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Over	 the	 last	 quarter	 century,	 the	 intensification	 of	 human	 activities	 in	 urbanized	 areas,	

coupled	with	an	increase	in	frequency	and	length	of	extreme	droughts,	has	resulted	in	the	

growing	demand	 for	 safe,	 reliable,	 and	sustainable	water.	Municipal	and	 industrial	water	

reclamation	has	been	the	subject	of	much	interest	since	it	provides	a	more	balanced	solution	

on	metrics	 such	as	 land-use	 footprint,	 energy	and	operational	 costs,	 and	 reliability	when	

compared	 to	 other	 alternative	water	 solutions.	 As	 water	 stressed	 cities	 are	 increasingly	

relying	 on	 recycled	 water,	 treated	 wastewater	 effluent	 standards	 are	 becoming	

progressively	 stricter	 due	 to	 concerns	 associated	 with	 human	 exposure.	 Therefore,	

significant	 efforts	 have	 been	 devoted	 towards	 the	 optimization	 of	 conventional	 and	

advanced	wastewater	 treatment	processes	 in	order	 to	 improve	 the	sustainability	of	 their	

operations	in	terms	of	effluent	quality,	energy	use,	greenhouse	gas	emissions	and	costs.		

Dynamic	 modeling	 continues	 to	 provide	 a	 powerful	 tool	 for	 the	 evaluation	 of	 novel	

optimization	 strategies	 in	 the	 field	 of	 municipal	 and	 industrial	 wastewater	 treatment.	

Therefore,	in	this	dissertation,	three	different	systems	have	been	carefully	analyzed	due	to	

their	growing	interest	in	the	field	of	wastewater	treatment	and	reclamation.	Through	the	use	

of	 dynamic	process	models,	 the	 optimization	of	 these	 systems	was	 evaluated.	The	 topics	

presented	are:	 i)	optimization	of	air	supply	system	in	municipal	water	resource	recovery	

facilities	(WRRFs);	ii)	optimization	of	produced	water	clarifiers	in	petrochemical	wastewater	

treatment	facilities	(PWTFs);	and	iii)	optimization	of	hybrid	WRRFs	systems.		

In	the	first	topic,	in-situ	off-gas	testing	coupled	with	dynamic	simulations	of	a	full-scale	air	

supply	 system	 have	 highlighted	 the	 significant	 impact	 that	 an	 imbalance	 in	 airflow	
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distribution	can	have	on	the	overall	performance	of	a	municipal	WRRFs.	Along	with	a	family	

of	dynamic	process	models,	a	multi-criteria	analysis	of	an	air	supply	model	was	performed	

by	parametrizing	 the	manual	 valves	used	 to	distribute	 the	 airflow	 to	 the	 various	 reactor	

zones.	 A	 trade-offs	 analysis	 showed	 potential	 energy	 savings	 of	 up	 to	 13.6%	 and	

improvement	of	effluent	quality	for	NH4+	(up	to	68.5%)	and	NOx	(up	to	81.6%).	

In	 the	 second	 topic,	 a	 novel	 clarifier	 model	 is	 proposed	 for	 the	 dynamic	 description	 of	

clarification	tanks	used	to	concurrently	separate	solids	and	oils	dispersion	in	petrochemical	

wastewaters.	 Batch	 settling	 tests	 of	 samples	 collected	 from	 a	 petrochemical	 wastewater	

treatment	 plant	 in	 China	 revealed	 that	 the	 gravity	 separation	 of	 oils	 and	 solids	 behaves	

according	 to	discrete	particle	dynamics.	Therefore,	a	Stokesian	particle	 separation	model	

was	 incorporated	 into	 the	 produced	water	 clarifier	model,	 which	 is	 based	 on	measured	

particle	settling	velocity	distribution	(PSVD)	curves.	Furthermore,	through	an	ensemble	of	

Monte	Carlo	simulations	it	was	possible	to	analyze	the	separation	performance	of	various	

flow	configurations	of	the	underflow	and	water	effluent	streams.	It	was	in	general	possible	

to	 observe	 a	marked	 trade-off	 between	 the	 competing	 goals	 of	 solids	 thickening	 and	 oil	

recovery.	

In	 the	 third	 topic,	 a	 new	 conceptual	 framework	 for	 the	 dynamic	management	 of	 hybrid	

WRRFs	 systems	 comprised	 of	 both	 centralized	 and	 satellite	 WRRFs	 is	 introduced.	 The	

underlying	concept	of	such	strategy	relies	on	exploiting	the	hydraulic	delay	of	sewer	trunk	

lines	for	the	deferral	of	the	treatment	intensity	between	hydraulically	connected	facilities	

during	 specific	 hours	 of	 the	 day.	 This	 study	 provides	 a	 novel	 insight	 into	 the	 dynamic	

management	of	hybrid	wastewater	treatment	systems	and	highlights	its	potential	to	reduce	

the	 greenhouse	 gases,	 power	 demand,	 energy	 use	 and	 costs	 associated	with	 treating	 the	

wastewater.	Results	show	the	potential	to	reduce	by	25%	the	total	power	demand	exerted	

during	grid	ramping	hours.	Furthermore,	total	costs,	energy	and	greenhouse	gas	emissions	

could	be	reduced	by	8.5%,	4.1%,	and	4.5%	respectively.	
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Chapter	1	

	

Introduction	

With	the	advent	of	what	has	been	referred	to	as	the	Anthropocene	epoch	(Lewis	and	

Maslin,	 2015;	Waters,	 2016),	 the	 adaptation	 to	 climatic	 uncertainty	 coupled	with	

intensification	 of	 human	 density	 in	 urbanized	 regions,	 are	 among	 the	 major	

challenges	that	human	societies	are	confronted	with	(Adger	et	al.,	2003;	Mazdiyasni	

et	al.,	2017;	McMichael	et	al.,	2006).	The	concurrence	of	these	two	phenomena	is	the	

biggest	 driver	 behind	 the	 ongoing	 and	 projected	 increase	 of	 water	 insecurity	 in	

urbanized	areas	(Arnell,	1999;	Haddeland	et	al.,	2014;	Vörösmarty	et	al.,	2000).		

Indeed,	the	intensification	and	prolonging	of	drought	periods	in	arid	and	semi-arid	

regions,	 has	 already	 highlighted	 the	 vulnerability	 of	 water	 resources	 in	 a	 few	

metropolitan	areas	(Sorensen,	2017;	Van	Dijk	et	al.,	2013).	The	increasing	awareness	

of	facing	potential	water	shortages,	has	led	several	cities	to	break	from	the	traditional	

linear	paradigm	of	 “collection-usage-treatment-release”	 approach,	 and	has	 instead	

driven	their	focus	towards	a	diversified	set	of	non-traditional	water	sources	(Brown	

et	 al.,	 2009).	 So	 far	 the	 main	 strategies	 that	 are	 being	 pursued	 consist	 of	 water	

conservation	 programs,	 storm	 water	 harvesting,	 desalination,	 and	 municipal	 and	

industrial	water	reclamation	(Hering	et	al.,	2013;	Hochstrat	et	al.,	2010;	Jiang	et	al.,	

2015;	Leverenz	et	al.,	2011;	Low	et	al.,	2015).		
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Among	these	various	solutions,	municipal	and	industrial	water	reclamation	has	been	

the	subject	of	much	interest	since	it	provides	a	more	balanced	solution	on	metrics	

such	 as	 land-use	 footprint,	 energy	 and	 operational	 costs,	 and	 reliability	 when	

compared	to	other	sources	(Okun,	1996;	Wade	Miller,	2006).		

Although	both	municipal	and	industrial	water	reclamation	in	general	require	lower	

energy	footprint	than	other	options	like	desalination,	the	energy	required	to	operate	

the	various	process	units	 that	comprise	 it	 is	still	 significant	(Rygaard	et	al.,	2011).	

Moreover,	as	treated	wastewater	effluent	standards	become	progressively	stricter,	

the	projected	energy	requirements	for	treating	the	wastewater	are	also	expected	to	

increase.	As	such,	significant	efforts	have	been	devoted	towards	the	optimization	of	

conventional	and	advanced	wastewater	treatment	processes	in	order	to	improve	the	

sustainability	of	their	operations	in	terms	of	energy	use,	greenhouse	gas	emissions	

and	 costs.	 The	 introduction	 of	 dynamic	 simulators	 to	 the	 field	 of	 water	 and	

wastewater	 treatment	 has	 provided	 a	 powerful	 tool	 to	 test	 different	 optimization	

strategies	in	a	non-invasive	manner	(Gernaey	et	al.,	2004).	

	

1.1		 Dynamic	Modeling	for	Wastewater	Treatment	Optimization	

1.1.1		 Municipal	Wastewater	Treatment	

Water	 resource	 recovery	 facilities	 (WRRFs)	 provide	 the	 important	 service	 of	

collecting,	treating	and	transforming	the	various	contaminants	present	in	municipal	

wastewaters.	However,	for	these	systems	to	properly	function,	significant	energy	is	

required	 for	 onsite	 operations	 (WEF,	 2009;	 Longo	 et	 al.,	 2016).	 The	main	 energy	

consumption	is	associated	with	the	pumping	and	aeration	of	the	wastewater	in	the	
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secondary	treatment	stage.	The	latter	typically	is	comprised	by	aerated	bio-reactors,	

followed	by	a	gravity	separation	unit,	also	known	as	secondary	clarifier.	

The	 secondary	 treatment	 stage	 has	 been	 indisputably	 the	 prime	 subject	 for	 the	

development	of	dynamic	process	models.	Such	interest	is	driven	by	the	complexity	of	

biological	 reactions	 and	 the	 relatively	high	 energy	 intensity	 that	 characterizes	 the	

secondary	treatment	stage.	

The	first	dynamic	models	of	the	bio-reactors	were	developed	to	track	the	degradation	

of	organics,	nitrification,	and	denitrification	processes	occurring	in	activated	sludge	

systems.	The	first	officially	accepted	model	was	the	Activated	Sludge	Model	1	(ASM1)	

(Henze	et	al.,	1987;	Marais,	G.v.R,	Ekama,	1976).	The	ASM1	model	incorporates	the	

main	 biokinetic	 processes	 that	 describe	 the	 oxidation	 of	 organic	 compounds	 and	

nitrogenous	 species.	 Eventually	 other	 updated	 models	 followed	 (ASM2,	 ASM2d,	

ASM3),	 which	 attempted	 to	 describe	 additional	 bio-reactions	 occurring	 in	 the	 AS	

process	(Çinar	et	al.,	1998;	Gujer	et	al.,	1999;	Henze,	1999;	Siegrist	et	al.,	2002).	

In	 the	 activated	 sludge	 process	 the	 microbial	 biomass	 is	 augmented	 via	 the	

implementation	of	a	solid	separator	at	the	end	of	the	tanks.	This	has	been	historically	

achieved	with	the	use	of	a	secondary	clarifier,	which	allows	the	suspended	flocs	to	be	

separated	by	exploiting	the	density	differential	between	them	and	the	surrounding	

liquid	matrix.	 The	most	 widely	 adopted	model	 to	 describe	 this	 process	 has	 been	

proposed	 in	 Takacs	 et	 al.,	 1991.	 Such	 model	 proposes	 a	 spatially	 discretized	

secondary	clarifier,	where	each	layer	is	assumed	to	behave	as	a	continuous	stirred	

tank	reactor	(CSTR).	Subsequent	studies	attempted	to	expand	the	limitations	of	the	
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Takács	model	by	also	considering	a	dispersion	component	(Plósz	et	al.,	2011)	or	by	

accounting	for	variation	in	the	distributed	particle	properties	(Torfs	et	al.,	2017).	

In	more	recent	years,	these	models	have	been	progressively	incorporated	in	wider	

integrated	models,	capable	of	also	of	describing	the	dynamic	operation	of	equipment	

such	as	blowers,	diffusers	and	valves	of	air	supply	systems.	Although	the	air	supply	

system	is	responsible	for	as	much	as	45-75%	of	the	energy	demand	on	the	treatment	

side	of	WRRFs	use	(Olsson,	2015;	Reardon,	1995;	Rosso	et	al.,	2008),	it	has	been	only	

in	 recent	 years	 that	 detailed	 air	 supply	 models	 started	 being	 implemented	 in	

conjunction	with	other	process	models	(Amaral	et	al.,	2018,	2017;	Jens	et	al.,	2002).	

Indeed,	when	modeling	the	air	supply	system	it	 is	possible	to	realistically	describe	

the	 impact	 of	 various	 control	 strategies	 on	 the	 power	 demand	 (Juan-García	 et	 al.,	

2018).	

Control	strategies	in	WRRFs	are	numerous,	and	have	been	mostly	directed	towards	

lowering	the	energy	demand	from	the	air	supply	system	(Åmand	et	al.,	2013).	Among	

these,	particular	attention	has	been	given	over	the	years	to	dissolve	oxygen	control	

(Barnard	and	Meiring,	1988;	Holenda	et	al.,	2008;	Piotrowski	et	al.,	2008),	aerated	

volume	 control	 (Ekman	 et	 al.,	 2006),	 and	 ammonium-based	 control	 (Rieger	 et	 al.,	

2014).		

The	growing	emphasis	towards	energy	footprint	minimization	coupled	with	the	ever	

more	stringent	effluent	discharge	 limits	 continues	 to	propel	more	research	on	 the	

dynamic	analysis	of	air	supply	systems	(Rosso	et	al.,	2008;	Zhu	and	Anderson,	2017).	
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1.1.2		 Petrochemical	Wastewater	Treatment	

Several	countries	as	of	today	rely	on	petroleum	as	a	major	resource	for	energy	and	

revenue.	 However,	 as	 the	 development	 of	 new	 oilfields	 steadily	 increases,	 the	

environmental	 problems	 arising	 from	 the	 generated	 industrial	 wastewater	 have	

begun	 to	 gain	 international	 attention	 (Lutz	 et	 al.,	 2013).	 During	 regular	 oilfields	

activities,	 a	 net	 production	 of	 formation	water,	 also	 known	 as	 produced	water,	 is	

generated.	Such	produced	water	comprises	the	largest	by-product	generated	during	

oil	 and	 gas	 exploration	 activities,	 with	 approximately	 21	 billion	 barrels	 (bbls)	 of	

wastewater	produced	in	the	United	States	alone	in	2007	(Clark	and	Veil,	2009).		

