling and maintain homogenous conditions in the tank it has been equipped with hydraulic mixing by recirculation pumping. The mixing pump capacity and mixing power is calculated according to equations 1.1 and 1.2, respectively. The mixing energy figure used in the slurry tank (8 Watt/m3) is going to be used here. A maximum MP of 5,938 Watt will be required to prevent settling of the sludge and maintain it homogeneous. Using the MP calculated, default values for pump efficiency and TDH a mixing pump capacity of 7.12 m3/min is calculated.    

1.7 Three slurry tanks each one adjacent to an EC reactor selection 

The discharge of treated water from an EC reaction chamber will be by gravity at a flow of 53.3 m3/hr [According to A. Syal (personal communication, 13 September 2021)]. This will be collected in an adjacent tank before being further pumped to the concrete slurry tank (see Fig. SM1). The offered EC reactor has a height and width of 1.5 and 1.5 m, respectively [According to A. Syal (personal communication, 13 September 2021)]. It is assumed that each EC reactor stands on concrete base of 0.5 m height which will increase the height of EC reactor to 2.0 m. The dimensions of each adjacent slurry tank are 1.5 m width (equal to the width of EC reactor) and 5.3 m length. As for the maximum height of slurry level in these tanks would be 1.0 m. The % fill of the adjacent tanks will be taken as that for the concrete slurry tank (94.9 %) which makes its height 1.05 m. Therefore, each adjacent tank will have a volume of about 8.8 m3 and will be 0.5 m elevated in order to connect the discharge pipe of each one of them from the bottom. This elevated base with the tank height will make the total height 1.55 m. This is below 2.0 m in order to receive the discharge by gravity from the EC reactor. 

1.8 Pumps for the EC TP selection

The pumps selected are slurry/sludge pumps since the effluent from EC reactors contain solids and those non-water components make these pumps necessary (Pump Fundamentals Blog 2018). The type of pump used for slurry/sludge transport must operate on centrifugal principles (Pump Fundamentals Blog 2018) and therefore it is used in the EC treatment system.  
Means for estimating the capital costs of these pumps was not possible due to the unavailability of charts or equations from which to read off the cost or calculate it using a suitable formula. Therefore, costs have been obtained directly from companies producing slurry/sludge pumps. In order to obtain data (e.g. pump efficiency, motor efficiency, net positive suction head required, pump maximum speed) regarding these pumps one has to provide their total dynamic head (TDH) along with other information to the specific company to obtain the required information. 

1.8.1 Pumps for pumping slurry from EC reactors adjacent tanks 

Since slurry is going to be pumped after going out of EC reactors, there will be a slurry pump for each adjacent tank to EC reactor (3 in total and 3 standby) (see Fig. SM1) and each having a volumetric flow rate of 53.3 m3/hr. These pump the slurry upwards through appropriate pipes to inlets at the top of the concrete tank. For slurry pumping in pipes, a velocity of 1 to 3 m/sec is a useful rule of thumb in order to prevent solids settling during pumping (Green and Perry 2007). Taking this into consideration, a 10.16 cm (4 inch) slurry pipe has been selected which gives for a flow rate of 53.3 m3/hr a velocity of about 1.83 m/sec (within the range recommended). For a solid-liquid system the Reynolds and Hedstrom numbers are calculated in order to be able to find the friction factor in the pipes by means of a figure developed for that. Figure 5.3 in McFarland 2000 has been used for finding the friction factor. The coefficient of rigidity and yield stress is required for calculating the aforementioned numbers for the solids-liquid fluid flowing through the pipes. Typical values for rigidity coefficients at different % moisture content of sludge are shown in Table SM12 (Hecht et al. 1975). Typical yield stress values at different % dry solids content of sludge are shown in Table SM13 (Spinosa and Lotito 2003).   

  Table SM12 Typical values for the coefficient of rigidity as a function of moisture content of sludge
	 % Moisture  content of sludge
	coefficient of rigidity (g/cm.s)

	85.2
	0.69

	87.4
	0.59

	89.3
	0.50

	90.7
	0.43

	92.1
	0.37

	93.5
	0.30

	95.3
	0.22

	97.4
	0.12

	98.7
	0.06

	99.7
	0.01


                                                           
                                 Table SM13 Typical values for yield stress as a function of solids content
	% solids content of sludge 
	Yield stress (Pa)

	3.5
	0.71

	5.2
	1.07

	6.8
	2.5

	8.4
	7.5

	9.5
	18.0



The slurry effluent from EC reactor resulting from the treatment of JRWW using EC for a treatment time of 5 minutes, current intensity of 10 A, inter-electrode distance of 10 mm, bipolar electrode configuration, and using Al as anode had a dry solids content of 0.3 % which was determined experimentally.  As for the coefficient of rigidity and yield stress values in Tables SM12 and SM13, respectively, have been used. A plot of % moisture content of sludge vs. coefficient of rigidities (in g/cm.s) is shown in Fig. SM4. The fitting has a coefficient of determination of 0.9999 and the resulting equation is as follows:  

                     
                    Fig. SM4 % moisture content of sludge vs. coefficient of rigidity

                            
Where x is the coefficient of rigidity in g/cm-sec. For a 0.3 % solids content a coefficient of rigidity of 0.0128 g/cm.s is found using equation 1.12. Fig. SM5 shows the yield stress (in Pa) versus % solids content. 

                    
                    Fig. SM5 Yield stress vs. % solids content
In Fig. SM5 the fitting has a coefficient of determination of 0.9642 and the resulting equation is as follows:  
                                              
where Yield stress is in pa and x is the % dry solids content of sludge. For a 0.3 % solids content a yield stress of 0.093 pa is found using equation 1.13 
 The Reynolds and Hedstrom numbers are defined as (McFarland 2000)
                              
                              
where Reynolds number is dimensionless, ρ is the density of slurry in kg/m3 (found experimentally to be 956 kg/m3), V is the mean velocity of flow in m/sec, D Is the diameter of pipe in m, ƞ is the coefficient of rigidity in kg/m.sec

and
                              

with τo the yield stress in N/m2. ρ, D, and ƞ as in equation 1.14.   

The Reynolds and Hedstrom numbers for the 53.3 m3/hr slurry flow are 138731, and 561029, respectively. Using the aforementioned numbers and Figure 5.3 in McFarland 2000, a friction factor of 0.007 is reported. For TDH calculations it is assumed that the pump discharge is vertically upwards and the height from the base to discharge is typically 0.5 m [According to D. Shan (personal communication, 1 January 2020)]. The assumptions taken for the slurry pump will be mentioned as required characteristics when the specific company producing these pumps is asked for their price and relevant data. In order to calculate the TDH one needs to calculate frictional losses at pump suction, discharge, and the static head. The sum of frictional losses and static head yields the TDH (Chaurette 2005). Fig. SM6 displays a schematic of the concrete slurry tank, its pump, EC reactor, and its adjacent tank. As can be seen the static head is 5.86 m, here the worst case scenario is assumed in which the EC reactor adjacent tank fed with EC reactor effluent is empty, the suction line and upper inlet line have a total length of 6 m. Pressure drop (frictional losses) due to flow of slurry in pipes is found using (McFarland 2000) 

                                                

where ΔP is the pressure drop in pipe in N/m2, f is the friction factor found from Fig. 5.3 in McFarland 2000, ρ is the fluid density in kg/m3, L is the pipe length in m, V is the mean velocity of flow in m/sec, D is the pipe diameter in m.  
 
It should be mentioned that (2) 90 degree elbows are used, one in the suction and the other in the upper inlet pipe to slurry concrete tank. The minor head loss through the elbows is found using (McFarland 2000)

                                                          

where g is the gravitational acceleration in m/s2, K head loss coefficient (dimensionless), and V is the mean velocity in m/sec. 

The head loss coefficient K for a 90 degree elbow is 0.7 (McFarland 2000). To ensure uninterrupted pumping a safety factor on the order of 1.5 is recommended for estimating the maximum frictional head loss during normal operating conditions (McFarland 2000). This safety factor is applied to all frictional losses in pipes and 90 degree elbows. Table SM14 lists the pressure losses and the TDH that have been found for the 53.3 m3/hr pump. 
Table SM14 Pressure losses, static head, and TDH for the 53.3 m3/hr pump 
	Applicable to all pressure drops
	In suction line pipe
	In discharge line pipe

	
	Lsuction 
(m)
	ΔPsuction (N/m2)
	ΔPsuction (m)
	Ldischarge (m)
	ΔPdischarge (N/m2)
	ΔPdischarge (m)

	f
	0.007
	3
	1977
	0.211
	8.86
	5837.8
	0.622

	ρ (kg/m3)
	956
	ΔP90οelbow (m)
	ΔP90οelbow (m)

	V (m/s)
	1.83
	
	

	D (m)
	0.1016
	0.1785 
	0.1785

	
	
	Static head (m)
	TDH (m)

	
	
	5.86
	7.05



The information below relevant to the 53.3 m3/hr pump has been provided to a specific company to present us the necessary data.
· It should be centrifugal  
· TDH of 7 m (7.05 ≈ 7 m) 
· Flow rate of 53.3 m3/hr
· The discharge is vertically upward
· Height from base to outlet discharge is preferred to be 0.5 m
· A design life of 20 years is required (to be consistent with the design life of EC TP)
· Non-submersible slurry pump
· Electrical information: Voltage: 230 Volt, frequency: 50 Hz. These are the standard voltage and frequency in Jordan (Power Plugs and Sockets of the World) 
· The temperature of slurry changes from 8 to 25 ο C throughout the year (see section 1.9.1.1) 
· Solids content of the slurry is 0.3 %
Henan Bulletproof Electrochemical Equipment Co., Ltd in China responded to the request and offered pumps with the following characteristics:
· The motor power is 7.5 kw
· Head is 7 m at 1100 rev/min
· Discharge is vertically upward and the height from base to discharge outlet is 0.658 m
· Inlet and outlet diameter are 10.16 cm (4”) and 7.62 cm (3”), respectively. 
· The maximum speed is 2000 rpm
· Efficiency @ 53.3 m3/hr and 7 m TDH is 69%
· Motor efficiency is 88.2 %
· Net Positive Suction Head required (NPSHr) is about 2.3 m at 53.3 m3/hr
Since the height from base of pump to discharge outlet is 0.658 m and the outlet diameter of pump is 7.62 cm (3 inch), some small corrections for the TDH as shown in Table SM15 have been performed. First of all the static head is corrected and the new static head would be 5.7 as shown in Fig. SM7. Regarding the 7.62 cm (3”) outlet diameter of the pump, a 10.16 cm (4”) reducer is used in order to connect the outlet to the 10.16 cm (4”) pipe. The head loss in meters due to sudden enlargement as the fluid flows from 7.62 to 10.16 cm pipe diameter can be calculated via (Kamarudzaman 2017):

                                     

where V1 is the velocity of fluid in the smaller diameter pipe (larger mean velocity) in m/s, KL is the loss coefficient (dimensionless), and g gravitational acceleration in m/s2.             