As	 climate	 uncertainty	 and	 population	 intensification	 are	 undermining	 the	

availability	 of	 the	 currently	 available	 water	 resources,	 the	 sustainable	 reuse	 of	

petrochemical	wastewater	for	various	purposes	has	recently	been	investigated	(Melo	

et	al.,	2010).	Possible	end-use	applications	of	recycled	produced	waters	are	irrigation	

and	livestock	watering,	streamflow	augmentation,	and	industrial	applications.	

The	use	of	dynamic	simulators	 in	 the	 field	of	municipal	wastewater	 treatment	has	

allowed	 the	ability	 to	analyze	complex	 interconnected	processes	 in	a	non-invasive	

manner.	However,	the	use	of	such	simulators	for	the	analysis	of	treatment	processes	

in	 petrochemical	 wastewater	 treatment	 facilities	 (PWTFs)	 is	 of	 more	 recent	

application	(Misra	et	al.,	2017).	PWTFs	are	commonly	comprised	by	various	settling	

tanks	in	series,	followed	by	final	polishing	step	such	as	granular	sand	filtration	units.	

Settling	tanks	play	a	critical	role	in	the	effective	separation	of	both	oils	and	solids	from	

petrochemical	wastewaters,	and	thus	can	directly	impact	the	quality	of	the	recovered	

oils	and	water.	The	concurrent	separation	of	both	oils	and	solids	from	petrochemical	
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wastewater	mandates	 the	use	of	settling	 tanks	with	 three	effluent	streams	(rather	

than	the	two	found	in	municipal	systems).		

	

1.2		 Integrated	Dynamic	Modeling	of	Wastewater	Treatment	Systems	

Integrated	modeling	is	the	practice	of	establishing	a	connection	between	models	that	

describe	different	processes	of	the	system	under	study,	to	model	them	as	a	whole.	

The	integrated	modeling	approach	has	been	widely	implemented	in	environmental	

fields	due	to	their	interdisciplinary	nature.	

In	water	resource	modeling	this	approach	has	been	mostly	utilized	to	describe	water	

quality	 variables	 at	 a	 catchment-scale	 (Benedetti	 et	 al.,	 2013;	 Hadjimichael	 et	 al.,	

2016).	Moreover,	integrated	modeling	approaches	have	been	useful	when	trying	to	

describe	 the	 interactions	occurring	between	different	process	units	within	WRRFs	

(Solon	et	al.,	2017;	Vanrolleghem	et	al.,	2014).	Different	control	strategies	have	been	

studied	using	integrated	modeling	approaches,	from	plant-wide	(Solon	et	al.,	2017),	

to	catchment-scale	control	strategies	(Vanrolleghem	et	al.,	2005).	

	

1.2.1		 Modeling	Hybrid	Wastewater	Treatment	Systems	

The	decentralization	of	wastewater	infrastructure	in	growing	urban	areas	are	been	

part	of	the	ongoing	discourse	on	sustainable	urban	water	management.	

Decentralized	 WRRFs	 that	 are	 hydraulically	 connected	 to	 the	 centralized	 sewer	

collection	 system	are	known	as	 satellite	WRRFs	 (Larsen	et	 al.,	 2013).	The	gradual	

installation	of	satellite	plants	in	several	cities	worldwide	has	offered	several	benefits.	

Firstly,	 the	 installation	of	satellite	systems	 in	peri-urban	regions	allows	to	provide	
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hydraulic	relief	to	the	downstream	centralized	wastewater	infrastructure.	Secondly,	

satellite	WRRFs	 have	 also	 offered	 the	 ability	 locally	 reclaim	 the	wastewater,	 thus	

limiting	the	need	for	dual-piping	systems	that	stem	from	a	single	centralized	facility.	

Moreover,	 satellite	 systems	 allow	 to	produce	 a	 variety	 of	 treated	 effluent	 streams	

near	point	of	generation,	which	can	be	tailored	to	match	the	needs	of	local	end-use	

applications	 such	 as	 industrial	 reuse,	 landscape	 irrigation,	 groundwater	 recharge,	

streamflow	 augmentation,	 and	 service	 water	 used	 in	 households	 (Sharma	 et	 al.,	

2010).	 An	 example	 of	 hybrid	 system	 develop	mostly	 for	water	 reclamation	 is	 the	

Santa	Margarita	Water	District	hybrid	system,	which	is	comprised	by	a	combination	

of	 conventional	 and	 advanced	 water	 treatment	 facilities	 (see	 Fig.	 1.1,	 top	 left).	 A	

similar	motivation	also	 lies	behind	 the	design	 the	3-plant	 system	managed	by	 the	

orange	 county	 sanitation	 district	 (OCSD)	 and	 the	 orange	 county	 water	 district	

(OCWD)	(see	Fig.	1.1,	bottom	left).	In	this	system	three	hydraulically	connected	plants	

(two	conventional	and	one	advanced)	allow	to	reclaim	most	of	the	collected	water,	

which	is	used	mainly	for	seawater	intrusion	barrier	and	for	groundwater	recharge.		

Moreover,	 another	 example	 of	 a	 hybrid	 WRRFs	 system	 is	 illustrated	 by	 the	 Los	

Angeles	County	Sanitation	District	(LACSD)	(see	Fig.	1.1,	top	right).	For	such	system,	

the	motivation	for	the	construction	of	satellite	systems	originates	both	from	the	need	

to	reclaim	locally	the	wastewater	and		
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Figure	 1.1.	 Top	 left:	 Aerial	 view	 of	 the	 Santa	Margarita	Water	 District	 sewer	 and	water	

reclamation	network.	Bottom	left:	example	of	intra-	and	inter-facility	hydraulic	connections	

between	conventional	treatment	schemes	from	OCSD	(Plant	1	&	Plant	2)	and	the	advanced	

water	reclamation	facility	(GWRS)	from	OCWD.	Top	right:	View	of	the	 joint	outfall	system	

(JOS)	of	LACSD	comprised	by	7	satellite	facilities	and	one	centralized	plant. 

	

 
Hybrid	systems	are	comprised	of	both	centralized	and	satellite	wastewater	treatment	

plants.	As	the	gradual	installation	of	satellite	facilities	in	peri-urban	areas	is	projected	

to	continue,	analytical	studies	that	seek	to	optimize	their	 integration	with	the	pre-

existing	urban	infrastructure	are	becoming	progressively	more	important.		
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1.3		 Research	Motivation	and	Structure	of	the	Dissertation	

Dynamic	 modeling	 continues	 to	 be	 a	 powerful	 tool	 for	 the	 evaluation	 of	 novel	

optimization	strategies	in	the	field	of	municipal	and	industrial	wastewater	treatment.		

In	 particular	 three	 different	 systems	 have	 been	 selectively	 chosen	 due	 to	 their	

growing	interest	in	the	field	of	wastewater	treatment	dynamic	modeling.	In	order	to	

describe	the	complexity	and	dynamic	variations	of	the	systems	considered,	a	set	of	

dynamic	 process	 models	 has	 been	 developed	 within	 the	 Matlab	 and	 Simulink	

environment.	 In	Chapter	2	 the	equations	used	 to	describe	 the	various	wastewater	

treatment	process	models,	as	well	as	their	implementation	in	the	Simulink	platform,	

are	illustrated	and	discussed	in	detail.	

The	 first	area	of	study	 that	has	shown	significant	advances	 is	 the	 incorporation	of	

equipment	models	into	existing	dynamic	municipal	wastewater	process	models.	The	

use	 of	 equipment	 models	 provides	 the	 ability	 to	 account	 for	 the	 physical	 and	

operational	 constraints	 of	 the	 various	 processes,	 which	 historically	 have	 been	

neglected	 by	 the	 vast	 majority	 of	 dynamic	 simulation	 studies	 on	 municipal	

wastewater	treatment	(Ingildsen	et	al.,	2002;	Zhu	and	Anderson,	2017).	This	recent	

push	towards	plant-wide	integrated	models	that	include	equipment	models	has	been	

reflected	in	more	recent	studies	on	air	supply	equipment	models	(Juan-García	et	al.,	

2018).	The	recent	interest	in	air	supply	models	is	mostly	driven	by	need	to	accurately	

model	the	power	demand	exerted	by	the	blower	battery,	and	also	the	need	to	simulate	

the	constraints	of	the	aeration	equipment,	such	as	blower	turndown	and	maximum	

diffuser	 pressure	 drop,	 which	 are	 critical	 for	 the	 realistic	 description	 of	 dynamic	

control	strategies	(Amaral	et	al.,	2017).	Recent	works	presented	in	Schraa	et	al.,	2017	
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and	 Juan-García	 et	 al.,	 2018	 utilize	 a	 detailed	 representation	 of	 site-specific	

equipment	 such	 as	 blowers,	 valves	 and	 diffusers	 to	 realistically	 describe	 the	

interactions	 occurring	 between	 the	 aeration	 system	 (oxygen	 supply	 side),	 the	

biological	reactors	(oxygen	demand	side),	and	the	control	system.		

However,	even	the	most	recent	and	advanced	studies	are	conducted	without	a	prior	

selection	 of	 an	 optimal	 set	 of	manual	 valves.	 These,	 differently	 from	 the	 throttled	

valves	used	for	dynamic	control,	are	seldom	adjusted	and	are	used	to	ensure	a	correct	

distribution	 of	 the	 airflow	 to	 the	 various	 aerated	 zones.	 It	 is	 common	 praxis	 for	

manual	valves	to	be	adjusted	empirically,	through	a	trial	and	error	approach,	without	

fully	 considering	 the	 trade-offs	 occurring	 between	 the	 effluent	 water	 quality	

constituents	 and	 the	 energy	 use	 (Juan-García	 et	 al.,	 2018).	 As	 such,	 sub-optimal	

setting	of	manual	 valves	 can	 lead	 to	 an	 imbalanced	airflow	supply	 among	parallel	

units,	thus	resulting	in	different	oxygen	supply	rates,	which	is	necessary	for	microbial	

respiration.		

In	Chapter	3,	in	order	to	illustrate	the	importance	behind	the	proper	load	and	airflow	

distribution,	a	series	of	off-gas	field	testing	in	a	full-scale	plant	were	used	to	diagnose	

potential	 load	 and	 airflow	 imbalances	 between	 nominally	 identical	 and	 parallel	

aerated	 units.	 In	 particular,	 the	 potential	 to	 conduct	 in-line	 respirometric	

measurements	 using	 off-gas	 tests	 was	 introduced	 for	 the	 first	 time.	 Aeration	

efficiency	measurements	 obtained	during	 the	 off-gas	 field-testing	 campaign,	 along	

with	historical	data	 from	the	facility,	were	used	in	Chapter	4	to	develop	a	detailed	

dynamic	 model	 of	 the	 secondary	 treatment	 process,	 comprising	 also	 detailed	 air	

supply	system	equipment	components	such	as	pipes,	valves,	and	diffusers.	A	baseline	
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model	configuration	of	the	air	supply	system	is	used	for	the	comparative	analysis	with	

optimized	solutions.	For	this	study	the	set	of	optimal	manual	valve	configurations	are	

identified	through	the	implementation	of	a	multi-objective	optimization	algorithm.	A	

total	 of	 5	 objective	 functions	were	 investigated:	 energy	 use,	maximum	daily	NH4+	

concentration,	 maximum	 daily	 BOD5	 concentrations,	 maximum	 daily	 TSS	

concentrations,	 and	 monthly	 average	 NOx	 concentrations.	 The	 tradeoffs	 between	

effluent	 quality,	 energy	 and	 costs	 are	 also	 assessed	 for	 each	 manual	 valve	

combination	considered.	

Both	Chapter	3	and	4	provide	 important	contribution	 to	 the	ongoing	discourse	on	

equipment	modeling	by	highlighting	the	importance	behind	the	proper	distribution	

of	both	the	influent	load	and	the	airflow.	

	

The	second	area	of	study	considered	comprises	the	field	of	petrochemical	wastewater	

treatment	modeling.	Due	to	the	recent	advances	in	the	field	of	unconventional	oil/gas	

extraction	(also	known	as	hydraulic	fracking),	the	several	countries	are	expected	to	

rely	on	petroleum	as	a	major	resource	for	energy	and	revenue	in	the	upcoming	years.	

As	 the	 development	 of	 new	 oilfields	 steadily	 increases,	 the	 emerging	 issue	 of	

effectively	treating	the	large	volumes	of	produced	water	are	expected	to	acquire	of	

major	role	in	the	area	of	industrial	wastewater	treatment	and	reuse.	At	the	heart	of	

petrochemical	wastewater	treatment	processes	are	a	series	of	clarification	units	that	

are	responsible	for	the	concurrent	separation	of	oil	emulsions	and	suspended	solids.	

Although	 several	 studies	 have	 developed	 mathematical	 models	 describing	 the	
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separation	of	oils	and	solids	from	produced	waters	(Behin	and	Aghajari,	2008;	Khatri	

et	al.,	2011;	Krebs	et	al.,	2012),	there	is	currently	still	a	lack	of	process	models	that	

can	describe	the	concurrent	separation	of	oils	and	solids	in	engineered	systems	such	

as	 settling	 tanks.	 In	 Chapter	 5,	 a	 new	 clarifier	 process	 model	 is	 presented.	 The	

development	of	such	model	is	inspired	by	previous	modelling	studies	on	municipal	

clarifiers.	 The	 produced	 water	 clarification	 model	 belongs	 to	 the	 family	 of	

unidimensional	spatially	discretized	clarifier	models	(Bachis	et	al.,	2015;	Torfs	et	al.,	

2017).	Design	schematics	 from	a	 full-scale	 facility	 in	China	were	used	 to	build	 the	

model.	Petrochemical	wastewater	samples	were	collected	from	the	field	in	order	to	

investigate	the	water	quality	and	settling	characteristics.	Following	the	model	setup,	

Montecarlo	 simulations	 are	 run	 in	 order	 to	 analyze	 the	 tradeoffs	 between	 the	

thickening	of	the	oils	and	suspended	solids.	During	each	Montecarlo	simulation	the	

underflow	and	the	clarified	effluent	streams	are	parametrized.	In	general,	the	study	

shows	that	a	tradeoff	occurs	between	the	oil	coalescence	at	the	top	of	the	clarifier	and	

the	solids	thickening	at	the	bottom.	