                                                                            

with d and D are the smaller and larger diameters of the pipes, respectively, in meters.                

Table SM16 shows the corrections for different pressure losses after taking into consideration the 10.16 cm reducer and the corrected static head due to the higher discharge outlet of the pump. As can be seen there is a little change in the TDH of our system but still is approximately 7 m like the head of the pump offered from Henan Bulletproof Electrochemical Equipment Co., Ltd in China.








         Table SM16 Corrected different pressure losses, static head, and TDH for the 53.3 m3/hr pump. All pressure drops as before have been 
         multiplied by a safety factor of 1.5. 
	Values used in pressure drop calculations 
	In suction line pipe
	In discharge line pipe
	At suction
	At discharge
	10.16 cm reducer head loss (m)
	Static head (m)
	TDH (m)

	
	Lsuction 
(m)
	ΔPsuction (N/m2)
	ΔPsuction (m)
	Ldischarge (m)
	ΔPdischarge (N/m2)
	ΔPdischarge (m)
	ΔP90οelbow (m)
	ΔP90οelbow (m)
	
	
	

	f
	0.007
	3
	1977
	0.211
	8.70
	5734
	0.611
	0.1785 
	0.1785
	0.154
	5.70
	7.03

	ρ (kg/m3)
	956
	
	
	
	
	
	
	
	
	
	
	

	V (m/s)
	1.83a
	
	
	
	
	
	
	
	
	
	
	

	V1 (m/s)
	3.25b
	
	
	
	
	
	
	
	
	
	
	

	D (m)
	0.1016
	
	
	
	
	
	
	
	
	
	
	


 a This velocity is applied to all pipes and elbows b This velocity (V1 ) is only applied to find the head loss in 10.16 cm (4 inch) reducer (sudden enlargement) 
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Fig. SM6 Concrete Slurry Tank, slurry pump, EC reactor, and EC reactor adjacent tank schematic  
                                 
                                      [image: ]

Fig. SM7 Concrete Slurry Tank, slurry pump, EC reactor, and EC reactor adjacent tank schematic with height from base of pump to discharge outlet being 0.658 m 

Fig. SM8 Schematic demonstrating the recommended clearance above slurry level in concrete tank when completely filled at 0.3 m, inlet pipe  diameter  of 0.1016 m, and  height  at  which slurry enters above its level when the tank is at the instant from being completely filled at 0.23 m. The height of slurry level in tank when completely filled is 5.63 m

1.8.1.1 Net Positive Suction Head (NPSH)

The net positive suction head available (NPSHa) in meters for the system associated with Fig. SM7 is calculated by (Brandt et al. 2017): 

                                 

where
                   Z is the difference between the pump impeller eye level and the suction water level in m
                   Pa is the absolute atmospheric pressure in N/m2
                   Pvp is the absolute vapor pressure of the fluid at pumping temperature in N/m2 
                   ρ is the density of fluid in kg/m3   
                   g is the acceleration of gravity in m/s2
                   hf is the head lost in the suction pipework in m         
The mechanically treated wastewater from the petroleum refinery in Zarqa is gathered in ponds and with time the wastewater temperature becomes equal to the ambient air temperature [According to Z. AL-Nazir (personal communication, 22 February 2019)]. According to the aforementioned the effluent temperature is taken as the average monthly ambient air temperature of Zarqa given in Table SM17 (Climate-data.org). From this table, one can see that the maximum average monthly effluent temperature is 25 Celsius at which the vapor pressure of water is 25.756 mm Hg (Felder et al. 2016) equivalent to about 3,167 N/m2. Table SM18 shows the NPSHa value along with the parameters used to calculate it. In theory, NPSHa ≥ NPSHr to avoid pump cavitation. However in practice, there is an additional head which should be added to NPSHr that acts like a buffer against uncertainties of pumping [[According to K. Lamb (personal communication, 22 January 2020)] which means NPSHa ≥ NPSHr + additional head. For sludge pumping this additional head is 2.13 m (7 ft) [[According to K. Lamb (personal communication, 22 January 2020)].  
Table SM17 Average monthly ambient air temperature in Zarqa in ᵒC  
	January
	February
	March
	April
	May 
	June

	8.1
	9.6
	12.4
	16.6
	20.9
	23.7

	July
	August
	September
	October
	November
	December

	25
	25
	23.7
	20.1
	14.6
	9.5



Table SM18 NPSHa along with the parameters used to calculate it
	Parameter
	Value
	NPSHa (m)

	Z (m)
	0a 
	10.08

	Pa (N/m2)
	101,325b
	

	Pvp (N/m2)
	3,167
	

	ρ (kg/m3)
	956
	

	g (m/s2)
	9.81
	

	hf (m)
	0.39c
	


a Worst case scenario is assumed (empty EC reactor adjacent tank) to be on the safe side b atmospheric pressure c see Table SM16 

The NPSHr for the 53.3 m3/hr pump is 2.3 m and becomes 4.43 m after adding the additional head for sludge pumping, which is well below the NPSHa of the system (no cavitation). 

1.8.2 Pumps for pumping slurry from concrete slurry tank to Lamella clarifiers

There will be two slurry pumps with their suction pipelines connected to the bottom base of the concrete tank each having a volumetric flow rate of 80 m3/hr. Each of them pumps the slurry upwards through appropriate pipes to the flash mix/flocculation tank of the lamella clarifier. 10.16 cm pipes are going to be used here also which provide a volumetric flow rate of 80 m3/hr with a mean velocity of 2.74 m/sec. The latter is within the recommended range to prevent slurry settling during pumping. The Reynolds and Hedstrom numbers for the above flow are 208227 and 561029, respectively. From Fig. 5.3 in McFarland, a friction factor of 0.005 is reported. For TDH calculations, it will be assumed that the pump discharge is vertically upward and the height from the base to discharge is typically 0.5 m [According to D. Shan (personal communication, 1 January 2020)]. The assumptions considered for the pump here are presented as required characteristics to the specific company producing the pumps in order for them to provide the price and data of the pump. Fig. SM9 shows a schematic of the concrete tank, pump, and Flash Mix/Flocculation Tank. As can be seen the static head is about 3.11 m. Here the worst case scenario has been assumed in which the concrete tank is empty. The suction line and upper inlet line to Flask mix flocculation tank have a total length of 14 m. It should be mentioned that (2) 90 degree elbows are used, one in the suction pipe and the other in the upper pipe feeding the Flash Mix/Flocculation Tank. For frictional loss calculations of slurry flow in pipes and minor-head losses in 90 degrees elbows, equations 1.16 and 1.17 have been applied, respectively. For the 80 m3/hr pump the pressure losses and the TDH are reported in Table SM19.       

Table SM19 Pressure losses, static head, and TDH for the 80 m3/hr pump
	Applicable to all pressure drops
	In suction line pipe
	In discharge line pipe

	
	Lsuction 
(m)
	ΔPsuction (N/m2)
	ΔPsuction (m)
	Ldischarge (m)
	ΔPdischarge (N/m2)
	ΔPdischarge (m)

	F
	0.005
	12
	12725
	1.357
	5.11
	5415
	0.577

	ρ (kg/m3)
	956
	ΔP90οelbow (m)
	ΔP90οelbow (m)

	V (m/s)
	2.74
	
	

	D (m)
	0.1016
	0.4021 
	0.4021

	
	
	Static head (m)
	TDH (m)

	
	
	3.11
	5.85



The information relevant to the 80 m3/hr pump communicated to a specific company to provide us with the necessary data is as follows:

· It should be centrifugal 
· TDH of 6 m (5.85 ≈ 6 m)
· Flow rate of 80 m3/hr
· The discharge is vertically upward
· Height from base to outlet discharge is preferred to be 0.5 m
· A design life of 20 years is required (to be consistent with the design life of EC TP)
· Non-submersible pump
· Electrical information: Voltage: 230 Volt, Frequency: 50 Hz 
· The temperature of the slurry changes from 8 to 25 ο C throughput the year
· Solid content of slurry is 0.3 %
Henan Bulletproof Electrochemical Equipment Co., Ltd in China responded to the request and offered pumps with the following characteristics:
· The motor power is 15 kw
· Head is 6 m at 1200 rev/min
· Discharge is vertically upward and the height from base to discharge outlet is 0.658 m
· Inlet and outlet diameter are 10.16 (4”), and 7.62 (3”) cm, respectively.   
· The maximum speed is 2000 rpm
· Efficiency @ 80 m3/hr and 6 m TDH is 69%
· Motor efficiency is 90.4 %
· NPSHr is about 2.3 m at 80 m3/hr
Since the offered pump has a height from base to discharge outlet of 0.658 m and the outlet diameter is 7.62 cm some small corrections for the TDH have been performed as shown in Table SM20. The static head is corrected and the new one is about 2.95 m (3.1066-(0.658-0.5) m) as displayed in Fig. SM10. The head loss as slurry flows from 7.62 to 10.16 cm pipes using 10.16 cm reducer is calculated using equations 1.18 and 1.19 and this head is added to the TDH in Table SM20. Table SM20 shows corrections for pressure losses after taking into consideration the 10.16 cm reducer and the corrected static head due to the higher discharge outlet of the pump. There is little change in the TDH of our system but still it is approximately 6 m like the head of the pump offered from Henan Bulletproof Electrochemical Equipment Co., Ltd in China.  
Table SM20 Corrected pressure losses, static head, and the TDH for the 80 m3/hr pump. 
All pressure losses have been as before multiplied by a safety factor of 1.5
	Applicable to all pressure drops
	In suction line pipe
	In discharge line pipe

	
	Lsuction 
(m)
	ΔPsuction (N/m2)
	ΔPsuction (m)
	Ldischarge (m)
	ΔPdischarge (N/m2)
	ΔPdischarge (m)

	f
	0.005
	12
	12725
	1.357
	4.95
	5247.6
	0.560

	ρ (kg/m3)
	956
	ΔP90οelbow (m)
	ΔP90οelbow (m)
	10.16 cm reducer head loss (m)

	V (m/s)
	2.74
	
	
	

	D (m)
	0.1016
	0.4021 
	0.4021
	0.347

	
	
	Static head (m)
	TDH (m)

	
	
	2.95
	6.02



1.8.2.1 NPSH:
Equation 1.20 is used for NPSHa calculation. Table SM21 shows the NPSHa value along with the parameters used to calculate it. The NPSHr for the 80 m3/hr pump is 2.3 m and becomes 4.43 m after adding the additional head for sludge pumping which is well below the NPSHa of the system (no cavitation).  
 