	

The	third	area	of	study	considered	relates	to	the	emerging	topic	of	optimization	of	

hybrid	wastewater	treatment	systems.	The	optimal	management	of	hybrid	systems,	

comprised	by	both	satellite	and	centralized	hydraulically	connected	WRRFs,	has	been	

an	increasingly	investigated	topics	in	recent	research	(Eggimann	et	al.,	2015;	Opher	

and	 Friedler,	 2016).	 However,	 several	 of	 these	 studies	 mostly	 address	 the	

optimization	 problem	 from	 a	 spatial	 modelling	 perspective,	 thus	 neglecting	 the	

intrinsic	dynamics	that	characterize	the	day-to-day	operation	of	hybrid	wastewater	
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treatment	 systems.	 Such	 studies	 use	 site-specific	 conditions	 and	 geospatial	

information	for	the	quantification	of	sustainability	metrics	such	as	greenhouse	gas	

emissions	(Kavvada	et	al.,	2016),	energy	use	(Bradshaw	and	Luthy,	2017),	and	costs	

(Eggimann	et	al.,	2016;	Lee	et	al.,	2013;	Naik	and	Stenstrom,	2016).	However,	they	

also	 assume	 such	 variable	 to	 be	 time-invariant,	which	 are	 in	 reality	 known	 to	 be	

dynamic.	 Although	 integrated	 dynamic	 models	 have	 been	 presented	 in	 previous	

work,	 these	have	mostly	been	 focused	 towards	 the	optimal	management	of	urban	

drainage	 systems	 and	 on	 the	 impact	 analysis	 on	 riverine	 ecosystems	 (Saagi	 et	 al.,	

2016;	Vanrolleghem	et	al.,	2005).	As	of	 today,	 the	current	 lack	of	dynamic	process	

models	in	studies	of	hybrid	wastewater	treatment	systems	prevents	the	possibility	to	

explore	 the	potential	costs	and	energy	savings	 that	can	be	achieved	by	 identifying	

integrated	control	strategies.	

In	Chapter	6,	a	novel	conceptual	framework	is	proposed	for	the	dynamic	management	

hybrid	wastewater	treatment	facilities.	Three	underlining	strategies	are	considered	

for	 the	 analysis	 of	 the	 LACSD	 hybrid	 system:	 1)	 demand	 response;	 2)	 flow	

equalization	 of	 the	 centralized	 WRRF;	 3)	 reduction	 of	 greenhouse	 gas	 (GHG)	

emissions.	 Each	 strategy	 is	 based	 on	 the	 ability	 to	 shift	 dynamically	 the	 loads	 of	

different	satellite	wastewater	treatment	plants	to	the	centralized	treatment	facility	

during	different	hours	of	the	day.	In	addition	to	site-specific	data	from	each	facility	

(i.e.,	 reactor	 dimensions,	 influent	 flows,	 constituent	 concentrations,	 aeration	

specifications,	etc.),	dynamic	variables	such	as	the	carbon	intensity	(CI)	of	the	local	

electrical	grid	and	cost	per	unit	of	energy	consumed	($/kWh)	are	also	implemented	

in	the	model	in	order	to	estimate	overall	carbon	footprint	and	operational	costs.		
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Chapter	 6	 represents	 the	 culmination	 of	 the	 several	 dynamic	 modeling	 analyses	

performed	 in	 this	work.	As	such,	 it	 incorporates	most	of	 the	previously	developed	

models	and	has	 inherited	most	of	 the	progressively	acquired	modeling	knowledge	

presented	in	the	previous	chapters.	

	

The	 following	 research	 hypothesis	 provides	 the	 basis	 for	 addressing	 integrated	

control	strategies	of	a	system	of	hydraulically	connected	WRRFs,	within	the	scope	of	

lowering	greenhouse	gas	emissions,	power,	energy	use	and	costs.	

	

	

1.4	Research	Hypothesis		

Herein	 the	 research	 hypothesis	 is	 proposed,	 followed	 by	 the	 null	 hypothesis	 it	

attempts	to	disproof.		

Research	Hypothesis	–	H1		

In	a	system	of	𝑛	hydraulically	connected	WRRFs,	the	sum	of	the	performance	metric	

𝓅	 of	 each	 facility	 (such	 as	 carbon	 footprint,	 energy	 use	 or	 costs)	 as	 a	 result	 of	

independent	 control	 strategies	 (𝑚𝑖𝑛!"#,%),	 is	 strictly	 greater	 than	 the	 sum	 of	 the	

performance	metric	of	each	 facility	when	integrated	control	strategies	(min!"#,&!#)	

are	adopted	to	minimize	the	overall	performance	𝓅	of	the	system	as	a	whole.	

,	𝑚𝑖𝑛!"#,% 	(𝓅%) >
𝒏

𝒊)𝟏

min!"#,&!# /,𝓅%

𝒏

𝒊)𝟏

	0	; 
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Where:			𝑖 ∈ {1, … , 𝑛};				

Generally	 speaking,	by	 selecting	an	 integrated	 control	 strategy	 that	prioritizes	 the	

minimization	 of	 a	 particular	 performance	 metric	 (i.e.	 greenhouse	 gas	 emissions,	

energy	use	and	costs)	of	the	facility/ies	with	the	highest	specific	energy	utilization,	or	

by	dynamically	shifting	the	 influent	 load	among	different	 facilities	during	the	peak	

hours,	the	optimal	reduction	in	terms	of	each	metric	of	the	entire	system	is	achieved.	

	

Null	Hypothesis	–	H0	

The	overall	energy	consumption	of	a	system	of	hydraulically	connected	WRRFs	can	

only	be	minimized	by	separately	minimizing	the	energy	of	the	individual	facilities.	

Testing	Procedure	

The	alternative	hypothesis	H1	will	be	tested	by	implementing,	and	in	part	developing,	

dynamic	 models	 of	 the	 processes	 that	 are	 directly	 involved	 in	 the	 energy	

consumption	 of	 the	 facilities	 considered.	 Following	 this	 stage,	 the	models	 will	 be	

calibrated	 and	 validated	 using	 the	 available	 data	 obtained	 via	 both	 on-site	

measurements	and	from	historical	datasets.	Dynamic	simulations	will	be	conducted	

with	the	intent	to	assess	various	integrated	control	strategies	aimed	at	reducing	the	

carbon	footprint,	the	power	demand,	the	energy	use	and	the	operating	costs	of	the	

overall	system.	
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Significance	

By	 demonstrating	 the	 potential	 behind	 the	 dynamic	 optimization	 of	 hydraulically	

connected	facilities	we	highlight	the	 importance	of	acquiring	a	holistic	perspective	

when	studying	the	energy	footprint	of	interconnected	urban	water	systems.	

Furthermore,	 to	 demonstrate	 the	 negation	 of	 the	 null	 hypothesis	 H0	 means	 to	

demonstrate	that	strategies	that	aim	at	minimizing	the	energy	footprint	of	individual	

facilities	in	a	system,	do	not	necessarily	minimize	the	overall	energy	demand	of	the	

system	 itself.	 Such	 assertion	 would	 promote	 the	 collaboration	 between	 different	

interconnected	 facilities	 towards	 the	 common	 goal	 of	 decreasing	 the	 different	

performance	metrics.	Moreover,	we	begin	to	observe	how	it	might	be	possible	to	shift	

the	energy	intensity	among	connected	facilities,	by	shifting	the	loading	rate	between	

them.	

Furthermore,	 the	 possibility	 to	 dynamically	 shift	 the	 load	 between	 plants	 also	

introduces	 the	 potential	 for	 hybrid	 WRRF	 systems	 to	 provide	 demand	 response	

services	to	the	power	markets.	

Hence,	 in	 more	 simple	 terms,	 by	 rejecting	 the	 null	 hypothesis	 H0	 in	 favor	 of	 the	

alternative	hypothesis	H1,	it	would	be	possible	to	find	a	way	to	dynamically	transfer	

the	 treatment	 intensity	 from	one	plant	 to	another	using	 the	hydraulic	connections	

that	link	them	as	means	to	do	so.	
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Chapter	2	

	

Dynamic	Modelling	of	Wastewater	Treatment	Processes	with	
Simulink	
	

The	following	chapter	provides	summary	behind	the	wastewater	treatment	models	

that	were	developed	using	the	Matlab/Simulink	software.	

The	 reader	 is	 advised	 that	 the	 following	 discussion	 on	 the	 implementation	 of	

wastewater	 process	 models	 in	 the	 Simulink	 software	 are	 pertinent	 to	 the	 2019b	

version	 of	 Matlab/Simulink.	 Although	 major	 changes	 to	 the	 various	 software	

functionalities	are	infrequent,	various	versions	of	Simulink	and	Matlab	are	released	

every	 year.	 Hence,	 the	 future	 appearance	 and/or	 some	 features	 of	 the	 Simulink	

platform	may	result	slightly	different	from	the	material	presented	herein.	

In	the	following	section	we	provide	a	brief	introduction	to	some	of	the	main	Simulink	

features	that	are	used	for	the	development	of	the	models	presented	herein.	Although,	

this	 section	 provides	 a	 helpful	 insight	 into	 the	 basic	 functionality	 of	 the	 Simulink	

environment,	it	is	by	no	means	comprehensive.	Therefore,	the	more	curious	reader	is	

referred	to	the	Matlab	and	Simulink	documentation,	which	can	be	accessed	via	online	

consultation	 of	 the	 Mathworks	 website,	 or	 by	 simply	 downloading	 the	 various	

manuals	also	available	online.	
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2.1		 Introduction	to	Simulink	

 
Simulink	is	a	Matlab-based	graphical	programming	environment,	which	is	used	for	

modeling,	 simulating	 and	 analyzing	 dynamical	 systems.	 The Simulink® platform 

provides a graphic user interface (GUI) programming environment that allows the user to 

test a dynamic system under different scenarios and control strategies. Furthermore,	the	

Simulink	 library	 (see	 Fig.2.1)	 also	 provides	 the	 ability	 to	 implement	 user-defined	

dynamic	 models	 through	 a	 set	 of	 customizable	 programmable	 blocks	 (further	

discussed	 in	 §2.1.4).	 After	 a	 model	 has	 been	 assembled,	 the	 Simulink®	 platform	

simulates	the	system	by	computing	a	numerical	solution	for	the	set	of	algebraic	and	

differential	 equations	 that	 are	 used	 to	 describe	 the	 physical	 system	 under	 study.	

Figure	 2.1	 provides	 an	 illustration	 of	 the	 empty	 Simulink	 canvas	 on	 which	 block	

diagrams	can	be	assembled	in	order	to	build	a	model.	Several	tabs	located	on	the	top	

of	the	Simulink	window	(green	box	in	Fig.	2.1)	provide	access	to	various	features	that	

allow	the	user	to	navigate	and	manipulate	the	Simulink	model.	
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Figure	2.1.	Screenshot	of	the	Simulink	Canvas	empty	workspace	

	

The	Simulink	library	provides	a	built-in	collection	of	blocks	that	can	be	used	to	build	

a	model.	The	Simulink	Library	can	be	accessed	by	the	Simulink	library	browser	

located	on	the	top-left	side	of	the	Simulink	tool	bar,	under	the	tab	Simulation	(red	

box	in	Fig.	2.1).	

	

2.1.1		 Data	Formats	for	Inputs	and	Outputs	

There	are	several	ways	to	upload	dynamic	datasets	to	the	Simulink	environment.	

Within	the	Sources	sub-library	(nested	in	the	Simulink	library),	several	blocks	allow	

the	user	to	import	data	(red	blocks	in	Fig	2.2):	

• Constant	
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• From	File	

• From	Spreadsheet	

• From	Workspace	

• In	

With	the	exception	of	the	From	Spreadsheet	block,	which	calls	datasets	directly	from	

excel	files,	it	possible	to	import	a	specific	Matlab	dataset	variable	by	simply	typing	

its	name	in	the	blank	box	of	the	box’s	GUI.	

	

Figure	2.2.	Screenshot	of	the	Simulink	library	browser	showing	the	Sources	sub-library	
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However,	since	a	time	reference	is	in	general	required	along	with	the	any	dynamic	

dataset,	only	specific	Matlab	variable	formats	can	be	imported	in	the	Simulink	

environment.	These	are:	

• Timeseries	objects	

• A	structure	of	timeseries	objects	

• Timetable	objects	

• A	structure	of	timetable	objects	

• A	structure,	with	or	without	time	

• A	two-dimensional	matrix	

• Dataset	objects	

Herein	we	have	selectively	opted	for	the	use	of	timeseries	objects,	since	they	also	

incorporate	properties	that	describe	the	dynamic	variables	that	are	being	

considered,	such	as	sampling	time,	units,	interpolation	methods,	etc.		

Following	a	simulation,	the	dynamic	outputs	of	a	specific	Simulink	model	can	be	

exported	to	the	Matlab	workspace	through	different	blocks	that	can	be	found	in	the	

Sinks	sub-library	(see	Fig.2.3).		

• To	File	

• To	Workplace	

• Out	
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Figure	2.3.	Screenshot	of	the	Simulink	library	browser	showing	the	Sinks	sub-library	

	

After	being	exported	to	the	workspace,	Simulink	outputs	can	then	be	saved	or	be	used	

for	subsequent	analysis.		

When	making	use	of	either	the	In	or	Out	blocks	in	the	parent	model	(i.e.	a	model	that	

is	not	nested	in	any	subsystems),	data	specifications	are	typically	supplied	by	the	user	

in	the	Configuration	Parameter	window	found	in	the	Modeling	tab	(see	Fig.2.4).		



 

46 
 

	

Figure	2.4.	Screenshot	of	the	Configuration	Parameters	window.	

	

In	the	Configuration	Parameter	window,	the	user	can	specify	properties	of	the	

simulator,	such	as	the	type	of	numeric	solver,	the	imports	and	export	settings,	and	

other	settings	that	control	the	model	behavior.	

	

2.1.2		 Modeling	Physical	Systems	with	Simscape	Models	

In	addition	to	the	regular	library	blocks,	the	Simscape	sub-library	provides	the	ability	

to	build	physical	component	models	such	as	for	an	array	of	different	physical	systems	

(see	Fig.	2.5).	The	Simscape	Foundation	libraries	contain	physical	elements	which	are	

grouped	by	physical	domain:	electrical,	gas,	thermal,	etc.	Therefore,	Simscape	blocks	

allow	 to	 quickly	 setup	 a	 physical	 system	 by	 using	 pre-developed	 dynamic	 model	
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blocks,	which	can	also	directly	interface	with	the	default	block	diagrams	found	in	the	

Simulink	library.		

	

	

Figure	2.5.	Screenshot	of	the	Simscape	sub-library.	
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2.1.3		 Customizable	Simulink	Model	Blocks	(S-Functions	and	Masks)	

One	of	the	most	interesting	features	of	the	Simulink	environment	is	the	ability	for	the	

user	to	develop	custom	model	blocks	by	integrating	existing	Matlab	code.	Through	

the	implementations	of	the	available	custom	model	blocks,	the	user	has	the	ability	to	

extend	 the	 Simulink	 functionalities	 beyond	 the	 default	 Simulink	 library	 blocks.	

Customizable	blocks	are	found	in	the	User-Defined	Functions	sub-library	(see	Fig.	2.6).		

	

	

Figure	2.6.	Screenshot	of	the	Simulink	library	browser	showing	the	User-Defined	Functions	

sub-library	

	

The	 use	 of	 customizable	 blocks	 is	 typically	 advantageous	 when	 trying	 to	 model	

relatively	 complex	 systems,	 characterized	 by	multiple	 equations.	 The	 adoption	 of	

custom	model	blocks	is	also	suitable	for	models	with	a	large	number	of	parameters,	

since	it	provides	relatively	easy	way	for	them	to	be	ordered,	sorted	and	tuned	all	in	
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one	place.	The	beauty	of	developing	your	own	Simulink	custom	block	 is	 that	after	

being	 finalized,	 such	 blocks	 can	 be	 easily	 be	 integrated	 with	 other	 Simulink	 and	

Simscape	 blocks.	 Furthermore,	 the	 modular	 nature	 of	 the	 Simulink	 model	 blocks	

allows	to	generate	fairly	large	and	complex	networks	with	only	marginal	efforts,	by	

copying	and	pasting	the	originally	created	model	block.		

Herein	almost	all	of	the	customizable	model	blocks	that	will	be	presented	are	based	

on	 the	 Level-2	 Matlab	 S-Function	 block	 (see	 Fig.	 2.6).	 The	 selection	 of	 this	

customizable	model	block	in	lieu	of	others	is	primarily	motivated	by	its	pronounced	

flexibility	 in	developing	relatively	complex	models	based	on	differential	equations,	

while	still	using	the	basic	Matlab	language.	In	fact,	although	the	Matlab	System	block	

results	in	relatively	higher	computational	speed	than	the	Level-2	Matlab	S-Function	

block,	it	does	require	the	user	to	be	familiar	with	object-oriented	programming.	

Following	the	creation	of	a	custom	model,	Simulink	grants	the	user	with	the	ability	to	

develop	a	graphical	user	interface	(GUI),	which	helps	to	extend	the	model	to	other	

users,	which	may	not	be	as	familiar	with	the	model	or	confident	enough	to	interact	

directly	with	the	underlining	Matlab	code.	In	fact,	further	block	customization	can	be	

achieved	by	adding	a	mask	to	the	block.	A	mask	is	a	custom	interface	to	the	block.	It	

is	possible	to	add	a	mask	to	a	customizable	model	block	by	simply	right	clicking	on	

the	block	icon	and	selecting	the	Create	Mask...	option	(see	Fig.	2.7)	
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Figure	2.7.	Screenshot	of	the	block	options,	accessible	by	right	clicking	on	the	block	icon.	

	

Block	masks	allow	to	change	the	block	appearance,	hide	some	or	all	of	the	parameters	

from	the	user	of	the	block,	customize	block	parameters	and	also	add	constraints	to	

the	 model	 parameters.	 An	 example	 based	 on	 the	 produced	 water	 clarifier	 model	

discussed	 in	 chapter	 5	 is	 illustrated	 in	 Fig.	 2.8,	 which	 shows	 how	 the	 block	 is	

visualized	after	adding	an	icon	and	how	the	Level-2	Matlab	S-Function	block	interfaces	

with	the	underlining	Matlab	Code.		

The	Matlab	code	nested	 in	 the	Level-2	Matlab	S-Function	block	 is	accessible	 in	 the	

Block	Parameters	(M-S-Function)	options	(see	red	box	in	Fig.	2.7).	By	clicking	on	this	
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option,	 the	 user	 can	 define	 the	 model	 parameter	 and	 the	 name	 of	 the	 Matlab	 S-

function	file	used	that	contains	the	equations	used	to	model	the	block	(see	Fig.	2.8).	

	

Figure	2.8.	Screenshot	of	the	block	appearance	after	adding	a	mask	icon	and	illustration	of	

the	chains	of	actions	used	to	access	the	Level-2	Matlab	S-Function	block.	

	

When	adding	a	mask	 to	a	Level-2	Matlab	S-Function	block	 it	 is	possible	 to	 link	 the	

parameters	that	are	defined	by	the	user	in	the	mask	GUI	(see	green	box	in	Fig.	2.9)	to	

the	 parameters	 that	 are	 used	 in	 the	 equations	 contained	 in	 the	Level-2	Matlab	 S-

Function	block	(see	blue	box	 in	Fig.	2.9).	As	 long	as	the	same	name	is	used	for	the	

parameters	defined	in	the	mask	and	for	the	parameters	fed	to	the	Level-2	Matlab	S-

Function	block,	every	time	the	user	changes	the	value	of	that	parameter	in	the	mask	

GUI	(value	under	the	green	box	in	Fig.	2.9),	then	that	change	is	also	reflected	inside	

the	Level-2	Matlab	S-Function	block.	
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Figure	 2.9.	 Screenshot	 illustrating	 how	 to	 connect	 the	 Level-2	 Matlab	 S-Function	 block	

parameters	to	the	mask	parameters	defined	in	the	block’s	mask	GUI.	

	

Level-2	Matlab	S-Function	blocks	are	able	to	interact	with	the	Simulink	engine	solver	

via	a	set	of	internal	methods	that	define	the	block’s	attributes	(e.g.,	ports,	parameters,	

and	states)	and	behavior	(e.g.,	the	block	outputs	as	a	function	of	time	and	the	block	

inputs,	states,	and	parameters).	By	defining	an	appropriate	set	of	callback	methods,	

the	user	 can	 create	 a	Level-2	Matlab	 S-Function	block	 type	 that	meets	 the	 specific	

modeling	requirements.	A	 few	of	 the	main	methods	used	 in	 the	produced	clarifier	

model	are	shown	in	Fig.	2.10.	Among	the	various	methods	the	following	comprise	the	

foundation	of	a	basic	Level-2	Matlab	S-Function	block:	

• Setup	Method	

• Start	or	InitConditions	Method	
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• Output	Method	

• Derivative	Method	

• Terminate	Method	

	

	

Figure	2.10.	Screenshot	the	Matlab	code	contained	in	the	Level-2	Matlab	S-Function	block.	

An	excerpt	of	the	setup	method	is	also	shown.	

	

The	setup	method	is	called	every	time	there	is	a	change	to	the	model	parameters,	or	

whenever	the	simulation	is	computed.	In	the	setup	methods	provides	the	ability	to	

configure	various	block	attributes	such	as	initializing	the	number	of	input	and	

output	ports	of	the	block	and	setting	dimensions,	data	types,	complexity,	and	sample	

times	for	these	ports.	It	is	in	the	setup	method	that	the	each	of	the	methods	are	
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registered	(see	Fig.	2.11).	Once	the	methods	are	registered,	they	are	called	during	

the	simulation	in	the	order	shown	by	the	flow	chart	shown	in	Fig.	2.11	

	

	

Figure	2.11.	Screenshot	the	Matlab	code	contained	in	the	Level-2	Matlab	S-Function	block.	

An	excerpt	of	the	setup	method	shows	a	few	of	the	methods	registered.	

	

The	model	outputs	of	the	Level-2	MATLAB	S-function	block	are	calculated	and	passed	

on	 the	output	port/s	 in	 the	Output	method.	The	outputs	 are	passed	 to	 the	output	

port/s	of	the	block	by	setting	the	structure	block.OutputPort(i).Data	to	the	calculated	

model	outputs,	where	i	is	the	number	of	the	block’s	output	port	(see	red	box	in	Fig.	

2.12).	This	method	is	invoked	at	each	simulation	time	step.	
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Figure	2.12.	Screenshot	the	Matlab	code	contained	in	the	Level-2	Matlab	S-Function	block.	

An	excerpt	of	the	Output	method	is	shown.	

	

The	variation	of	the	state	variables	is	computed	in	the	Derivative	method.	By	equating	

the	 block.Derivatives.Data	 structure	 to	 a	 system	 of	 different	 ordinary	 differential	

equations	(ODEs),	the	Simulink	Engine	Solver	will	numerically	solve	each	equation	

(one	equation	for	each	state	variable).	It	is	important	to	notice	that	any	parameter	or	

rate	expression	contained	in	the	equations	needs	to	be	expressed	in	units	of	seconds,	

since	 this	 is	 the	 default	 unit	 of	 the	 Simulink	 environment.	 Accidentally	 inserting	

different	time	units	will	result	in	model	outputs	with	dynamics	that	are	different	from	

the	system	under	study.		
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Figure	2.13.	Screenshot	the	Matlab	code	contained	in	the	Level-2	Matlab	S-Function	block.	

An	excerpt	of	the	Derivative	method	is	shown.	

	

In	each	method	the	block’s	dialog	parameters	can	be	set	or	invoked	by	using	the	

structure	format	block.DialogPrm(k).Data.	Also	the	block’s	continuous	states	can	be	

either	set	or	invoked	by	using	the	block.ContStates(j).Data	format.	The	variables	k	

and	j	are	respectively	the	index	of	the	block’s	dialog	parameter	and	of	the	index	of	

the	block’s	state	variable.	
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2.2		 Wastewater	Treatment	Process	Models	

In	 this	 section	 we	 present	 the	 equations	 used	 for	 modeling	 various	 wastewater	

treatment	processes	for	both	municipal	and	petrochemical	wastewater	applications.	

The	implementation	of	such	equations	in	the	Simulink	customizable	Level-2	Matlab	S-

Function	block	is	also	further	discussed	and	illustrated.	

	

2.2.1		 Municipal	Wastewater	

	

2.2.1.1	Primary	Clarification	

The	 primary	 clarification	 step	 is	 modelled	 by	 implementing	 an	 ideal	 solid/liquid	

separation	 sub-model.	 Such	model	 is	 similar	 to	 non-dimensional	 point	 separation	

models	with	a	user	defined	percent	removal	with	the	exception	volume	of	the	tank	is	

also	 considered.	 The	 ideal	 primary	 clarification	 model	 is	 divided	 into	 two	 sub-

volumes:	

• A	“sludge”	or	“thickened”	volume	

• A	“liquid”	or	“clarified”	volume	
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Figure	2.14.	Schematic	of	the	mass	balances	performed	around	the	two	sub-volumes	of	the	

ideal	primary	clarifier	model.	

For	each	of	the	2	volumes	a	set	of	ordinary	equations	is	used	to	describe	the	mass	

balances	of	each	water	constituent	(particulate	and	soluble	–	see	Eq.	2.1-2.4).	

Following	 the	 implementation	 of	 the	 equations	 in	 Matlab	 code,	 the	 S-function	

customizable	blocks	in	Simulink	were	used	to	develop	a	more	user-friendly	graphic	

user	interface	(GUI)	(see	Fig.	2.15).		
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Figure	2.15.	GUI	of	the	primary	clarification	tank	Level-2	Matlab	S-Function	block	model.	

 
 
Primary	clarifier	model	equations	and	tables		

	

Table	2.1.	Primary	clarifier	model	parameters.	

Parameter name Symbol Unit 

Conceptual parameters   

COD to TSS conversion factor  𝑓!"#_%&&_
'(  [gTSS gCOD-1] 

TSS removal efficiency  𝑟%&&
'(  [%] 

Operating parameters   

Underflow (time-invariant option)  𝑄)
'( [m3day-1] 

Physical Parameter   

Clarifier height 𝐻'( [m] 

Clarifier section area 𝐴'( [m2] 

Sludge blanket fraction of clarifier height 𝑟*+ [‒] 
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• Solids	equations	

Eq.	2.1.	TSS	mass	balance	for	the	clarified	volume	

	

Eq.	2.2.	TSS	mass	balance	for	the	sludge	blanket	volume	

	

	

• Solutes	equations	

Eq.	2.3.	Mass	balance	of	the	k-th	solute	for	the	clarified	volume	

	

Eq.	2.4.	Mass	balance	of	the	k-th	solute	for	the	sludge	blanket	volume	

	

	

	

	

	
𝑑𝑋+
𝑑𝑡 =

𝑄%,𝑋%, − 𝑄%,(𝑟𝑇𝑆𝑆
𝑝𝑐 	𝑋%,) − 𝑄-..𝑋+

𝐴𝑝𝑐	𝐻𝑝𝑐(1 − 𝑟𝑠𝑏)
 

	
𝑑𝑋/0
𝑑𝑡 =

𝑄%,(𝑟𝑇𝑆𝑆
𝑝𝑐 	𝑋%,) − 𝑄𝑢

𝑝𝑐	𝑋/0
𝐴𝑝𝑐	𝐻𝑝𝑐	𝑟𝑠𝑏

 

	
𝑑𝑍+1

𝑑𝑡 =
𝑄%,𝑍%,1 − 𝑄𝑢

𝑝𝑐𝑍+1 − 𝑄-..𝑍+1

𝐴𝑝𝑐	𝐻𝑝𝑐(1 − 𝑟𝑠𝑏)
 

	
𝑑𝑍/01

𝑑𝑡 =
𝑄𝑢
𝑝𝑐𝑍+1 − 𝑄𝑢

𝑝𝑐𝑍/01

𝐴𝑝𝑐	𝐻𝑝𝑐	𝑟𝑠𝑏
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Figure	2.16.	Dynamic	profiles	generated	by	the	ideal	primary	clarification	Simulink	model.	