Table SM21 NPSHa along with the parameters used to calculate it
	Parameter
	Value
	NPSHa (m)

	Z (m)
	0a 
	8.71

	Pa (N/m2)
	101,325b
	

	Pvp (N/m2)
	3,167
	

	ρ (kg/m3)
	956
	

	g (m/s2)
	9.81
	

	hf (m)
	1.76c
	


a Worst case scenario is assumed (empty concrete slurry tank) to be on the safe side b atmospheric pressure c see Table SM20


1.8.3 Sludge pump pumping from underground sludge tank (UST) to decanter centrifuge

There will be one sludge pump submersed in the UST tank having a volumetric flow rate of 26.24 m3/hr. The latter pumps it from the UST upwards to the inlet of the decanter centrifuge. For pumping in pipes, and in order to prevent solids settling, the preferred flow velocity should range from 0.6 to 1.5 m/sec (Saskatchewan Onsite Wastewater Disposal Guide 2018). A 10 cm sludge pipe has been selected which gives for a flow rate of 26.24 m3/hr a velocity of 0.93 m/sec which is within the recommended range. The Reynolds and Hedstrom numbers for the 26.24 m3/hr flow are 10392 and 28403, respectively. From Fig. 5.3 in McFarland a friction factor of 0.0065 is reported. For TDH calculations it will be assumed that the submersible pump discharge is vertically upward and the height from the base to discharge is typically 0.21 m (Vortex pump for sewage and wastewater treatment brochure). The assumptions considered for the pump here will be provided as required characteristics to the specific
                                        
       [image: ]
Fig. SM9 Concrete slurry tank, slurry pump, and Flash Mix/Flocculation Tank schematic (here height from base of pump to discharge outlet = 0.5 m)
               [image: ] 

Fig. SM10 Concrete slurry tank, slurry pump, and Flash Mix/Flocculation Tank with corrected static head (here height from base of pump to discharge outlet = 0.658 m)

company producing the pumps in order for them to present us with the price and data of the pump. Fig. SM11 shows a schematic of the UST, submersible pump, and decanter centrifuge. As can be seen the static head is about 10.66 m. The pipe line total length is about 14.65 m. It should be mentioned that (2) 90 degree, (1) 45 degree elbows, one reducer to connect the 10 cm pipeline to the inlet of DR450LH decanter centrifuge with a diameter of 5 cm (sudden contraction head loss), are used in the discharge line. For frictional loss calculations of slurry flow in pipes and minor head losses in 90 and 45 degree elbows, equations 1.16 and 1.17 have been used, respectively. The head loss coefficient for 45 degree elbow is 0.6 (McFarland 2000). For sudden contraction head loss calculations equation 1.18 has been used but with a different KL value. The value of KL is deduced from Fig. SM12 where the data points have been fitted to a function with a coefficient of determination of 0.999. The fitting function is given by equation 1.21 
                                              
where x is (d/D)2. 
For the 26.24 m3/hr pump the pressure losses and the TDH are given in Table SM22. 
Table SM22 Pressure losses, static head, and TDH for the 26.24 m3/hr submersible sludge pump
	Values used for pressure drop calculations
	In discharge line pipe

	F
	0.0065
	Ldischarge (m)
	ΔPdischarge (N/m2)
	ΔPdischarge (m)

	ρ (kg/m3)
	956
	14.65
	2353
	0.251

	V (m/s)
	0.93a
	ΔP90οelbows (m)
	ΔP45οelbow (m)
	Sudden contraction head loss at decanter centrifuge inlet (m)

	V1 (m/s)
	3.71b
	0.0922
	0.0395
	0.423

	
	
	Static head (m)
	TDH (m)

	D (m)
	0.10
	10.66
	11.46


a This velocity is applied to all pipes and elbows b This velocity (V1 ) is only applied to find the head loss due to the reducer (sudden contraction) 

The information relevant to the 26.24 m3/hr submersible pump is communicated to a specific company    



Fig. SM11 UST, submersible sludge pump, and decanter centrifuge schematic. The height from base of pump to discharge outlet = 0.21 m 


Fig. SM12 KL values as a function of (d/D)2 for sudden contraction (the data was taken from Kamarudzaman 2017)

to present us with the necessary data: 
· It should be centrifugal
· TDH of about 11.5 m (11.5 ≈ 12 m)
· Flow rate of 26.24 m3/hr
· The discharge is vertically upward
· Height from base to outlet discharge is preferred to be 0.21 m
· A design life of 20 years is required (to be consistent with the design life of EC TP)
· Submersible
· Electrical information: Voltage: 230 Volt, Frequency: 50 Hz 
· The temperature of the slurry changes from 8 to 25 ο C throughput the year
· Solid content of slurry is 1.85 %
· Depth of submersion about 9.1 m
· Height of pump should be less than 0.75 m
Jooho Industrial Co., Ltd. in South Korea responded to the request and offered a pump with the following characteristics: 

 The motor power of the pump is 1.5 kw
· Head is 12 m at 1600 rpm
· Discharge is vertically upward and the height from base to discharge outlet is 0.264 m
· Outlet diameter is 0.10 m
· Efficiency @ 26.24 m3/hr and 12 m TDH is 24.1 %
· Motor efficiency is 83 %
· Height of pump is 0.669 m
Since the height from base to discharge outlet is 0.264 m some small corrections for the TDH as calculated in Table SM22 have been performed. First of all the static head is corrected and the new one is 10.6 m (see Fig. SM13). Table SM23 shows the corrected pressure drops and the TDH. As can be seen there is little change in the TDH of our system but it is still approximately close to the 12 m head. 

      
Fig. SM13 UST, submersible sludge pump, and decanter centrifuge schematic. The height from base of pump to discharge outlet = 0.264 m 
Table SM23 Pressure losses, static head, and TDH for the 26.24 m3/hr submersible sludge pump. 
	Values used for pressure drop calculations
	In discharge line pipe

	f
	0.0065
	Ldischarge (m)
	ΔPdischarge (N/m2)
	ΔPdischarge (m)

	ρ (kg/m3)
	956
	14.6
	2344
	0.25

	V (m/s)
	0.93a
	ΔP90οelbows (m)
	ΔP45οelbow (m)
	Sudden contraction head loss at decanter centrifuge inlet (m)

	V1 (m/s)
	3.71b
	0.0922
	0.0395
	0.423

	
	
	Static head (m)
	TDH (m)

	D (m)
	0.10
	10.6
	11.4


a This velocity is applied to all pipes and elbows b This velocity (V1 ) is only applied to find the head loss due to the reducer at the inlet to decanter centrifuge (sudden contraction)  
2. Generated dewatered sludge using decanter centrifuge 

In order to find dewatered sludge (cake) volumetric flow rate, a mass balance is performed on the decanter centrifuge. A DR450LH DRYCAKE decanter (which can process up to 30 m3/hr sludge (DRYCAKE Centrifuge Brochure) is used and the following data and assumptions are applied to the mass balance

2.1 Data and assumptions
· A DRYCAKE decanter centrifuge can have a usual capture rate of 95-98% (used value 0.965) (DRYCAKE: Vanderbeken Enterprises Ltd. 1877-DRYCAKE)
· The dry solids content of the dewatered sludge has been found experimentally to be 25 %
· Density of the cake will be assumed equal to that of water

2.2 Mass balance equations and the relevant calculations

                                
                                    
Here

Qf: volumetric flow rate of sludge to decanter, m3/day
xf: solids fraction in sludge, dimensionless
ρf: density of sludge, kg/m3
Qp: Volumetric flow rate of flocculant to decanter, m3/day
xp: solids fraction in flocculant, dimensionless
ρp: density of flocculant, kg/m3
Qca: Volumetric flow rate of cake, m3/day
xca: solids fraction in cake, dimensionless
ρca: density of cake, kg/m3
Qc: volumetric flow rate of centrate, m3/day
xc: solids fraction in centrate, dimensionless
ρc: density of centrate, kg/m3

                      


                                                                                             
From equation 1.24 




                                                                                     


                                                                                           




3. Total cost estimation of proposed EC plant for Jordan Petroleum Refinery wastewater treatment

The fixed (capital) costs of the EC TP in this work have been estimated based on a study estimate (factored estimate) that depends on the knowledge of major items of equipment where the probable accuracy of this estimate is up to ± 30 % (Peters and Timmerhaus 1991). The money needed to purchase and install the necessary machinery and equipment for a plant is called the fixed-capital investment. Next to this, the working capital is the capital set aside by the investor in the beginning to be used afterwards in case of an emergency, e.g. failure or calamity of plant, in order to keep the plant in operation or bring the plant back to operational requirements. The sum of fixed-capital investment and working capital is called total capital investment. Another important estimation is the operating cost of the EC TP. 
The fixed-capital investment of the EC TP has been estimated by the percentage of major equipment delivered cost which is commonly used for study estimates (factored estimates) (Peters and Timmerhaus 1991). The major equipments for EC TP have been selected in sections 1.1 to 1.8.3 and the major-equipment cost data have been updated using either Marshall and Swift Equipment Cost Index (MSECI), ENRCCI, or Chemical Engineering Plant Cost Index (CEPCI). Additionally, the following data and assumptions have been considered in order to estimate the costs of a potential industrial EC TP
· The Jordan petroleum refinery operates 24/7. Therefore, the EC TP is assumed to operate 24/7
· Year 2022 is defined as the opening year of the EC TP and all costs are updated to that date
· EC reactors have a design life of 20 years. For the sake of consistency with this design life, all other major equipment are set to have a lifespan of 20 years 
· The lending interest rate (8.7 %) and the inflation rate in Jordan are assumed to be constant
· There is no scrap value of all equipments at the end of their service life
· A straight line method is used for determining the rate of depreciation
· Operating labor estimation is based on the equation    
                    

Here σ depends on the process and it is assumed to be 2.069 (Peters et al. 2003), and kg/day is the daily wastewater treatment plant capacity based on mass. The EC TP is considered to require three principal process steps which are EC reaction, settling in lamellas and dewatering in decanter centrifuge. As mentioned before, the hourly wage rate in Jordan for the manufacture, mining, and energy sector has been estimated to be 0.596 US $/man-hour in the year 1987 and the updated figure for the year 2022 is 1.619 US $/man-hour. 
· The electricity costs for large industries in Jordan is on average 0.085 JD/kWh (0.12 US $/kWh) for the year 2012. This figure is updated also to the year 2022. 
· For predesign estimates, a delivery allowance of 10 % of purchased equipment cost is recommended (Peters et al. 2003). 
· The overall cost of wastewater treatment that consists of  total investment and operating costs is calculated using equation 1.26 (Peters et al. 2003, Ortiz 2006)
                                                        

where Q is the volumetric flow rate of wastewater in m3/yr, IC is the total investment cost in US $, OC is the operating cost in US $/yr, and CRF is the capital recovery factor (yr-1) given by
          
                                                 

with r the interest rate (0 < r < 1) and n the service life of the plant in years. 
· The EC TP is considered a fluid processing plant
· Customs of 16 % have been added to all major equipment costs entering Jordan from the port of Aqaba (Jordan Customs 2020) 
· The land on which the EC TP is to be built is assumed to be available
· Direct power requirement should be increased by a factor of 1.1 to 1.25 (avg. 1.175) to allow for line losses and contingencies (Peters et al. 2003)
Table SM24 shows the ratio factors for estimating the capital-investment items for a fluid processing plant based on delivered-equipment cost (Peters and Timmerhaus 1991). The operating costs are estimated based on the percentages in Table SM25, described in the sections that follow and previously in section 3.  
 