Top	left:	comparison	between	the	influent	and	the	effluent	pbCOD.	Top	right:	the	normalized	

comparison	between	 the	 influent	and	 the	effluent	pbCOD	shows	 the	 laminating	and	delay	

effect	of	the	volume	of	the	primary	clarifier	on	the	effluent	pbCOD.	Bottom	left:	also	shows	

the	laminating	and	delay	effect	of	the	primary	clarifier	volumes	on	the	sbCOD.	
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2.2.1.2	Bio-reactors	

The	main	biological	processes	occurring	in	the	bio-reactors	are	modelled	using	the	

ASM1	structure	(Henze	et	al.,	1987;	Van	Loosdrecht	et	al.,	2015).		

 

ASM1	model	framework	

The	 ASM1	 model	 was	 deemed	 appropriate	 due	 to	 the	 study’s	 specific	 modelling	

objectives	and	also	due	to	the	absence	of	large	anaerobic/anoxic	zones,	which	would	

have	 otherwise	 precluded	 its	 selection	 in	 favour	 of	 other	 bio-kinetic	 models	

(Langergraber	et	al.,	2004).	Stochiometric	parameters	used	in	the	ASM1	models	were	

selected	based	on	typical	values	found	in	the	literature	(Alex	et	al.,	2008),	whereas	

temperature	correction	functions	are	used	to	estimate	the	kinetic	parameters	(see	Eq.	

2.5)	(Henze	et	al.,	2000;	Rieger	et	al.,	2013).	
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Activated	sludge	model	(ASM1)	equations	and	tables	(Henze	et	al.,	2000;	Nelson	and	
Sidhu,	2009;	Rieger	et	al.,	2013)	

 

Table	2.2.	ASM1	model	parameters.	

Parameter name Symbol Unit 

Stoichiometric parameters   

Heterotrophic yield 𝑌3 [gCOD (gCOD)-1] 

Autotrophic yield 𝑌4 [gCOD (gN)-1] 

Fraction of biomass yielding particulate products 𝑓5 [ – ] 

Nitrogen content in biomass 𝑖67 [gN (gCOD)-1] 

Nitrogen content in inert particulate 𝑖65 [gN (gCOD)-1] 

Kinetic parameters   

Maximum specific growth rate for heterotrophs 𝜇3,  [day-1] 

Heterotrophic decay rate 𝑏3 [day-1] 

Half-saturation coefficient for heterotrophs 𝐾& [gCOD m-3] 

Oxygen half-saturation coefficient for heterotrophs 𝐾",3 [gO2 m-3] 

Nitrate half-saturation coefficient for denitrifying heterotrophs 𝐾9" [gN m-3] 

Maximum specific growth rate for autotrophs 𝜇4, [day-1] 

Autotrophic decay rate 𝑏4 [day-1] 

Oxygen half-saturation coefficient for autotrophs 𝐾",4 [gO2 m-3] 

Ammonium half-saturation coefficient for autotrophs 𝐾93 [gN m-3] 

Correction factor for anoxic growth of heterotrophs 𝜂: [ – ] 

Ammonification rate 𝑘; [m3 (gCOD day)-1] 

Maximum specific hydrolysis rate 𝑘< [day-1] 

Half-saturation coefficient for hydrolysis of particulate 
biodegradable substrate 𝐾6 [ – ] 

Correction factor for anoxic hydrolysis 𝜂< [ – ] 

  



 

64 
 

Eq.	2.5.	Temperature	correction	for	a	generic	kinetic	parameter	𝑘(𝑇) 

𝑘(𝑇) = 𝑘(20	°𝐶)	𝑒[2!(4567)],	where 

 
 
 
Table	2.3.	ASM1	model	state	variables.	

State variable name Symbol Unit 

Soluble inert organic matter  𝑆= [gCOD m-3] 

Readily biodegradable organic substrate 𝑆& [gCOD m-3] 

Particulate inert organic matter 𝑋= [gCOD m-3] 

Slowly biodegradable organic substrate 𝑋& [gCOD m-3] 

Active heterotrophic biomass 𝑋7,3 [gCOD m-3] 

Active autotrophic biomass 𝑋7,4 [gCOD m-3] 

Particulate products arising from biomass decay 𝑋5 [gCOD m-3] 

Dissolved Oxygen 𝑆" [gO2 m-3] 

Nitrate and nitrite nitrogen 𝑆9" [gN m-3] 

NH4+ and NH3 nitrogen 𝑆93 [gN m-3] 

Soluble biodegradable organic nitrogen 𝑆9# [gN m-3] 

Particulate biodegradable organic nitrogen 𝑋9# [gN m-3] 

Alkalinity 𝑆4>? [molHCO3 m-3] 

 

Processes 
 
Eq.	2.6.	Aerobic	growth	of	heterotrophs	

 
 
 

𝜗& =
ln	 A𝑘(𝑇2) 𝑘(𝑇3)D E

𝑇2 −	𝑇3
 

𝜌2 = 𝜇4 H
𝑆5

𝐾5 + 𝑆5
L M

𝑆6
𝐾6,4 + 𝑆6

N𝑋7,4 
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Eq.	2.7.	Anoxic	growth	of	heterotrophs	

 
 
Eq.	2.8.	Aerobic	growth	of	autotrophs	

 
 
Eq.	2.9.	Decay	of	heterotrophs	

 
	

Eq.	2.10.	Decay	of	autotrophs	

	

	

Eq.	2.11.	Ammonification	of	soluble	organic	nitrogen	

	

	

Eq.	2.12.	Hydrolysis	of	entrapped	organics	

	

	

Eq.	2.13.	Hydrolysis	of	entrapped	organic	nitrogen	

	

	

𝜌3 = 𝜇4 H
𝑆5

𝐾5 + 𝑆5
L M

𝐾6,4
𝐾6,4 + 𝑆6

N H
𝑆86
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L 𝜂9	𝑋7,4 

𝜌; = 𝜇< H
𝑆84

𝐾84 + 𝑆84
L M

𝑆6
𝐾6,< + 𝑆6

N𝑋7,< 

𝜌= = 𝑏4𝑋7,4 

𝜌> = 𝑏<𝑋7,< 

𝜌? = 𝑘@𝑆8A𝑋7,4 

𝜌B = 𝑘C M
𝑋5/𝑋7,4

𝐾D + R𝑋5/𝑋7,4S
N TM

𝑆6
𝐾6,4 + 𝑆6
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𝐾6,4

𝐾6,4 + 𝑆6
N H

𝑆86
𝐾86 + 𝑆86

LU 𝑋7,4 

𝜌E = 𝑘C M
𝑋5/𝑋7,4

𝐾D + R𝑋//𝑋7,4S
N TM

𝑆6
𝐾6,4 + 𝑆6
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N H
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66 
 

	

Observed	conversion	rates	

	

Eq.	2.14.	General	conversion	rate	formulation	

	

	

Eqns.	2.15.	Conversion	rate	equations	for	each	state	variable	

	

		 	 	 	 	

		 	 	 	 	

	

		 	 	 	 	

	

		 	 	 	 	

	

		 	 	 	

	

		 	 	 	 	

	

		 	 	 	 	

	

𝑟% =,𝑣%F𝜌F

	

F

 

𝑆G 	(𝑖 = 1) 𝑟2 = 0 

𝑆5	(𝑖 = 2) 𝑟3 = −
1
𝑌4
𝜌2 −

1
𝑌4
𝜌3 + 𝜌B 

𝑋G 	(𝑖 = 3) 𝑟; = 0 

𝑋5	(𝑖 = 4) 𝑟= = (1 − 𝑓H)𝜌= + (1 − 𝑓H)𝜌> − 𝜌B 

𝑋7,4 	(𝑖 = 5) 𝑟> = 𝜌2 + 𝜌3 − 𝜌= 

𝑋7,<	(𝑖 = 6) 𝑟? = 𝜌; − 𝜌> 

𝑋H	(𝑖 = 7) 𝑟B = 𝑓H𝜌= + 𝑓H𝜌> 
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General	CSTR	reactor	mass	balance	equation	

	

Eq.	2.16.	Mass	balance	equation	for	the	generic	i-th	state	variable	C	

	

	

Eq.	2.17.	Mass	balance	equation	for	the	8-th	state	variable	(So	–	Oxygen)	

	 	

𝑆6	(𝑖 = 8) 
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Process	configurations	

Based	on	the	on-site	configuration	of	 the	specific	 facility	considered,	different	bio-

reactor	 process	 configurations	 have	 been	 implemented	 in	 the	 Simulink	 canvas	

environment.	

These	process	configurations	are:	

• Conventional	extended	aeration	(CEA)	process		

• Modified	Ludzack-Ettinger	(MLE)	process		

• Step-feed	aeration	(SFA)	process		

• High	purity	oxygen	(HPO)	process		

	
Each	process	configuration	is	based	on	the	same	ASM1	model	structure.	Screenshots	

of	 the	 Simulink	 block	 diagram	 models	 used	 to	 describe	 the	 various	 process	

configurations	 are	 shown	 in	Fig.	 2.18.	Each	block	diagram	 is	modelled	as	 an	 ideal	

CSTR	reactor	(see	Eq.	2.16-2.17).	By	using	several	CSTR	block	models	in	series	it	is	

possible	to	simulate	more	closely	the	hydraulic	and	reactive	behaviour	of	the	actual	

reactor	system	(see	Fig.	2.17).		
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Figure	2.17.	Qualitative	comparison	between	the	steady	state	behavior	of	a	PFR	and	a	system	

of	CSTRs	in	series	with	equivalent	volume. 

	

In	this	study	reactor	zone	are	modelled	as	a	single	CSTR.	Each	CSTR	bio-reactor	block	

allows	for	2/3	inputs:	(i)	influent	vector,	(ii)	mass	flow	or	air/oxygen	fed	and	(iii)	αF	

factor	(when	the	dynamic	option	in	the	GUI	is	selected)	(see	Fig.	2.19).	
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Figure	2.18.	Block	diagram	of	the	process	sub-models	of	the	individual	facility:	(a)	modified	

Ludzack-Ettinger	 (MLE)	 configuration;	 (b)	 step-feed	 configuration;	 (c)	high	purity	oxygen	

(HPO)	configuration. 

a
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The	same	block	diagrams	are	used	for	the	CEA,	MLE	and	SFA	configurations	(see	Fig.	

2.19a).	Detailed	specifications	regarding	the	tanks’	geometry,	the	aeration	system,	the	

biological	parameters	and	the	initial	conditions	can	all	be	supplied	by	the	user	in	the	

GUI	model	interface	(see	Fig.	2.19b,c).	

 

 

Figure	 2.19.	 GUI	 of	 the	 bioreactors	 block	 sub-model:	 (a)	 Block	 diagram;	 (b)	 equipment	

specification;	(c)	example	of	model	parameters	(oxygen	transfer). 

c

a

b
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A	 different	 block	 diagram	 is	 used	 for	 the	 HPO	 systems	 since	 a	 different	 set	 of	

parameters	of	the	oxygen	supply	system	needs	to	be	provided	by	the	user.	Although	

the	HPO	block	diagram	is	based	on	the	same	underlining	ASM1	model	structure,	 it	

differs	when	 it	 comes	 to	 the	 reactor	 configuration	 and	 the	 oxygen	 supply	 system.	

Firstly,	each	block	represents	a	set	of	“cells”	that	are	modelled	as	group	of	CSTRs	in	

series,	the	number	of	which	is	defined	by	the	user.	Each	cell	is	comprised	by	a	liquid	

and	a	gas	volume	that	exchange	gases	across	their	interface.	Another	main	difference	

is	associated	with	the	method	with	which	the	oxygen	is	supplied.	Instead	of	providing	

the	 oxygen	 via	 air	 diffusion,	 the	 HPO	 system	 injects	 pure	 oxygen	 into	 the	 closed	

headspace	of	the	reactor.	The	diffusion	of	oxygen	is	then	typically	promoted	via	both	

surface	agitators	and	injectors.		

 

Figure	2.20.	GUI	of	the	HPO	Simulink	block	model.	Specifications	are	shown	for	the	aerated	

tanks	and	aeration	settings. 
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Differently	from	the	activated	sludge	blocks	previously	discussed,	the	HPO	model’s	

inputs	are:	(i)	 influent	vector,	(ii)	power	of	the	surface	agitators	and	(iii)	αF	factor	

(when	the	dynamic	option	in	the	GUI	is	selected).	Furthermore,	in	addition	to	the	state	

variables	present	in	the	liquid	volume,	another	set	of	state	variables	is	implemented	

in	order	to	model	the	partial	pressure	of	gases	present	in	the	headspace	(see	Eq.	2.18).	