Table SM24 Ratio factors for estimating the capital-investment items for a fluid processing plant based on delivered-equipment cost
	Item
	Percent of delivered equipment cost

	Purchased equipment-delivered
	100

	Purchased-equipment installation
	47

	Instrumentation and controls (installed)
	18

	Piping (installed)
	66

	Electrical (installed)
	11

	Buildings (including services)
	18

	Yard improvements
	10

	Service facilities (installed)
	70

	Engineering and supervision
	33

	Construction expenses
	41

	Contractor’s fee
		21	

	Contingency
	42

	Fixed-capital investment
	477

	Working capital
	86

	Total capital investment
	563



Table SM25 Operating costs expense estimation based on percentages (Peters and Timmerhaus 1991) or as described in the main text
	Expense
	Expense estimation
	% taken for calculation

	I -Manufacturing costs
	
	

	A. Direct production costs, US $/yr
	
	

	1-Raw materials, US $/yr
	*
	--

	2-Operating labor, US $/yr
	*
	--

	3-Operating supervision, US $/yr 
	10 to 25 % of A2
	17.5

	4-Power and sludge disposal, US $/yr
	*
	--

	5-Maintenance and repairs, US $/yr
	2 to 10 % of fixed capital investment
	6

	6-Operating supplies, US $/yr
	10 to 20 % of A5
	15

	7-Laboratory charges, US $/yr
	10 to 20 % of A2
	15

	B. Fixed charges, US $/yr
	
	

	1-Taxes, US $/yr
	1 to 4 % of fixed capital investment
	2.5

	2-Insurance, US $/yr
	0.4 to 1 % of fixed capital investment
	0.7

	3-Depreciation, US $/yr
	Straight line method
	--

	C. Plant overhead costs, US $/yr
	50 to 70 % of (A2+A3+A5)
	60

	II- General Expenses
	
	

	1.Administrative expenses, US $/yr
	20 to 30 % of A2
	25

	2.Financing, US $/yr
	0 to 10 % of total capital investment
	5

	III -Total production cost, US $/yr
	I + II
	--

	Contingencies, US $/yr
	1 to 5 % of III
	3

	Operating cost, US $/yr
	III + contingencies
	--

	Overall cost, US $/m3
	**
	--


*See the following sections **see equation 1.26 and 1.27

The next sections estimate the major equipment delivered costs that have been used to calculate the fixed capital, working capital, and total capital investment. Also, the annual costs for power in the EC TP, dewatered sludge disposal/treatment, raw material, and operating labor will be analytically described below.                             
                
4 Dewatered sludge (cake) management costs
4.1 Cake disposal costs
There are 24 solid waste disposal sites in Jordan (Al-Ansari et al. 2012). Table SM26 lists their names, locations, and the closest distance from Jordan refinery to disposal site (in km). The Russaifah disposal site is chosen as the dewatered sludge disposal site since it is closest to the Jordan refinery company in Zarqa. Disposal costs for sludge has been deduced from Suleiman et al. (2010) and are for transporting sludge from 5 different locations to Ekaider disposal site in JD/(m3 sludge*km) as shown in Table SM27. 
 
Table SM26 Solid disposal sites with their names, locations, and closest distance to Jordan Refinery Company                 
	Disposal Site
	location
	Closest distance from Jordan Refinery Company to disposal site location in kma

	Ekaider
	 Near to Ekaider village (Hosha Sub-disrict-Mafraq governorate)
	50.7

	Mafraq
	Mafraq
	33.6

	Kufranjah
	Ajlun
	60.5

	N. Shunah
	N. Shunah
	87.7

	Jiebah
	Irbid
	64.3

	Alsaru
	Benikananah
	76.4

	Um Alkutain
	Mafraq
	33.6

	Russaifah
	Russaifah
	17.7

	Madabah
	Madabah
	69.9

	Alhamrah
	Salt
	54.3

	Dhulail
	Dhulail
	20.5

	Dhiban
	Madabah
	69.9

	Diel Ala
	Central Ghor
	76.5

	Azraq
	Azraq
	81.3

	Aqaba
	Aqaba
	360.5

	Maan
	Maan
	245.5

	Karak
	Karak
	157.8

	Tafielah
	Tafielah
	211.5

	Shobak
	Shobak
	234.2

	Aiel
	Maan
	245.5

	Alkuwarah
	Aqabah
	360.5

	Alhusainiyah
	Alhusainiyah
	199.5

	S.Shunah
	S.Shunah
	73.4

	Ghor Alsafi
	South Ghor
	186.4


a The distances have been obtained from google search engine

Using the average of the five disposal costs mentioned in Table SM27 (avg. 0.0827 JD/(m3.km)) and knowing that the distance from Jordan Refinery Company in Zarqa to Russaifah is 17.7 km, the 2008 disposal costs of the dewatered sludge generated from the EC TP is calculated to be about 23,096 JD/yr (32,565 US $/yr). By means of ENR CCI the disposal cost has been adjusted to the year 2022. The 2022 future sludge disposal cost is 33,284 JD/yr (46,930 US $/yr).    

Table SM27 Disposal costs of sludge from five different locations to Ekaider disposal site in JD/ (m3.km)
	From (1)
	To (2)
	Amount of sludge transported in m3 per yeara
	Annual cost of disposal in JDa
	
Closest distance from 1 to 2 in kmb 
	
Cost of disposal in JD/(m3.km)c
(year 2008)

	Wadi Hassan Plant
	Ekaider (Near to Ekaider village (Hosha Sub-disrict-Mafraq governorate)
	8,030
	6,300
	24.5
	0.032

	Ramtha Plant
	
	5,500
	9,000
	22.4
	0.073

	Kufranjah plant 
	
	      11,700
	      24,800
	55.6
	0.038

	Jerash plant
	
	      28,000
	      31,300
	42.2
	0.026

	Central Irbid Plant
	
	      22,500
	    159,000
	29.0
	0.244


a Suleiman et al. (2010) b From google search engine c Calculated

4.2 Cake treatment costs through land-farming
Sludge resulting from petroleum refinery wastewater treatment is considered as hazardous (US EPA 2012) and it is treated through land farming which is a bioremediation technique. Land-farming has advantages such as low cost of operation, supports large scale treatment, and has a high potential for success (Johnson and Affam 2019, Marin et al. 2005).
Typical costs for the treatment of oily sludge through land-farming is 30 to 60 US $/ton contaminated soil (US EPA 1995). The area of land required for the bio-treatment of oily sludge resulting from EC treatment of refinery wastewater can be estimated based on the quantity of oil applied to land and the allowable oil loading in kg oil/(m2.yr). Based on data from a figure (Adams 1982) an equation has been deduced for calculating land area required for an oil loading of about 1.2 kg oil/(m2.yr):  
                                                               

where total oil to be degraded is in tons/yr. 
In the EC experiments the fat, oil& grease have been removed by at least 98.8 % from the influent. This means that 11.77 ton oil/year is removed from the wastewater and this goes to the sludge. Assuming this quantity of oil exits from the bottom of lamella clarifier and goes to the decanter centrifuge and exits with the cake (in order to be conservative). The area of land required in meters for surface bio-oxidation of sludge was found to be 9,806 m2. If we assume that the depth of contaminated soil during land-farming is 3.2 m (10.5 ft ˃ 5 ft (US EPA 1995)) and that equal volumes of cake and sand are mixed during land farming (annual cake production of 15,695 m3/yr from the decanter centrifuge) we would have a yearly contaminated soil volume equal to annual cake volume. Furthermore, taking the bulk soil density as 1750 kg/m3 (US EPA 1995) we calculate the mass of contaminated soil to be 27,446 ton. The costs for bio-treatment of the oily sludge would be typically 2,704,406 US $/yr (year 2022).   

5. Annual power costs in the EC TP

5.1 (3) EC reactors and (3) feeding pumps
The energy consumption for every EC reactor is found experimentally to be about 6.15 kWh per m3 wastewater treated. The pumps feeding these reactors are standard with an efficiency of 75% and a TDH of 10 meters [According to A. Syal (personal communication, 11 August 2021), Loh et al. 2002]. The power costs for running the feeding pumps is calculated using (Giorgi 2009, Neutrium 2012)

         
       
where Q is the flow rate in m3/hr, ρ is the density of fluid in kg/m3, g is the gravitational acceleration constant (9.81 m/s2), h is the head of the pump in m, Motor efficiency × Pump efficiency = wire to water efficiency, dimensionless (Theobald 2014).


Table SM28 displays the annual power costs for the EC reactors and feeding pumps. 
  
  Table SM28 Annual power costs for EC reactors and feeding pumps for the year 2022
	Equipment
	Power cost (US $/yr)

	(3) EC reactors
	1,560,109

	(3) Feeding pumps to EC reactors
	8,817


 
 Specific energy consumption per pumped volume for feeding pumps in kWh/m3 is calculated as follows (Ercolano and Laenge 2015)


5.2 (3) slurry pumps pumping to concrete slurry tank and hydraulic mixing pump for concrete tank
The motor power for each of the three slurry pumps is calculated using equation 1.29. Costs in US $/yr for running the (3) 53.3 m3/hr pumps are calculated using equation 1.30. The Mixing power (MP) is calculated according to equation 1.2, while annual mixing costs are calculated according to equation 1.32 (US EPA (1985))

   

There are three cases for the slurry volume in the slurry tank. Case 1 There is a variable slurry volume when the concrete tank is filled during maintenance of lamella clarifiers and subsequently emptied. During maintenance the slurry volume in the concrete tank increases from 100 to 3300 m3. Table SM29 shows the increase in volume with time whose average is used for the calculation of the MP in the event the concrete tank is filled during maintenance. The mixing hours per year for that case are 40 being the annual maintenance hours for lamella clarifiers. 

                                    Table SM29 Increase in slurry volume in concrete tank with time 
	Time (hr)
	Slurry volume in concrete tank (m3)

	1
	260

	2
	420

	4
	740

	6
	1060

	8
	1380

	10
	1700

	12
	2020

	14
	2340

	16
	2660

	18
	2980

	20
	3300

	Average
	1715



During the emptying of the concrete tank after finishing maintenance the decrease in volume is described by the differential equation
                                    
                                

The volumetric flow rate out would be the maximum capacity of the (2) lamella clarifiers which are 163.529 m3/hr (720 US gal per minute) while the inflow rate is 160 m3/hr. Solving the differential equation yields

                        

Table SM30 shows the data obtained from equation 1.34.                     
                       
                          Table SM30 Slurry volume in concrete tank versus time 
	Time (days)
	Slurry volume in concrete tank (m3)

	2
	3131

	4
	2961

	6
	2792

	8
	2622

	10
	2453

	12
	2283

	14
	2114

	16
	1944

	18
	1775

	20
	1606

	22
	1436

	24
	1267

	26
	1097

	28
	928

	30
	758

	32
	589

	34
	420

	37.77
	100

	Average
	1682



The average slurry volume in Table SM30 is used to calculate MP during emptying of concrete tank after finishing maintenance of lamella clarifiers and the mixing hours per year for that case is 1813 (37.77 days × 2).   

Case 2: There is a variable slurry volume when the concrete tank is filled during maintenance of slurry pumps and subsequently emptied. During packing seal change the volume increases from 100 to 220 m3. Table SM31 shows the volume change in the concrete tank. The displayed average (Table SM31) is used to calculate the MP in case the concrete tank is filled during packing seal change while the mixing hours per year for that case is 8.25 (annual hours required for packing seal change). 
                               
                   Table SM31 Slurry volume in concrete tank versus time during packing seal change                 
	Time (min)
	Slurry volume in concrete tank (m3)

	1
	102.7

	5
	113.3

	10
	126.7

	15
	140.0

	20
	153.3

	25
	166.7

	30
	180.0

	34
	190.7

	40
	206.7

	45
	220.0

	Average
	160.0



During the emptying of the concrete tank after finishing the seal change the decrease in volume is described by the equation

                         
Table SM32 shows the data obtained from equation 1.35.  The displayed average slurry volume is used to calculate MP during emptying of concrete tank after finishing packing seal change and the mixing hours per year for that case is 374 (34 hours × 11).   

            Table SM32 Slurry volume in concrete tank versus time after finishing packing seal change 
	Time (hr)
	Slurry volume in concrete tank (m3)

	1
	216.5

	5
	202.4

	10
	184.7

	15
	167.1

	20
	149.4

	25
	131.8

	30
	114.1

	34
	100

	Average
	158.2



During bearing change the volume increases in a range from 100 to 260 m3. Table SM33 shows the volume changes. The displayed average is used to calculate MP in case the concrete tank is filled during bearing change and the mixing hours per year for that case is 1.                                           
          
               Table SM33 Slurry volume in concrete tank versus time during bearing change 
	Time (min)
	Slurry volume in concrete tank (m3)

	1
	102.7

	5
	113.3

	10
	126.7

	15
	140.0

	20
	153.3

	25
	166.7

	30
	180.0

	35
	193.3

	40
	206.7

	45
	220.0

	50
	233.3

	55
	246.7

	60
	260

	Average
	180.2



During the emptying of the concrete tank after finishing the latter change the decrease in volume is given by
                                              

Table SM34 shows the data obtained from equation 1.36. The displayed average volume is used to calculate MP during emptying of concrete tank after finishing bearing change and the mixing hours per year for that case is 45.3.   

            Table SM34 Slurry volume in concrete tank versus time after finishing bearing change 
	Time (hr)
	Slurry volume in concrete tank (m3)

	1
	256.5

	5
	242.4

	10
	224.7

	15
	207.1

	20
	189.4

	25
	171.8

	30
	154.1

	35
	136.5

	40
	118.8

	45.3
	100.0

	Average
	180.1


                                               
Case 3: The slurry volume in the tank is 100 m3 almost all the year round which is used to calculate MP. The mixing hours per year for that case is 6,478.5 (8,760 – (40+1813+8.25+374+1+45.3)). Table SM35 displays annual mixing power costs for cases 1,2, and 3 in addition to slurry pumping costs to concrete tank. 

Table SM35 Annual mixing and slurry pumping costs for the year 2022
	Slurry pumping costs (US $/yr)
	Mixing costs (US $/yr)

	7,606.4
	Case 1
	Case 2
	Case 3

	
	During filling
	During emptying
	Related to packing seal change
	Related to bearing change
	For 100 m3 slurry volume

	
	99.4
	4418.3
	During filling
	During emptying
	During filling
	During emptying
	938.7

	
	
	
	1.91
	85.73
	0.26
	11.83
	



Volume specific energy consumption of slurry pumps is calculated using equation 1.31 while that for mixing is calculated as follows (Füreder et al. 2018)

where is the power density of mixing system in kW/m3 and time is the yearly operating time of mixing system in hours/year. 
5.3 (2) pumps pumping to lamella clarifiers, (2) lamella clarifiers flash mixers, and a polymer station

Equation 1.29 is used to calculate pump motor power while the costs for pumping at 80 m3/hr are calculated using equation 1.38: 







The time when pumps are working at a flow rate of 81.765 m3/hr is about 93 days. The motor power at a flow rate of 81.765 m3/hr (combined flow rate of (2) pumps = 163.53 m3/hr) is calculated using affinity laws. The latter are applicable for slurry pumping up to a solids concentration of 20 % (Tarodiya and Gandhi 2017) and the affinity laws relevant to volumetric flow rate and power are (Karassik et al. 2001): 
                                                                           
                                                                          
                                                                        
where P is the power in Watt, N is the speed of the pump in rev/min (rpm), and Q is the flow rate in m3/hr
Equation 1.40 is used to calculate centrifugal pump speed (N2) at the new flow rate (81.765 m3/hr) whereas 1.41 yields the power at speed (N2) which requires the motor power at N1 obtainable via equation 1.29. 
The flash mixers each have a power about of 186.4 Watt (0.25 hp) [According to J. Titus (personal communication, 26 November 2019)] and the SP 1000 dry polymer of 2 kW (DRYCAKE Centrifuge Brochure). The powers of flash mixers and polymer station are used for energy cost calculations. Table SM36 shows the annual power costs for (2) slurry pumps pumping to lamella clarifiers, (2) flash mixers, and polymer station. 

Table SM36 Annual power costs for (2) slurry pumps, flash mixers, and polymer station for the year 2022
	(2) Flash mixers power costs (US $/yr)
	Polymer station power costs (US $/yr)
	Slurry pumping costs at 160 m3/hr (US $/yr)
	Slurry pumping costs at 163.53 m3/hr (US $/yr)

	591.5
	3173.1
	4,740.1
	1,730.6



Flash mixers and slurry pumps volume specific energy consumption is calculated using equations 1.37 and 1.31, respectively. Volume specific energy consumption of polymer station is calculated as follows


 
5.4 Hydraulic mixing pump for UST, submersible sludge pump pumping to decanter centrifuge, and decanter centrifuge
    
The MP is calculated according to equation 1.2 while annual mixing costs are obtained from equation 1.32. There are three cases for the sludge volume in the underground tank.

Case 1: There is a variable volume when the underground tank is filled during major maintenance of decanter centrifuge and subsequently emptied. During the latter maintenance, sludge volume in the UST increases from 60 to 742.24 m3. Table SM37 shows sludge volume versus time. The average shown is used to calculate the MP in case the UST is filled during major maintenance while the mixing hours per year for that case is 26 (annual major maintenance hours for decanter centrifuge). 

                                     Table SM37 Increase in sludge volume in UST with time 
	Time (hr)
	Sludge volume in UST (m3)

	1
	86.2

	5
	191.2

	10
	322.4

	15
	453.6

	20
	584.8

	26
	742.24

	Average 
	396.7




During the emptying of the UST following maintenance the decrease in volume is described by equation 1.43
                                       
                               

The volumetric flow rate out would be the maximum capacity of decanter DR450LH which is 30 m3/hr (DRYCAKE Centrifuge Brochure) while the flow rate in is about 26.24 m3/hr. Solving the differential equation gives

                                          

Table SM38 shows the data obtained using equation 1.44. The average sludge volume is used to calculate MP during emptying of concrete tank after maintenance of the decanter centrifuge and the mixing hours per year for that case is 181.44 (7.56 days).   
                           
                         Table SM38 Sludge volume in UST versus time 
	Time (days)
	Slurry volume in concrete tank (m3)

	1
	652.0

	2
	561.8

	3
	471.5

	4
	381.3

	5
	291.0

	7.56
	60.0

	Average
	402.9



Case 2: As in Case 1 above but during intermediate maintenance of the centrifuge. During the latter maintenance, the sludge volume in the UST increases from 60 to about 427.4 m3. Table SM39 shows the volume versus time. The average is used to calculate the MP in case the UST is filled during intermediate maintenance while the mixing hours per year for that case is 28 (annual intermediate maintenance hours for decanter centrifuge)
   
                                     Table SM39 Increase in sludge volume in UST with time 
	Time (hr)
	Sludge volume in UST (m3)

	1
	86.2

	3
	138.7

	6
	217.4

	9
	296.2

	12
	374.9

	14
	427.4

	Average
	256.8



During the emptying of the UST following intermediate maintenance, the decrease in volume is described by
                                                   
                                   

Table SM40 shows the data obtained using equation 1.45. The average volume is used to calculate MP during emptying of UST following intermediate maintenance and the mixing hours per year for that case is 195.36 (4.07 × 2 days).     
                        
                          Table SM40 Decrease in sludge volume in UST with time 
	Time (days)
	Slurry volume in concrete tank (m3)

	1
	337.1

	2
	246.9

	3
	156.6

	4.07
	60.0

	Average
	200.2



Case 3: The sludge volume in UST is 60 m3 almost all the year around. The latter volume is used to calculate MP while the mixing hours per year for that case is about 8,329 (8,760 – (26+181.44+28+195.36)). 
The motor power for the submersible sludge pump is calculated using equation 1.29 when pump is running at 26.24 m3/hr. Costs in US $/yr are calculated using equation 1.46: 





The time when pump is working at 30 m3/hr is 376.8 hrs and when it is working at 26.82 m3/hr is 93 days. It is assumed that the maintenance is scheduled such that a sludge flow rate of 26.82 m3/hr does not flow into the UST during intermediate and major maintenance of decanter centrifuge.  