Eq.	2.18.	Mass	balance	of	the	gases	present	in	the	HPO	headspace	for	each	cell	(Stenstrom	et	

al.,	1989)	

,	where	

	

,	where	

	

𝑋Q =
,@
,ABC

=	 H@
HABC

	is	the	mixing	ratio	of	the	specific	gas	species	𝐶	

	

2.2.1.3	Air	Supply	Models	

Several	models	 have	 been	 implemented	 in	 dynamic	 studies	 of	WRRFs	 in	 order	 to	

describe	the	air/oxygen	supply	to	the	bio-reactors.	The	granularity	of	such	models	

spans	 across	 various	 levels:	 from	 a	 constant	 air/oxygen	 supply	 value	 to	 a	 more	

detailed	models	that	incorporated	site-specific	equipment	constraints	such	as	valve	

openings,	blower	turndown	and	diffuser	operating	airflows	(Amerlinck	et	al.,	2016b;	

Reifsnyder	et	al.,	2020;	Schraa	et	al.,	2017b).	For	the	air	supply	model	presented	in	

𝑑𝑚Q

𝑑𝑡 = 𝑚QDĖ − 𝑚Q̇ ± 𝑟𝑥𝑛	𝑉C-@R/"@+- 

𝑚DDĖ = 	 H
𝑋Q_G8	𝑃S@/	𝑄S@/	𝑀𝑊Q

𝑅	𝑇 L 

𝑚Q̇ = 	 H
𝑋Q 	𝑃S@/	𝑄S@/	𝑀𝑊Q

𝑅	𝑇 L 
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Chapter	4,	 a	 site-specific	detailed	air	 supply	 system	 is	 selected	due	 to	 the	need	 to	

accurately	 describe	 the	 behavior	 of	 the	 air	 supply	 equipment	 under	 various	

combination	of	manual	valve	positions	(see	Fig.	2.21-2.22).	

	

 

Figure	 2.21.	 System	 of	 blocks	 describing	 the	 air	 supply	 system	 using	 a	 combination	 of	

Simulink	and	Simscape	blocks	(Chapter	4). 

Header Line – Fig. 2.22
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Figure	2.22.	System	of	blocks	describing	one	of	the	air	supply	lines	using	Simscape	(Chapter	

4). 

	

In	Chapter	6,	for	purpose	of	limiting	model	complexity	and	simulation	time,	a	simpler	

yet	detailed	air	supply	model	is	considered.	For	each	activated	sludge	CSTR	block,	an	

ensemble	of	aeration	parameters	is	available	for	each	zone:	

• Number	of	diffusers	(or	diffuser	density	expressed	as	a	percentage	of	the	tanks	

floor	area)		

• Specific	diffuser	area	
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• Manufacturer	diffuser	SOTE	curves	 (SOTE	vs	airflow	vs	depth	–	 the	default	

curves	belong	to	9”	Sanitarie	disc	diffusers)	

For	the	HPO	blocks	an	alternative	set	of	aeration	parameters	are	used:	

• HPO	gas	feeding	rate	

• HPO	oxygen	mixing	ratio	(molar	ratio	of	oxygen	in	the	gas)	

• Gas	pressure	in	the	headspace	

• Standard	aeration	efficiency	(SAE)	

• Surface	agitator	motor	efficiency	

For	the	activated	sludge	model	blocks	the	airflow	rate	supplied	to	the	bio-reactors	is	

controlled	by	a	PI	DO-control	structure	that	allows	to	maintain	an	oxygen	setpoint	of	

2.0	mg	l-1	in	the	last	aeration	tank.	The	manipulated	variable	is	the	airflow	rate	fed	to	

the	bioreactors.	Based	on	the	number	of	diffusers	in	each	zone	the	maximum	airflow	

rate	is	estimated	based	on	the	individual	diffuser	manufacturer	datasheet.	The	total	

airflow	rate	is	then	distributed	to	each	zone	using	gain	blocks	(product	blocks),	which	

provide	a	fraction	of	the	total	airflow	supplied	that	is	proportional	to	the	maximum	

allowable	airflow	rate	of	the	specific	zone.	In	addition,	by	using	on-site	blower	airflow	

operating	range	specifications,	limits	on	the	maximum	and	minimum	airflow	supplied	

were	incorporated	into	the	air	supply	model.	When	either	the	diffuser	or	the	blower’s	

minimum/maximum	airflow	rate	is	reached,	the	PI-	controlled	will	saturate.	

For	the	HPO	system	a	constant	pure	oxygen	gas	fed	is	used,	whereas	the	manipulated	

variable	is	the	power	supplied	to	the	surface	agitators.	The	power	supplied	to	each	

HPO	cell	allows	then	to	estimate	the	standard	oxygen	transfer	rate	(SOTR),	together	
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with	 the	 SAE	 and	 the	motor	 efficiency,	 by	 using	 the	 formula	 shown	 in	Eq.20.	 The	

power	of	the	surface	agitators	is	manipulated	also	based	on	a	PI-control	structure	that	

ensures	that	a	DO	setpoint	of	4.0	mg	l-1	is	maintained	in	the	last	HPO	cell,	which	is	a	

typical	 operating	 DO	 value	 for	 HPO	 systems	 (Stenstrom	 et	 al.,	 1989;	 Tzeng	 et	 al.,	

2003).	For	the	HPO	system,	both	the	energy	required	to	generate	the	oxygen	onsite	

(using	a	cryogenic	air	separator	systems)	and	also	the	energy	used	to	run	the	surface	

agitators	 are	 estimated	 using	 typical	 values	 found	 in	 the	 literature	 (Wilcox	 and	

McWhirter,	1971).	Within	the	Matlab	modelling	code,	the	HPO	model	also	accounts	

for	the	maximum	and	minimum	operating	power	of	the	individual	surface	agitator,	

thus	saturating	the	PI	controller	in	case	the	maximum	power	per	surface	agitator	is	

reached.	

 

2.2.1.4	Oxygen	Transfer	Model	

The	oxygen	transfer	rate	for	each	zone	are	estimated	using	the	equation	provided	in	

Standard	Guidelines	for	In-Process	Oxygen	Transfer	Testing	of	the	American	Society	

of	Civil	Engineers	(ASCE,	2018)	(see	Eq.	2.19).	

 

2.2.1.4.1	Spatiotemporal	αF	factor	variation	

Due	to	 the	daily	variations	of	 influent	 loading	conditions,	an	ensemble	of	different	

water	contaminants	(such	as	surfactants,	oils,	etc.)	accumulates	at	the	interface	of	the	

air	 bubbles	 being	 discharged	 by	 the	 diffusers.	 Such	 phenomenon	 results	 in	 an	

increase	of	the	air/liquid	stagnant	layers	across	which	the	gases	can	dissolve,	thereby	

effectively	 reducing	 the	 transfer	 rates	 across	 the	 air	 bubble	 interface.	 The	 ratio	
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between	 the	 oxygen	 transfer	 rates	 (OTR)	 under	 process	 conditions	 and	 standard	

conditions	(SOTR)	is	typically	referred	in	the	industry	as	αF	(alphaF)	factor.	Herein	

we	have	in	fact	implemented	dynamic	αF	factors,	as	previously	discussed	by	(Jiang	et	

al.,	2017).	The	profiles	of	dynamic	αF	factors	were	retrieved	from	off-gas	tests	that	

were	conducted	on	site	(see	Chapter	3).		

In	addition,	since	αF	factors	are	known	to	increase	for	different	aeration	zones	in	the	

direction	of	flow	(Rosso,	2018;	Stenstrom	and	Gilbert,	1981),	incremental	mean	αF	

values	were	implemented	for	each	zone	in	series	according	to	available	off-gas	data	

(see	Fig.	A8).	When	dynamic	αF	values	were	not	available	for	a	certain	facility,	they	

were	assumed	based	on	the	available	off-gas	of	other	facilities.		

 

Figure	2.23.	Example	of	tapered	αF	factor	for	one	of	the	satellite	plants	(Sat2,	Chapter	6). 
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It	is	also	known	that	changes	in	airflow	rates	in	each	reactor	zone	as	a	result	of	manual	

valve	regulation	can	play	a	role	on	the	bubble	size	distribution,	which	can	affect	the	

interaction	between	contaminants	and	 the	bubbles	 interface	 (Amaral	et	al.,	2018).	

However,	 the	 modelling	 of	 such	 processes	 is	 difficult	 to	 address,	 and	 there	 are	

currently	 no	 literature	 studies	 that	 model	 these	 relationships.	 Therefore,	 it	 was	

assumed	 that	 variations	 in	 αF	 factors	 stem	 exclusively	 from	 diurnal	 changes	 of	

influent	load	of	contaminants	(Jiang	et	al.,	2017).	

 

Oxygen	transfer	equations		

Eq.	2.19.	Oxygen	transfer	rate	(ASCE,	2018;	Tchobanoglous	et	al.,	2014)	

, where  
 
 

, , , 
 

 

 

Eq.	2.20.	Standard	oxygen	transfer	rate	for	HPO	system 
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2.2.1.5	Secondary	Clarification	

The	model	for	the	secondary	clarifiers	is	based	on	the	solids	flux	between	spatially	

discretized	layers.	The	solids	mass	balance	around	each	layer	accounts	for	the	bulk	

liquid	 flux	 and	 the	gravity	 separation	 flux	 (based	on	 concentration	driven	 settling	

behavior	–	see	Eq.	2.21-2.29)	(Takacs	et	al.,	1991).		

	

 

Figure	2.24.	GUI	of	the	secondary	clarification	tanks	block	sub-model:	(a)	Block	diagram;	(b)	

model	 structure	and	underflow	specifications;	 (c)	example	of	model	parameters	 (physical	

parameters);	(d)	solid	flux	and	state	point	analysis	curves. 

b

a

c

d
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The	the	GUI	of	the	secondary	clarfier	Simulink®	block	model	(Fig.	2.24a)	allows	the	

user	 to	 direclty	 select	 the	 underflow	 control	 method	 (constant,	 proportional	 or	

dynamic)	 (see	 Fig.	 2.24b).	 Other	 block	 parameters	 then	 are	 sub-divided	 in	 two	

categories:	physical	parameters	(number	of	layers,	height	o	the	influent,	and	area	and	

height	 of	 the	 clarifier)	 and	 conceptual	 parameters	 (settling	 parameters)	 (see	 Fig	

2.24c).	In	addition,	an	embeded	plotting	tool	allows	the	user	to	assess	the	clarification	

performance	of	 the	 clarifier	during	 the	 steady	 state	 stage.	The	main	plotting	 tools	

used	are	the	solids	flux	analysis	plot	and	the	state	point	analysis	(SPA)	plots	(see	Fig.	

2.24d).	Both	plots	provide	direct	insight	on	several	variables	of	interests,	such	as	the	

MLSS	concentration,	 the	TSS	concentration	 in	 the	RAS	and	also	 the	propensity	 for	

thickening	 failure	 (i.e	 when	 the	 maximum	 thickening	 capacity	 of	 the	 clarifier	 is	

reached,	and	the	sludge	blanket	begins	to	rise	until	the	solids	are	washed	out)	plots.	

Figure	2.25	shows	two	different	situations	for	the	secondary	clarifier:	on	the	left	a	

normally	operating	clarifier	and	on	the	right	a	critically	loaded	clarifier.	In	the	SPA	

plot,	the	interception	between	the	underflow	solids	flux	line	(blue)	and	the	overflow	

solids	 flux	 line	 (red	 line)	 defines	 the	 MLSS	 concentration	 at	 steady	 state	 in	 the	

aeration	tanks	(x-coordinate).	Instead	the	point	where	of	the	underflow	solids	flux	

line	(blue	line)	and	the	x-axis	intercept,	defines	the	RAS	concentration	at	steady	state	

(x-coordinate).	
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Figure	2.25.	 Plots	of	 the	 solids	 flux	analysis	plot	 and	 the	 state	point	 analysis	 (SPA)	 for	 a	

normally	operating	clarifier	(left)	and	a	critically	loaded	clarifier	(right). 

	

For	 the	 secondary	 clarifier	 Simulink	model,	 the	 first	 and	 the	 second	 output	 ports	

provide	 the	dynamic	profiles	 the	water	constituents	of	 the	effluent	and	underflow	

respectively.	The	third	output	instead	provides	the	profiles	of	the	suspended	solids	

along	the	depth	of	the	clarifier,	thus	allowing	to	visualize	the	behavior	of	the	sludge	

blanket	profile	over	time	(see	Fig.	2.26).		



 

83 
 

	

Figure	2.26.	3-dimensional	plot	showing	the	dynamic	profile	of	the	sludge	blanket	along	the	

depth	of	the	secondary	clarifier	for	a	simulation	period	of	11	days. 

	

	

Secondary	clarifier	model	equations	and	tables	(Takacs	et	al.,	1991)	

Table	2.4.	Takács	model	parameters.	

Parameter name Symbol Unit 

Conceptual parameters   

COD to TSS conversion factor  𝑓!"#_%&&*(  [gTSS gCOD-1] 

Maximum settling velocity  𝑣FG  [m d-1]  

Maximum Vesilind settling velocity  𝑣F [m d-1] 

Hindered zone settling parameter  𝑟3 [m3gTSS-1]  
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Flocculant zone settling parameter  𝑟5 [m3gTSS-1] 

Non-settleable fraction  𝑓H* [m3gTSS-1] 

Critical threshold concentration 𝑋I [gTSS m-3] 

Operating parameters   

Underflow (time-invariant option)  𝑄)*( [m3day-1] 

Physical Parameter   

Clarifier height 𝐻*( [m] 

Number of layers 𝑛> [‒] 

Clarifier section area 𝐴*( [m2] 

 

 

• Solids	equations	

Eq.	2.21.	Double	exponential	Vesilind	equation	for	the	i-th	layer	

,	where	

	 ,	

	 ,	

	

Eq.	2.22.	TSS	mass	balance	for	the	feed	layer	

,	where	

,	

𝑣H(>)	 =	𝑣I	𝑒5J&K(()
∗
−	𝑣I	𝑒5J+K(()

∗
 

0 ≤ 	𝑣/(%) ≤ 𝑣JT  

𝑋∗ = 𝑋 − 𝑋V%, 

𝑋V%, = 𝑓,/ ∗ 𝑋G8 

	
𝑑𝑋(%)
𝑑𝑡 =

p𝑄%,𝐴 r𝑋G8 − p𝑉0JK + 𝑉0LMNr  𝑋(%) − 𝐽/(P) + 𝐽/(PRS)
ℎK

 

	𝐽/(%) = min(𝑣/(%)𝑋(%)	, 𝑣/(%W2)𝑋(%W2)	) 
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Eq.	2.23.	TSS	mass	balance	for	above	the	feed	layer	(from	2nd	layer	to	feed	layer)	

,	where	

,	

	

	

Eq.	2.24.	TSS	mass	balance	for	the	top	layer	

,	where	

	

	