The motor power in equations 1.47 and 1.48 is found out using affinity laws (see equations 1.40 and 1.41). Decanter centrifuge DR450LH has a power of 30 kW and is used for determining energy costs. Table SM41 lists the annual power costs for hydraulic mixing (cases 1, 2, 3), decanter centrifuge, and submersible sludge pump at 26.24, 26.82, and 30 m3/hr. 

Table SM41 Annual mixing, decanter centrifuge, and sludge pumping costs related to UST for the year 2022
	Sludge pumping costs (US $/yr)
	Mixing costs (US $/yr)
	Decanter Centrifuge power costs (US $/yr)

	@ 26.24 m3/hr
	@ 26.82 m3/hr
	@ 30 m3/hr
	Case 1
	Case 2
	Case 3
	

	
	
	
	During filling
	During emptying
	 During filling
	During emptying
	For 60 m3 sludge volume
	

	4,813
	1,770
	52.4
	14.9
	105.9
	10.4
	56.7
	724.1
	47,303



Mixing and sludge pumping volume specific energy consumption are calculated using equations 1.37 and 1.31, respectively. Decanter centrifuge volume specific energy consumption is calculated as follows (Szepessy and Throwid 2018)



6. Raw materials annual costs for running EC TP

6.1 Hybrid metal (Aluminium plus stainless steel) required for EC reactors

The decay rate of stainless steel and aluminium metal blades in the EC reactor has been found experimentally to be 6.4 and 8.6 grams per m3 of wastewater treated, respectively. The cost of one ton of iron in the local Jordan market is between 466 to 574 JD (657 to 809 US $ per ton) (Jordan Commercial Chamber 2019) while that of aluminium is 3,248 JD per ton (4,580 US $ per ton) (According to H. Al-Rababaa (Arab Aluminium Industry Co. Ltd (ARAL) (personal communication, 22 May 2021). The annual stainless steel and aluminum costs in US $ are calculated by  







Where wastewater flow rate is in m3/yr, decay rate of stainless steel or aluminium metal blades is in ton/m3, and average iron or aluminum costs in Jordanian market is in $/ton. 
The annual stainless steel and aluminum costs for EC reactors turn out to be about 63,619 US $ (year 2022). 

6.2 Cationic polymer for lamella clarifiers

The cost of polyacrylamide (PAM) cationic Anafloc 6691 flocculating agent for the year 2021 is 4.8 US $/kg (According to M. Udhalikar (personal communication, 26 July 2021)). About 0.000345 kg Anafloc 6691/Kg DS is required for flocculation as determined from experiments, 2.9 kg DS/m3 is produced also determined experimentally, and we have a volumetric flow rate which is either 160 or 163.53 m3/hr. From this one can calculate the annual Anafloc 6691 cost for year 2022 to be about 8,732 US $ which includes delivery of 10 % of LPM 3135 cost (raw material) (Peters et al. 2003) and 16 % customs.     

7. Annual operating labor costs

Equation 1.25 has been used for estimating annual operating labor costs. Here the daily wastewater mass flow rate processed by the EC TP is about 3,836 ton. Applying equation 1.25 gives an annual operating labor for EC TP of approximately 147,976 US $.   
8. Major equipment costs

8.1 UST sludge tank and mixing pump costs

CCs of steel UST (including installation) as a function of tank capacity for March, 1983 and for the year 2022 is shown in Table SM42: 

Table SM42 CC of steel UST as a function of tank capacity
	Tank capacity (m3)
	CC in 1000 US $ (March, 1983)a
	CC in 1000 US $ (year 2022)b

	37.85
	49
	146.4

	                      189.27
	80
	239.1

	                      378.54
	                          137
	409.4

	                    1892.70
	                          330
	986.1

	                    3785.40
	                          616
	                      1840.8


a US EPA (1985) b March, 1983 CC adjusted to the year 2022 using ENR CCI 

The ENR CCI at which the CC of USTs is reported (March, 1983) is 4,006. Data of CC in 1000 US $ (year 2022) versus tank capacity is shown in Fig. SM14. The fit yields a coefficient of determination of 0.9963 and the resulting linear equation is

                     
                     Fig. SM14 Construction cost of steel UST vs. capacity for the year 2022 along with 
                     linear regression of the data 

                                                          
where x is the capacity of sludge storage tank in m3.  
Table SM43 lists the CC of the UST with and without installation, Cap. C (without installation), UST capacity, and Cap. C (without installation) plus customs and delivery.  

Table SM43 Different costs of the UST made from steel for the year 2022 and sludge capacity                 
	UST capacity in m3
	CC (with installation) in US $a
	CC (without installation) in US $b
	Cap. C (without installation) in US $c
	Cap. C (without installation) plus customs and delivery in US $

	742.2
	497,848
	343,344
	439,480
	553,745


a Calculated using equation 1.52 b Calculated based on Peters et al. (2003) who reports that installation costs of metal tanks are 30 to 60% of purchased tank cost c Calculated based on Sharma (2010) who reports Cap. C is 28 % higher than CC                                     

CCs of mixing pump stations are reported for March, 1983 at which the MSECI is 751 (US EPA (1985)). The costs are updated to a future year (2022). MSECI values have been obtained from several sources (Baasel (1990), Peters et al. (2003), and Nouri A (personal communication, December 2019) that cover the period from 1953 to 2018 and were plotted versus time in years are shown in Fig. SM15. The fit yields a coefficient of determination of 0.997 and is of the form 

                  
                  Fig. SM15 Annual average MSECI values vs. time in years (blue diamonds) including the  
                  fit (solid line) given by 1.53 

         
where x is in years. 
This fit can be used to predict an annual average MSECI of 1878.39 for the year 2022. CCs of hydraulic mixing pump station (including installation) as a function of mixing capacity for March, 1983 and for the year 2022 are shown in Table SM44. 

Table SM44 CC for pump station as a function of mixing capacity 
	Mixing pump capacity (m3/min)
	CC in 1,000 US $ (March, 1983)a
	CC in 1,000 US $ (year 2022)b

	0.076
	17.3
	43.3

	0.378
	23.5
	58.8

	1.325
	31.2
	78.0

	1.893
	35.5
	88.8

	2.650
	42.3
	                      105.8

	7.571
	55.0
	                      137.6

	                           13.249
	70.5
	                      176.3

	                           18.927
	87.0
	                      217.6

	                           37.854
	                     125.0
	                      312.6


a US EPA (1985) b March, 1983 CC adjusted to the year 2022 using MSECI

CCs for the year 2022 versus mixing pump capacity are shown in Fig. SM16. The fit has a coefficient of determination of 0.986 and is given by   

               
               Fig. SM16 Construction costs for mixing pump station vs. pump capacity along with a
               fit given by equation 1.54   

                                
where x is the mixing pump capacity in m3/min. 



Table SM45 shows the CC of pump with and without installation, Cap. C, MP, and sludge volume.  

Table SM45 Costs of the 7.12 m3/min mixing pump for the year 2022, MP, and Sludge volume                 
	Maximum MP in Watt
	Sludge Volume in UST (m3)a
	CC (with installation) in US $b
	CC (without installation) in US $c
	Cap. C (without installation) in US $d
	Cap. C (without installation) plus customs and delivery in US $

	5,938
	742.2
	130,040
	91,256
	116,808
	147,178


a This is the largest volume present in the UST during maintenance of decanter centrifuge b Calculated using equation 1.54 c Calculated based on Peters et al. (2003) who reports that installation costs of pumps are 25 to 60% of purchased pump cost d Calculated based on Sharma (2010) who reports Cap. C is 28 % higher than CC                                     

8.2 Slurry tank and mixing pump costs

The capital cost of a concrete slurry tank plus delivery was estimated using equation 1.55 below, where V is the tank volume in m3 and Fm is the cost factor and is 0.55 for concrete (Couper et al. 2005). 

                     

The CEPCI at the time when equation 1.55 was developed is 325.8 (Osadolor et al. 2014). The capital cost is updated to a future year (2022). CEPCI values have been obtained from several sources (Universidad De Los Andes, Lousada (2016), and Jenkins (2018)) that cover the period from 1964 to 2017 and plotted versus time in years as shown in Fig. SM17. The fit has a coefficient of determination of 0.994 and reads 
                     
                     Fig. SM17 Annual average CEPCI values vs. time in years (blue diamonds) including  
                     the fit (solid line) given by 1.56                
            
              
where x is in years.  
The latter can be used to predict an annual average CEPCI of 685.7 for the year 2022. Table SM46 shows the slurry tank volume, capital cost with delivery, and capital cost with delivery and customs. The tank volume which is 3,476 m3 yields via equation 1.55 a cost of 75,695 US $ and the updated cost to the future year 2022 would be 184,791 US $. Table SM47 displays the CC of slurry mixing pump with and without installation, Cap. C, MP, and slurry volume.   
  
  Table SM46 Costs of slurry concrete tank, and slurry concrete tank volume (year 2022)
	Slurry concrete tank volume in m3
	Concrete slurry tank capital cost with delivery in US $
	Concrete slurry tank capital cost with delivery and customs in US $

	3,476
	159,303
	184,791



Table SM47 Costs of the 31.68 m3/min pump for the year 2022, MP, and Slurry volume                 
	Maximum MP in Watt
	Slurry Volume in concrete tank (m3)a
	CC (with installation) in US $b
	CC (without installation) in US $c
	Cap. C (without installation) in US $d
	Cap. C (without installation) plus customs and delivery in US $

	26,400
	3,300
	289,869
	203,417
	260,374
	328,071


a This is the largest volume present in the slurry tank during maintenance of lamella clarifiers b Calculated using equation 1.54 c Calculated based on Peters et al. (2003) who reports that installation costs of pumps are 25 to 60% of purchased pump cost d Calculated based on Sharma (2010) who reports Cap. C is 28 % higher than CC                                     

8.3 EC reactors plus feeding pump costs
8.3.1 Estimating EC reactors cost
The offered EC reactor from Waterneer has a total metal blade area of 38.4 m2. EC reactor cost has been estimated using equation 1.57 (Cañizares et al. 2009) 
                                                                      where EC reactor cost is in euro (year 2006) and area is the metal blade area in EC reactor in m2. Since the EC plant requires 3 EC reactors their estimated costs (each with a 38.4 m2 blade area) for the year 2006 and the updated ones to the year 2022 using MSECI are shown in Table SM48.   