Eq.	2.25.	TSS	mass	balance	for	below	the	feed	layer	(from	the	feed	layer	to	the	9th	layer)	

,	where	

	𝐽/(%X2) = u
𝑣/(%X2)𝑋(%X2)																																																											

	
			minR𝑣/(%X2)𝑋(%X2)	, 𝑣/(%)𝑋(%)	S	,							𝑖𝑓	𝑋(%) ≥ 𝑋#	

 

𝑑𝑋(%)
𝑑𝑡 =

R𝑋(%W2) − 𝑋(%)S𝑉0JK − 𝐽/(P) + 𝐽/(PRS)
ℎK

 

	𝐽/(%) = u
𝑣/(%)𝑋(%)																																																																								

	
			minR𝑣/(%)𝑋(%)	, 𝑣/(%W2)𝑋(%W2)	S	,							𝑖𝑓	𝑋(%W2) ≥ 𝑋#	

 

	𝐽/(%X2) = u
𝑣/(%X2)𝑋(%X2)																																																												

	
			minR𝑣/(%X2)𝑋(%X2)	, 𝑣/(%)𝑋(%)	S	,							𝑖𝑓	𝑋(%) ≥ 𝑋#	

 

𝑑𝑋(2)
𝑑𝑡 =

R𝑋(3) − 𝑋(2)S𝑉0JK − 𝐽/(S)
ℎK

 

	𝐽/(2) = u
𝑣/(2)𝑋(2)																																																														

	
			minR𝑣/(2)𝑋(2)	, 𝑣/(3)𝑋(3)	S	,							𝑖𝑓	𝑋(3) ≥ 𝑋#	

 

𝑑𝑋(%)
𝑑𝑡 =

R𝑋(%X2) − 𝑋(%)S𝑉0LMN − 𝐽/(P) + 𝐽/(PRS)
ℎK
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,	

	
	
	
Eq.	2.26.	TSS	mass	balance	for	the	bottom	layer	

,	where	

	
	
	
	

• Solutes	equations	

Eq.	2.27.	Mass	balance	of	the	k-th	solute	for	the	feed	layer	

	
	
Eq.	2.28.	Mass	balance	of	the	k-th	solute	for	above	the	feed	layer	(from	2nd	layer	to	feed	

layer)	

	
	
Eq.	2.29.	Mass	balance	of	the	k-th	solute	for	below	the	feed	layer	(from	the	feed	layer	to	the	

9th	layer)	

	
 
 

	𝐽/(%) = min(𝑣/(%)𝑋(%)	, 𝑣/(%W2)𝑋(%W2)	) 

	𝐽/(%X2) = min(𝑣/(%X2)𝑋(%X2)	, 𝑣/(%)𝑋(%)	) 

𝑑𝑋(2J)
𝑑𝑡 =

R𝑋(I) − 𝑋(2J)S𝑉0LMN + 𝐽/(T)
ℎK

 

	𝐽/(I) = min(𝑣/(I)𝑋(I)	, 𝑣/(2J)𝑋(2J)	) 

	
𝑑𝑍(%)1

𝑑𝑡 =
p𝑄%,𝐴 r𝑍%,1 − p𝑉0JK + 𝑉0LMNr  𝑍(%)1

ℎK
 

𝑑𝑍(%)1

𝑑𝑡 =
R𝑍(%W2)1 − 𝑍(%)1 S𝑉0JK

ℎK
 

𝑑𝑍(%)1

𝑑𝑡 =
R𝑍(%X2)1 − 𝑍(%)1 S𝑉0LMN

ℎK
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2.2.1.6	Equipment	Models	

2.2.1.6.1	Flow	Splitters	and	Connectors	

Equipment	 such	 as	 flow	 connectors	 and	 flow	 splitter	 are	 also	 modelled	 using	

customizable	block	diagram	Simulink	models	(see	Fig.	2.27a,b).	The	GUI	interface	of	

the	 connector	 block	 allows	 to	 set	 the	 number	 of	 streams	 entering	 the	 block,	 thus	

providing	the	user	with	the	flexibility	of	selecting	any	desired	number	of	input	flows.	

Each	input	flow	is	a	vector	comprised	by	the	flow	and	by	the	water	constituents	of	the	

ASM1	model.	The	resulting	concentrations	of	the	effluent	stream	are	calculated	based	

on	a	 flow-weighted	average	of	the	entering	streams.	The	output	 flow	is	simply	the	

sum	of	the	entering	flows.		

Conversely,	in	the	interface	of	the	flow	splitter	the	number	of	effluent	streams	can	be	

set	by	the	user.	In	addition,	a	control	method	gives	the	user	the	ability	to	split	the	flow	

according	to	a	set	of	 three	choices:	(i)	 fixed	split	 flow	ratio,	 (ii)	dynamic	split	 flow	

ratio	(external	input)	and	(iii)	constant	absolute	side-split	flow.	
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Figure	2.27.	GUI	of	the	flow	connector	and	flow	splitter	sub-models.	Block	diagram	for	(a)	

flow	connectors	and	(b)	flow	splitters.	Interface	of	the	model	parameters	are	shown	for	(c)	

the	flow	connector	and	(d)	the	flow	splitter.	

	

2.2.1.6.2	Blowers	and	Pumps	

The	 power	 demand	 exerted	 by	 the	 blower	 equipment	 is	 calculated	 by	 using	 the	

hydraulic	 blower	 power	 equation	 reported	 in	 Eq.	 2.30.	 In	 Chapter	 4,	 the	mass	 of	

airflow	 fed	 to	 the	aeration	 tanks	has	been	retrieved	 from	the	SJCE	plant	historical	

dataset.	 In	Chapter	6,	 the	 airflow	 rate	 fed	 to	 the	 aeration	 tanks	 is	 instead	directly	

obtained	from	the	manipulated	signal	of	the	PI-controller.	In	Chapter	4,	the	pressure	

discharge	is	calculated	directly	by	the	Simscape	blocks,	which	are	able	to	model	the	

distributed	and	localized	pressure	losses	of	the	various	air	supply	components	(pipes,	

c
d
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valves,	 diffusers,	 etc.).	 In	 Chapter	 6,	 instead,	 the	 pressure	 losses	 of	 the	 entire	 air	

supply	system	are	models	using	the	pressure	drop	relationship	presented	in	Eq.	2.32,	

which	accounts	for	both	the	hydrostatic	and	frictional	pressure	losses	(system	curve).		

The	power	demand	of	the	pumps	located	at	the	head	of	the	treatment	train	of	each	

plant	are	estimated	using	the	pump	power	demand	equation	shown	in	Eq.	2.33.	

	

Blower	equations	and	tables	(Amerlinck	et	al.,	2016b;	Metcalf	and	Eddy,	2003)	

Table	2.5.	Blower	model	parameters.	

Efficiency parameters Symbol Unit 

Maximum blower efficiency 𝜂U;V [ – ] 

Minimum blower efficiency 𝜂UWH [ – ] 

Mass airflow rate at the blower’s best efficiency point (BEP) 𝑚;WX_7Y5 [kgair s-1] 

 

Eq.	2.30.	Hydraulic	blower	power	equation

 

Eq.	2.31.	Blower	efficiency	equation 

𝜂_NOIPQJ =	4
𝜂RST − 𝜂R>U
𝑚S>J_VWX
6 6𝑚S>J

6 +	4
2(𝜂RST − 𝜂R>U)

𝑚S>J_VWX
6𝑚S>J + 𝜂R>U 

𝜂_NOIPQJ =	4
𝜂RST − 𝜂R>U
𝑚S>J_VWX
6 6𝑚S>J

6 +	4
2(𝜂RST − 𝜂R>U)

𝑚S>J_VWX
6𝑚S>J + 𝜂R>U 

	

𝑃[𝑘𝑊] =
𝑚S>J	𝑅	𝑇SRN

28.97	𝑛	𝜂_NOIPQJ
AB
𝑝Y
𝑝>U
D
U
− 1F 
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Eq.	2.32.	Pressure	drop	of	the	air	supply	system	(system	curve)	(Jenkins,	2014) 

	

	

Pump	equations	

Eq.	2.33.	Pump	power	demand		

	

2.2.2		 Petrochemical	Wastewater	

	

2.2.2.1	Produced	Water	Clarification	

Inspired	by	previous	modelling	studies	on	municipal	clarifiers,	the	produced	water	

clarification	 model	 belongs	 to	 the	 family	 of	 unidimensional	 spatially	 discretized	

clarifier	models	(Bachis	et	al.,	2015;	Torfs	et	al.,	2017).	Similarly	to	the	Takacs	model,	

the	produced	water	 clarification	model	 is	described	by	a	 sequenced	of	 completely	

mixed	layers,	10	in	total.	However,	due	to	its	slightly	different	operating	mode,	the	

proposed	clarifier	model	has	three	different	discharge	streams:	the	oil	recovery	(top	

layer),	the	sludge	waste	(bottom	layer),	and	the	water	effluent	(in	between	layer	–	see	

Fig.	2.28).	This	configuration	is	markedly	different	from	municipal	clarifiers,	which	

are	 instead	 characterized	 by	 two	 discharge	 streams	 (water	 effluent	 and	 sludge	

waste).	

	

𝑝ZIZ =	𝑝HZSZ +	𝑘[𝑄S>J6  

𝑃[𝑘𝑊] =
𝜌6\	𝑔	𝑄
𝜂PZP
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Figure	2.28.	Illustration	of	the	flowback	and	produced	water	clarifier	model	structure.	

	

The	discrete	 settling	behavior	 of	 both	 the	 suspended	 solids	 and	oils	 informed	 the	

selection	 of	 a	 Particle	 Settling	 Velocity	 Distribution	 (PSVD)	 model	 (Bachis	 et	 al.,	

2015).	 In	 the	PSVD	model	 the	cumulative	concentration	curves	of	both	suspended	

solids	and	oils	are	estimates	as	a	function	of	settling	velocity	(See	Eqn.	2.29).	

	

Eq.	2.34.	Settling	velocity	for	the	k-th	class	(for	both	oils	and	solids)		

,	where		

	𝑣0_% 	is	the	settling	velocity	defining	the	lower	limit	of	the	k-th	class	and	𝑣0_%% 	 is	the	

settling	velocity	defining	the	upper	limit	of	the	k-th	class.	

	

After	the	cumulative	concentration	curves	have	been	obtained,	both	the	solids	and	

oils	 PSVD	 curves	 are	 subdivided	 in	5	different	 classes	by	 setting	different	 settling	

𝑉𝑠1 = x𝑣0_% × 𝑣0_%% 
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velocity	boundaries	(𝜐02, … , 𝜐0>)	(see	Fig.	2.29).	The	settling	velocity	boundaries	are	

part	of	the	model	parameters	that	are	identified	during	the	model	calibration	phase.	

The	number	of	classes	is	arbitrary.	

	

	

Figure	2.29.	Generic	PSVD	cumulative	concentration	curve.	

	

The	selection	of	5	classes	provides	a	balance	between	limiting	the	number	of	states	

variables	and	accurately	describing	the	settling	behavior	of	the	various	particle	size	

classes.	 The	 settling	 velocities	 characterizing	 each	 class	 are	 calculated	 as	 the	

geometrical	mean	of	the	settling	velocity	boundaries	of	each	class.	The	rising/settling	

velocity	of	each	class	can	then	be	used	to	describe	the	vertical	gradient	of	particle	

class	concentrations	of	oils/solids	 in	 the	settler.	A	mass	balance	 is	 then	calculated	

around	each	layer	for	each	of	the	classes.		
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In	the	Derivative	method	of	the	produce	water	clarifier	block,	parent	function	is	used	

when	assigning	the	system	of	ODEs	to	the	block.Derivative.Data	structure.	The	parent	

function	 calls	 a	 set	 of	 nested	 functions,	 one	 for	 each	 layer-type	 (7	 in	 total),	 each	

containing	the	mass	balance	equations	for	both	the	solids	and	the	oils	(see	Fig.	2.30).	

	

	

Figure	2.30.	Illustration	of	the	nested	functions	used	to	calculate	the	mass	balances	in	the	

Derivative	method	of	the	Level-2	Matlab	S-Function.	
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Mass	balanced	model	equations	for	the	different	clarifier	layers	

Eq.	2.35.	Mass	balance	for	the	top	layer	of	the	k-th	class	(for	both	solids	and	oils)	

	
	
	
Eq.	2.36.	Mass	balance	for	the	layers	above	the	feed	layer	of	the	k-th	class	(for	both	solids	and	

oils)	

	
	
	
Eq.	2.37.	Mass	balance	for	the	feed	layer	of	the	k-th	class	(for	both	solids	and	oils)	

	
	
	
Eq.	2.38.	Mass	balance	for	the	layers	below	the	feed	layer	of	the	k-th	class	(for	both	solids	

and	oils)	

	
	
	
Eq.	2.39.	Mass	balance	for	the	water	effluent	layer	of	the	k-th	class	(for	both	solids	and	oils)	

	
	
	
Eq.	2.40.	Mass	balance	for	the	layers	below	the	water	effluent	layer	of	the	k-th	class	(for	both	

solids	and	oils)	

	

	

𝑑𝑋_1
𝑑𝑡 =

R𝑋1_(3) − 𝑋1_(2)S𝑉0JK ± 𝐽/Z_([)
ℎK

 

𝑑𝑋_1
𝑑𝑡 =

R𝑋1_(%W2) − 𝑋1_(%)S𝑉0JK ± 𝐽/Z_(P\S) ± 𝐽/Z_(PRS)
ℎK

 

𝑑𝑋_1
𝑑𝑡 =

p𝑄%,𝐴 r𝑋1_%, − p𝑉0JK + 𝑉0LMNr  𝑋1_(%) ± 𝐽/Z_(P\S) ± 𝐽/Z_(PRS)
ℎK

 

𝑑𝑋_1
𝑑𝑡 =

R𝑋1_(%X2) − 𝑋1_(%)S𝑉0LMN ± 𝐽/Z_(P\S) ± 𝐽/Z_(PRS)
ℎK

 

𝑑𝑋_1
𝑑𝑡 =

−H
𝑄-..
𝐴 L𝑋1_(%) + R𝑋1_(%X2) − 𝑋1_(%)S 𝑉0LMN ± 𝐽/Z_(P\S) ± 𝐽/Z_(PRS)

ℎK
 

𝑑𝑋_1
𝑑𝑡 =

R𝑋1_(%X2) − 𝑋1_(%)S𝑉0LMN ± 𝐽/Z_(P\S) ± 𝐽/Z_(PRS)
ℎK
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Eq.	2.41.	Mass	balance	for	the	bottom	layer	of	the	k-th	class	(for	both	solids	and	oils)	

	
	

The	 produced	water	 clarifier	model	 provides	 the	means	 to	 estimate	 the	 dynamic	

settling/rising	behavior	of	both	solids	and	solids	present	in	flowback	and	produced	

wastewaters.	The	model	also	allows	to	predict	the	effluent	constituents	in	each	of	the	

three	discharge	streams:	oil	recovery,	sludge	waste	and	water	effluent.	Figure	2.31	

provides	a	screenshot	of	the	Simulink	mask	of	the	produced	water	clarifier	model.	