Table SM48 Costs of EC reactors 
	3 EC reactors costs in Euro (2006)
	3 EC reactors cost in US $a (2006)
	3 EC reactors cost plus customs and delivery in US $ (2022)

	1,012,962
	1,330,020
	2,469,291


  a Euro = 1.313 US $ in 2006

8.3.2 Estimating feeding pump costs to EC reactors

The centrifugal pump feeding the EC reactors costs has been estimated based on a figure (Loh et al. 2002). Centrifugal pump cost for the year 1998 is 4,500 US $ and the cost updated using MSECI for the year 2022 is 7,922 US $ (3 pumps = 23,766 US $). 

8.4 Cost of Lamella clarifiers (clarification equipment)

WWE Water & Wastewater Equipment Company offered two lamella clarifiers. Their costs are listed in Table SM49 where the MSECI has been used to update the cost.  
Table SM49 Costs of lamella clarifiers
	Cost of (2) lamella clarifiers in US $ (November, 2019)
	Cost of (2) lamella clarifiers in US $ (2022)
	Cost of (2) lamella clarifiers plus delivery and customs in US $ (2022)

	265,800
	287,638
	362,424



8.5 Cost of decanter centrifuge plus polymer station

The decanter centrifuge plus associated polymer station CC is calculated using equation 1.6 and updated to 2022 using ENR CCI. The decanter centrifuge DR450LH from DRYCAKE has a maximum sludge processing capacity of 30 m3/hr. The aforementioned capacity is used for cost calculation. Table SM50 lists the costs of decanter centrifuge and associated polymer station. 

Table SM50 Costs of decanter centrifuge and polymer station
	CC of decanter centrifuge and polymer station with no installation and housing costs (Sep, 2009) in US $
	CC of decanter centrifuge and polymer station with no installation and housing cost (2022) in US $
	Cap. C of decanter centrifuge and polymer station with no installation and housing cost (2022) in US $ 
	Cap. C of decanter centrifuge and polymer station with no installation and housing cost plus customs and delivery (2022) in US $

	559,777
	780,466.5
	998,997
	1,258,576



8.6 Cost of (3) 53.3 m3/hr, (3) 53.3 m3/hr (standby) and (2) 80 m3/hr slurry pumps

Cost of the slurry pumps offered on 4th of April 2020 by Henan Bulletproof Electrochemical Equipment Co., Ltd is mentioned in Table SM51 along with others. The values for slurry pumps cost have been updated using MSECI. 

Table SM51 Costs of slurry pumps
	Slurry pump flow rate (m3/hr)
	Number of pumps
	Cost of slurry pumps in US $ (2020)
	Cost of slurry pumps in US $ (2022) 
	Cost of slurry pumps plus customs and delivery in US $ (2022)

	53.3
	6
	11,016
	11,617.5
	14,638

	80
	2
	4,096
	4,319.7
	5,443



8.7 Cost of 26.24 m3/hr submersible sludge pump

Cost of the sludge pump for the UST offered on 16 August, 2021 by JOO HO Industrial Co., Ltd in Korea is mentioned in Table SM52 along with others. The pump cost has been updated using MSECI.  
Table SM52 Costs of sludge pump
	Cost of sludge pump in US $ (2021)
	Cost of sludge pump in US $ (2022)
	Cost of sludge pump plus customs and delivery in US $ (2022)

	3,500
	3,595
	4,530



8.8 Cost of three adjacent tanks to EC reactors

The capital cost of an adjacent steel slurry tank to EC reactors plus delivery was estimated using equation 1.58, where V is the volume in m3 and Fm is the cost factor and is 2.4 for stainless steel 304 (Couper et al. 2005). Table SM53 lists the cost of (3) adjacent steel tanks to (3) EC reactors along with others for the year 2022. The cost has been updated using CEPCI.   

                         
Table SM53 Costs of (3) slurry steel tanks for the year 2022
	(3) Slurry steel tanks cost plus delivery (2022) in US $
	(3) Slurry steel tanks cost plus delivery and customs (2022) in US $

	190,349
	220,804



9. Design life of major equipment used in the EC TP
Table SM54 demonstrates the typical design lifes of the major equipment used In the EC TP along with the one selected for the calculation of the capital recovery factor. The values for of all the major equipment has been selected to be in consistent with the design life of the core of the wastewater TP. 

Table SM54 Typical design lifes of the major equipment used in the EC TP along with the selected one
	Major equipment
	Typical design life (years)
	Selected design life (years)

	EC reactors 
	20a
	20

	53.3 m3/hr slurry pumps
	20b
	20

	Concrete slurry tank
	20 to 30c
	20

	Mixing pump in concrete tank
	20b
	20

	80 m3/hr slurry pumps
	20b
	20

	Lamella clarifiers
	20 to 40d
	20

	UST made from steel
	10 to 20e
	20

	Mixing pump in UST
	20b
	20

	Submersible sludge pump
	20f
	20

	Decanter centrifuge
	25g
	20

	Polymer station
	25g
	20


a According to A. Syal (personal communication, 10 August 2021) b According to Z. Qin (personal communication, 3  March 2020) c Tankulator (2010) d MRI (2014) e Massachusetts Department of Environmental Protection (2017) f According to H. Lee (personal communication, 17 January 2020) g According to C. Vanderbeken (personal communication, 25 November 2019)
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3.5233160621761601	5.1554404145077699	6.8393782383419603	8.4196891191709806	9.5077720207253797	0.71428571428571497	1.0714285714285601	2.5	7.5	18.035714285714199	Solids content of sludge in %
Yield stress in Pa
KL	5.9636676556082202E-3	0.111533593159793	0.1991174572362	0.26878530296132103	0.33522116101402299	0.41785698204395699	0.49887680923768102	0.57990664258518998	0.67231847586265503	0.74690434617289603	0.81826823496450296	0.90912411132846704	0.98052802473521194	0.50030268615198303	0.47795394167412902	0.437176863771219	0.39089440005603399	0.34831021077962898	0.294619190802343	0.242777308044447	0.19278156065980501	0.142764800352216	0.103857872591643	7.0495354643105496E-2	3.34045437944335E-2	7.4265673389134401E-3	(d/D)^2
KL
37.853999999999999	189.27	378.54	1892.7	3785.4	146.42511233150273	239.06140788816774	409.39266100848727	986.12830753869196	1840.7728407388915	Capcity of sludge storage tank (cubic meter)
Construction cost of BGS in 2022 (1000 $)
1953	1954	1955	1956	1957	1958	1959	1960	1961	1962	1963	1964	1965	1966	1967	1968	1969	1970	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	2014	2015	2016	2017	2018	182.5	184.6	190.6	208.8	225.1	229.2	234.5	237.7	237.2	238.5	239.2	241.8	244.9	252.5	262.89999999999998	273.10000000000002	285	303.3	321.3	332	344.1	398.4	444.3	472.1	505.4	545.29999999999995	599.4	659.6	721.3	745.6	760.8	780.4	789.6	797.6	814	852	895	915.1	930.6	943.1	964.2	993.4	1027.5	1039.0999999999999	1056.8	1061.9000000000001	1068.3	1089	1093.9000000000001	1102.5	1113.0999999999999	1133.2	1218	1274.8	1353.8	1393	1487.2	1446.5	1476.7	1536.5	1552.8	1566.9	1598.1	1582.3	1593.7	1638.2	fitting data	1953.0000013265301	1953.0199366648301	1953.0398720031401	1953.0797426797501	1953.1594840329701	1953.3189667394199	1953.63793215231	1953.65786749062	1953.67780282892	1953.71767350553	1953.79741485876	1953.9568975652001	1954.2758629780899	1954.29747516923	1954.3190873603601	1954.36231174262	1954.4487605071499	1954.62165803621	1954.96745309432	1954.9890652854499	1955.01067747659	1955.0539018588499	1955.1403506233801	1955.3132481524401	1955.65904321055	1955.67922319839	1955.69940318622	1955.7397631618901	1955.82048311324	1955.9819230159301	1956.0021030037601	1956.0222829915999	1956.06264296727	1956.1433629186099	1956.3048028213	1956.32498280914	1956.34516279697	1956.3855227726499	1956.46624272399	1956.6276826266801	1956.6478626145099	1956.6680426023499	1956.70840257802	1956.7891225293699	1956.95056243205	1956.97034656864	1956.9901307052201	1957.0296989783801	1957.1088355247	1957.12861966128	1957.1484037978601	1957.1879720710201	1957.26710861735	1957.28689275393	1957.3066768905101	1957.3462451636699	1957.42538170999	1957.44516584657	1957.4649499831501	1957.5045182563199	1957.58365480264	1957.60343893922	1957.6232230758001	1957.6627913489599	1957.74192789528	1957.76171203187	1957.7814961684501	1957.8210644416099	1957.90020098793	1957.91998512451	1957.9397692610901	1957.9793375342499	1957.9991216708299	1958.01890580741	1958.05847408058	1958.0782582171601	1958.0980423537401	1958.1376106268999	1958.1573947634799	1958.17717890006	1958.21674717322	1958.2382081626299	1958.25966915204	1958.2811301414399	1958.30259113085	1958.3240521202599	1958.34551310966	1958.3669740990699	1958.38843508848	1958.4098960778899	1958.43135706729	1958.4528180566999	1958.47427904611	1958.4957400355099	1958.51720102492	1958.5386620143299	1958.56012300374	1958.5815839931399	1958.60304498255	1958.6245059719599	1958.64596696136	1958.6674279507699	1958.68888894018	1958.7103499295899	1958.73181091899	1958.7532719083999	1958.7747328978101	1958.7961938872099	1958.8176548766201	1958.8391158660299	1958.8605768554301	1958.9034988342501	1958.9249598236599	1958.9464208130601	1958.9893427918801	1959.0108037812799	1959.0322647706901	1959.0751867495101	1959.09664773891	1959.1181087283201	1959.1610307071301	1959.2468746647601	1959.26833565417	1959.2897966435801	1959.3327186223901	1959.4185625800201	1959.44002356943	1959.4614845588301	1959.5044065376501	1959.5902504952801	1959.6102792813899	1959.6303080675	1959.6703656397201	1959.7504807841599	1959.9107110730499	1959.93073985916	1959.95076864527	1959.9908262174999	1960.07094136194	1960.23117165083	1960.2512004369401	1960.2712292230501	1960.31128679527	1960.39140193971	1960.5516322286001	1960.8720928063799	1960.89379844532	1960.91550408425	1960.95891536213	1961.0457379178799	1961.21938302938	1961.56667325237	1961.58837889131	1961.6100845302501	1961.6534958081199	1961.7403183638701	1961.9139634753701	1962.26125369837	1962.2825634860501	1962.30387327373	1962.3464928491001	1962.4317319998199	1962.6022103012799	1962.9431669041901	1963.62508011002	1963.6449576944101	1963.66483527879	1963.7045904475599	1963.78410078511	1963.9431214602	1964.26116281037	1964.89724551072	1966.2767294923101	1967.5645524629499	1968.8270409532499	1970.19684802443	1971.47499408467	1972.8604587257901	1974.2205888865701	1975.4890580364099	1976.86484576713	1978.1489724869	1979.54041778756	1980.9065286078701	1982.1809784172401	1983.5627468074999	1984.8528541868	1986.11762708577	1987.48971856562	1988.77014903452	1990.1578980843101	1991.5203126537699	1992.7910662122699	1994.16913835165	1995.45554948009	1996.71662612819	1998.08502135718	1999.3617555752101	2000.7458083741301	2002.0382001621001	2003.3052574697399	2004.6796333582599	2005.9623482358299	2007.35238169428	2008.7170806724	2009.99011863957	2011.3704751876201	2012.6591707247301	2013.9225317814901	2015.2932114191501	2016.5722300458499	2016.5945389306601	2016.61684781546	2016.6614655850799	2016.7507011242999	2016.9291722027499	2017.2861143596599	2017.3084232444601	2017.33073212927	2017.3753498988799	2017.4645854381099	2017.6430565165599	2017.6653654013701	2017.68767428617	2017.7322920557899	2017.8215275950099	2017.8438364798201	2017.86614536463	2017.9107631342399	2017.9330720190501	2017.95538090385	2017.97768978866	2017.9999986734599	244.40744018554599	243.94009399414	243.47482299804599	242.55041503906199	240.72600555419899	237.174392700195	230.45509338378901	230.051963806152	229.65077209472599	228.854248046875	227.284629821777	224.23840332031199	218.513298034667	218.14288330078099	217.774696350097	217.04487609863199	215.61154937744101	212.84934234619101	207.736724853515	207.43515014648401	207.13571166992099	206.54312133789	205.38291931152301	203.16194152832	199.11170959472599	198.89122009277301	198.67253875732399	198.24031829833899	197.39665222167901	195.79182434082	195.59888458251899	195.40766906738199	195.0302734375	194.295783996582	192.907264709472	192.7412109375	192.57681274414	192.25294494628901	191.625022888183	190.447700500488	190.30785369873001	190.16961669921801	189.898025512695	189.37407684326101	188.40283203125	188.29081726074199	188.180274963378	187.96376037597599	187.54885864257801	187.44888305664	187.35041809082	187.15793609619101	186.79090881347599	186.702865600585	186.616310119628	186.44758605957	186.12780761718699	186.05152893066401	185.97671508789	185.83149719238199	185.55842590332	185.49377441406199	185.43058013916001	185.30848693847599	185.08155822753901	185.02838134765599	184.97665405273401	184.877479553222	184.69611358642501	184.65428161621	184.61387634277301	184.53726959228501	184.50108337402301	184.46627807617099	184.40086364746	184.370246887207	184.34103393554599	184.28675842285099	184.26168823242099	184.23800659179599	184.19477844238199	184.17362976074199	184.15409851074199	184.13615417480401	184.119857788085	184.10513305664	184.09204864501899	184.08055114746	184.07066345214801	184.06234741210901	184.05564880371	184.05050659179599	184.04695892333899	184.045021057128	184.044662475585	184.045860290527	184.04866027832	184.05303955078099	184.05894470214801	184.06646728515599	184.07551574707	184.08612060546801	184.09831237792901	184.11207580566401	184.12736511230401	184.14421081542901	184.16259765625	184.18254089355401	184.20404052734301	184.22706604003901	184.25161743164	184.30534362792901	184.33451843261699	184.36518859863199	184.43114471435501	184.466384887695	184.503173828125	184.58125305175699	184.62252807617099	184.66535949707	184.75546264648401	184.95364379882801	185.00692749023401	185.06168365478501	185.17559814453099	185.42118835449199	185.486236572265	185.55278015136699	185.69021606445301	185.98251342773401	186.05402374267501	186.12681579589801	186.27613830566401	186.58978271484301	187.27645111083899	187.36779785156199	187.46038818359301	187.64921569824199	188.04143524169899	188.88368225097599	188.994369506835	189.106201171875	189.33345031738199	189.802154541015	190.79570007324199	193.00399780273401	193.16407775878901	193.32546997070301	193.65220642089801	194.321403503417	195.72209167480401	198.767974853515	198.968978881835	199.17124938964801	199.57946777343699	200.41062927246	202.13140106201101	205.80233764648401	206.037353515625	206.27349853515599	206.749153137207	207.71376800537101	209.69581604003901	213.86686706542901	223.00567626953099	223.28743743896399	223.570091247558	224.13790893554599	225.283653259277	227.61534118652301	232.436264038085	242.684646606445	267.46669006347599	293.39056396484301	321.03224945068303	353.12010955810501	384.68547058105401	420.31977844238202	456.41505432128901	490.81185913085898	528.66799926757801	564.31266784667901	603.07402801513604	641.09597778320301	676.407325744628	714.40447998046795	749.52971649169899	783.580665588378	820.05194091796795	853.63092803954999	889.53231048583905	924.30772399902298	956.36637878417901	990.78782653808503	1022.67498779296	1053.7933807372999	1087.51794433593	1119.0664978027301	1153.5109100341699	1186.05836486816	1218.48474121093	1254.4240188598601	1288.8726348876901	1327.4126434326099	1366.70825195312	1404.8845748901299	1448.1830444335901	1490.6277694702101	1534.35742950439	1584.4314270019499	1633.87023925781	1634.7572479247999	1635.64514160156	1637.4235305786101	1640.99084472656	1648.1678009033201	1662.69322204589	1663.60875701904	1664.5251770019499	1666.3607940673801	1670.04306793212	1677.45176696777	1678.38206481933	1679.3132629394499	1681.17846679687	1684.9201354980401	1685.8579406738199	1686.7966003417901	1688.67687225341	1689.61840057373	1690.56089782714	1691.5043334960901	1692.44872283935	Year
Marshall and Swift equipment cost index
7.5707999999999998E-2	0.37854000000000004	1.3248900000000001	1.8927	2.6497800000000002	7.5708000000000002	13.248899999999999	18.927	37.853999999999999	43.270501997336893	58.777849533954736	78.036974700399469	88.792070572569912	105.80012916111852	137.56517976031958	176.33354860186421	217.60310252996007	312.64813581890814	Mixing pump capacity (cubic meter/min)
Construction cost in 2022 (1000 $)
1964	1965	1966	1967	1968	1969	1970	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	2014	2015	2016	2017	103.3	104.2	107.2	109.7	113.6	119	125.7	132.30000000000001	132.30000000000001	144.1	164.4	182.4	192.1	204.1	218.8	238.7	261.2	297	314	316.89999999999998	322.7	325.3	318.39999999999998	323.8	342.5	355.4	357.6	361.3	358.2	359.2	368.1	381.1	381.7	386.5	389.5	390.6	394.1	394.3	395.6	401.7	444.2	468.2	499.6	525.4	575.4	521.9	550.79999999999995	585.70000000000005	584.6	567.29999999999995	576.1	570.6	541.4	567.5	fitting data	1964.00000108163	1964.0162560497799	1964.0325110179399	1964.06502095426	1964.1300408268801	1964.2600805721399	1964.5201600626499	1965.04031904368	1966.16814292552	1967.22122782921	1968.2536553873999	1969.37358886538	1970.4187833651999	1971.55148378482	1972.66352685894	1973.7008309549001	1974.8256409706501	1975.87571200825	1976.90512570034	1978.0220453122299	1979.0642259459601	1980.1939124994899	1981.3029417075099	1982.33723193738	1983.45902808704	1984.50608525855	1985.6406483498499	1986.7545540956501	1987.79372086329	1988.9203935507301	1989.9723272600099	1991.00360362378	1992.12238590735	1993.16642921277	1994.29797843798	1995.4088703176899	1996.4450232192301	1997.5686820405799	1998.61760188377	1999.6458643814501	2000.7616327989299	2001.8026622382499	2002.9311975973701	2003.9849939783301	2005.01813301379	2006.1387779690399	2007.18468394614	2008.3180958430301	2009.4308503944201	2010.4688659676499	2011.5943874606801	2012.6451699755501	2013.67529514491	2014.7929262340799	2015.83581834508	2015.85400866654	2015.87219898799	2015.90857963091	2015.98134091674	2016.1268634884	2016.4179086317199	2016.4360989531799	2016.4542892746399	2016.4906699175499	2016.5634312033801	2016.7089537750401	2016.7271440965001	2016.7453344179601	2016.7817150608701	2016.8544763467	2016.87266666816	2016.89085698962	2016.92723763253	2016.94542795399	2016.96361827545	2016.9818085969	2016.99999891836	75.160704135894704	75.337094306945801	75.5135173797607	75.866458892822195	76.572714805602999	77.986699104308997	80.820350170135498	86.508708953857393	98.923311710357595	110.589214324951	122.068173408508	134.53828716277999	146.16831064224201	158.73741436004599	171.01819038391099	182.40124845504701	194.646484375	205.97019910812301	216.95704221725401	228.73750591277999	239.58805513381901	251.18618583679199	262.39981365203801	272.699437141418	283.69508266448901	293.79292488098099	304.55607748031599	314.94623517990101	324.48631048202498	334.67070865631098	344.03924226760802	353.10256099700899	362.81261348724303	371.77361536026001	381.39456653594902	390.76834917068402	399.46789789199801	408.878796100616	417.66598463058398	426.306567668914	435.741263389587	444.62829494476301	454.38912820816	463.65665674209498	472.91967916488602	483.20513677597	493.066825389862	504.08522558212201	515.28681850433304	526.124122619628	538.34945392608597	550.25754642486504	562.44273042678799	576.29059553146305	589.85499477386395	590.09741306304898	590.34003686904896	590.82590007781903	591.80010414123501	593.75847864151001	597.71560192108097	597.96473026275601	598.21407270431496	598.71340179443303	599.71464347839299	601.7275390625	601.98013162612904	602.23294448852505	602.73922681808403	603.75443267822197	604.00878524780205	604.26336097717206	604.77317523956299	605.02841567993096	605.28387832641602	605.53956413268997	605.79547405242897	Year
CEPCI values
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