	

	

Figure	2.31.	Graphical	interface	of	the	produced	clarifier	model	simulator.	

	

	

	

𝑑𝑋_1
𝑑𝑡 =

R𝑋1_(,X2) − 𝑋1_(,)S𝑉0LMN ± 𝐽/Z_(NRS)
ℎK
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2.2.2.2	Granular	Filtration		

Granular	filtration	is	typically	implemented	as	part	of	the	last	polishing	steps	within	

the	 conventional	 treatment	 train	 of	 petrochemical	 wastewater	 treatment	 plants.	

Herein,	a	semi-empirical	model	is	adopted	to	describe	the	breakthrough	dynamics	of	

the	filter.	A	pressure	loss	model	also	captures	the	gradual	increase	in	pressure	losses	

as	a	function	of	the	material	accumulated	in	the	filter	(Tchobanoglous	et	al.,	2014).	

The	effluent	concentrations	are	described	by	a	sigmoid	breakthrough	curves,	as	seen	

in	the	top	left	image	of	Fig.	2.	32.	In	addition	to	modeling	the	concentration	profiles	in	

the	 effluent,	 the	 granular	 filtration	model	 also	 allows	 to	model	 backwash	 events,	

along	 with	 the	 regeneration	 of	 the	 filter.	 The	 dialog	 parameters	 pertinent	 to	 the	

backwash	scheduling	are	shown	in	the	bottom	image	of	Fig.	2.32.	
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Figure	2.32.	Illustration	of	the	breakthrough	model	for	the	granular	filtration	vessels,	along	

with	the	Simulink	model	block	used	to	describe	it.	

	

Granular	filtration	vessel	model	equations	

Eq.	2.42.	Concentration	of	suspended	particles	in	effluent		

	

𝑑𝑋
𝑑𝑡 = 𝑎8	𝑋5/8

𝑒(/!	
9"##
:"##

	(;		

9𝑒(/!	
9"##
:"##

	(;	 + 1<
# 
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Eq.	2.43.	Filter	pressure	loss	(Tchobanoglous	et	al.,	2014)	

	

	

2.2.3		 SC-SAHEL	for	Multi-Objective	and	Simulink	Applications	

The	 SC-SAHEL	 algorithm	 belongs	 to	 the	 greater	 family	 of	 meta-heuristic	 search	

methods.	More	specifically,	 the	SC-SAHEL	algorithm	 implements	a	multi-algorithm	

genetic	 search	 method	 approach,	 which	 allows	 to	 update	 the	 search	 mechanism	

during	the	course	of	the	optimization	in	accordance	to	the	information	obtained	from	

the	response	surface.	Part	of	the	SC-SAHEL	code	was	readapted	herein	to	extend	it	

from	a	single-	to	multi-objective	algorithm.	In	addition,	further	modifications	to	the	

code	 were	 done	 to	 allow	 the	 compatibility	 of	 the	 SC-SAHEL	 algorithm	 with	 the	

Simulink	platform.	A	parallel	optimization	framework	is	at	the	base	of	the	SC-SAHEL	

algorithm	 structure,	which	 allows	 to	 distribute	 the	 computational	 load	 on	 several	

processors,	 thereby	 speeding-up	 the	 overall	 required	 optimization	 time.	 Multiple	

evolutionary	algorithms	(EAs)	are	partitioned	in	different	complexes	that	evolve	in	

parallel.	After	a	predefined	number	of	evolutionary	steps,	an	Evolutionary	Method	

Performance	 (EMP)	 metric	 is	 used	 to	 assess	 and	 rank	 the	 performance	 of	 each	

complex.	The	evolutionary	method	that	is	ranked	the	highest	receives	an	additional	

complex,	while	the	worst	evolutionary	method	will	lose	one,	then	all	of	the	complexes	

are	shuffled	with	the	intent	of	sharing	the	information	collected	during	the	search.	

Convergence	 is	 then	 checked.	 If	 the	 convergence	 criteria	 are	 satisfied,	 the	

optimization	 process	 is	 concluded,	 otherwise	 the	 shuffled	 populations	 are	 re-

∆𝑃 = 𝐻! + 𝑎	(𝑋&55,@++ 	 + 𝑋6%Y,@++)0 
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partitioned	in	next	complexes	and	the	cycle	is	repeated	During	the	evolution	stage,	

the	search	for	the	optimized	parameter	set	is	based	on	the	minimization	of	the	sum	

of	squared	residuals	(for	single	objective	function)	or	through	Pareto	ranking	with	

crowding	distance	(for	multi-objective	optimization)	(Burke	and	Kendall,	2014).		

Several	algorithms	parameters	are	needed	to	run	the	SC-SAHEL	search	algorithm.	A	

total	number	of	 four	complexes	was	selected.	The	size	of	each	complex	 is	decided	

based	on	the	size	of	the	problem	(2	x	parameters	+1).	In	order	to	reduce	time	required	

for	 the	 optimization,	 the	 populations	 in	 each	 of	 the	 complexes	 were	 evolved	 in	

parallel.	 In	 addition,	 the	 evolutionary	 methods	 adopted	 were	 the	 Competitive	

Complex	Evolution	(CCE)	and	the	Modified	Competitive	Complex	Evolution	(MCCE).	

The	 initialization	of	 the	populations	 is	performed	via	a	Latin	Hypercube	Sampling	

method.	 During	 the	 search	 phase	 the	 parameters	 are	 bound	 to	 their	 physical	

constraints	 by	 implementing	 a	 folding	method	 (Vrugt,	 2016),	 differently	 from	 the	

default	SC-SAHEL	reflection	method.	Default	values	were	used	for	the	remaining	SC-

SAHEL	parameters.	
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Chapter	3	

	

Using	Off-Gas	Analysis	to	Diagnose	Load	and	Airflow	Imbalances	in	
Nominally	Identical	Parallel	Activated	Sludge	Trains	
	
	
A	version	of	this	chapter	is	published	91st	Annual	WEFTEC	conference	proceedings,	
New	Orleans,	Louisiana,	USA,	October	2018	and	is	currently	in	preparation	for	
submittal	at	the	Water	Environment	Research	journal	
	

	

3.1		 Introduction	

In	water	resource	recovery	facilities	(WRRFs)	it	is	common	practice	to	distribute	the	

load	from	the	primary	effluent	among	parallel	biological	reactors	 in	the	secondary	

treatment	stage.	This	provides	redundancy	in	case	of	failure	of	one	or	more	units,	as	

well	 as	 it	 allows	 performing	 a	 periodic	 maintenance	 rotation.	 Flow	 splitting	

structures	 are	 used	 prior	 the	 aeration	 tanks	 in	 order	 to	 distribute	 hydraulic	 load	

evenly.	 In	 practice,	 however,	 flow	 splitters	 do	 not	 always	 provide	 an	 equally	

distributed	flow	among	parallel	units,	even	if	these	are	nominally	identical	(Patel	et	

al.,	2008).	Hence,	while	some	aeration	tanks	are	receiving	lower	loads,	others	may	be	

subject	to	overloaded	conditions,	especially	during	peak	flow	hours.	These	uneven	

loading	rates	between	parallel	bio-reactor	units	can	impact	the	reaction	rates	and	the	

effluent	concentrations	of	aggregate	water	constituents	such	as	COD	and	TN	(Ge	et	al.,	

2010;	 Larrea	 et	 al.,	 2001;	 Zhu	 et	 al.,	 2007).	 Under	 an	 imbalanced	 loading	 regime,	
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overloaded	units	 can	 incur	 in	momentary	 effluent	 breakthroughs	 of	 contaminants	

following	peak	loading	hours.	Furthermore,	these	load	imbalances	may	result	in	the	

differential	 diffuser	 fouling	 that	 is	 often	 recorded	 in	 treatment	 plants.	 Further	

complexity	is	provided	by	reactor	systems	such	as	a	step-feed,	which	in	addition	may	

also	incur	in	load	imbalance	along	the	various	compartments	of	each	tank.		

Another	important	factor,	often	overlooked,	is	the	air	supply	distribution	of	aeration	

systems.	Adjustments	of	 the	airflow	distribution	between	units	and	across	various	

grids	 is	 achieved	with	manual	 valves	 or	 through	 the	 use	 of	 actuated	 valves	when	

coupled	 with	 set-point	 control	 strategies.	 However,	 improper	 air	 distribution	

management	 can	 lead	 to	 an	 imbalanced	 airflow	 supply	 among	 parallel	 units,	 thus	

resulting	 in	 different	 oxygen	 supply	 rates,	 which	 is	 necessary	 for	 microbial	

respiration.	As	a	result,	individual	units	that	receive	less	oxygen	supply	will	incur	in	

a	reduced	treatment	capacity,	even	more	so	during	peak	loading	hours	(Juan-García	

et	 al.,	 2018)	During	 peak	 loading	 conditions,	 insufficient	 oxygen	 supply	 in	 certain	

units	 can	 lead	 to	 an	 inhibition	 of	 the	 nitrification	 process	 due	 to	 low	 oxygen	

concentrations,	which	can	result	in	temporary	peaks	of	ammonium	in	the	effluent.	

Therefore,	both	uneven	load	distribution	and/or	airflow	supply	between	parallel	bio-

reactor	 units	 can	 result	 in	 a	 deviation	 from	 ideal	 operating	 conditions,	 with	 a	

consequent	impact	on	overall	treatment	efficiency.	

The	goal	of	this	study	is	to	demonstrate	the	application	of	off-gas	measurements	to	

identify	 a	 load	 imbalance	 amongst	 nominally-identical	 and	 parallel	 aerated	 units,	

using	OUR	as	indicator.	Furthermore,	the	investigation	presented	herein	also	aims	at	
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identifying	the	potential	causes	for	the	occasionally	observed	ammonium	peaks	in	the	

secondary	effluent	of	a	local	water	resource	recovery	facility.		

	

3.2		 Materials	and	Methods	

3.2.1		 Plant	Description	

The	plant	that	has	been	investigated	is	the	San	Jose	Creek	East	(SJCE)	WRRFs,	which	

is	operated	by	the	Sanitation	Districts	of	Los	Angeles	County	(LACSD).	The	SJCE	plant	

treats	an	average	influent	flow	rate	of	1.7x105	m3	day-1	(or	approximately	45	MGD).	

The	secondary	treatment	is	divided	in	5	parallel	aeration	tanks.	Each	unit	is	operated	

as	a	4-pass	step-feed	(50%/30%/20%	feed	along	passes	1-3),	with	alternating	anoxic	

and	aerobic	zones	(see	Fig.	3.1).		

	

	

Figure	3.1.	Aerial	image	of	the	aeration	tanks	configuration	of	the	SJCE	treatment	facility.	
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Each	pass	is	comprised	of	three	grids	that	differ	based	on	their	operating	condition	

(aerobic	or	anoxic),	and	on	the	diffuser	density	(as	seen	in	Fig.	3.5).	The	plant	exhibits	

occasional	ammonium	peaks	in	the	final	secondary	effluent,	which	may	be	attributed	

to	load	imbalance	in	the	step-feed	reactors	(Tang	et	al.,	2007,	Zhu	et	al.,	2007)	and	is	

a	drive	behind	this	study.	

	

3.2.2		 Off-gas	Testing	

Oxygen	 transfer	 efficiency	 in	 the	 aeration	 tanks	 was	 measured	 using	 the	 off-gas	

method	according	to	the	ASCE	testing	protocol	(ASCE,	2007).	The	partial	pressure	of	

oxygen	in	the	gas	stream	was	measured	by	a	ZrO2	cell	(Model	65,	AmiO2,	Fountain	

Valley,	CA).	Off-gas	analysis	relies	on	a	mass	balance	on	the	water	column	through	

which	 the	 airflow	 transits,	measuring	 both	 the	 partial	 pressure	 of	 oxygen	 (PO2	 in	

Pascal	or	atm)	and	the	air	flux	(Boyle	and	Redmon,	1983;	Schuchardt	et	al.,	2007).	

These	 two	 parameters	 are	 used	 for	 the	 calculation	 of	 the	 standardized	 oxygen	

transfer	efficiency	under	process	conditions	(𝛼𝐹SOTE,	%),	the	standardized	oxygen	

transfer	rate	at	field	conditions	(SOTR,	kgO2	h-1)	and	the	airflow	flux	collected	by	the	

off-gas	hoods.	When	clean	water	tests	are	available,	𝛼𝐹	can	be	calculated	a	posteriori	

as	the	ratio	of	𝛼𝐹SOTE	and	SOTE.		

A	 list	 of	 the	 equipment	 used	 for	 the	 construction	 and	 development	 of	 the	 off-gas	

hoods	(Fig.	3.2)	and	the	off-gas	analyzer	is	provided	below.	
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Off-gas	hoods	components:	1 

• 2	off-gas	hoods:	2 

• 3	bins	of	18”x28”	each	hood	3 

• Strut	channel	frame	4 

• 4”	pipes	for	buoyancy		5 

• 1	½	”	PVC	pipe	manifold	6 

• Camlock	collection	hoses		7 

Off-gas	analyzer	components:	8 

• O2	analyzer	9 

• CO2	analyzer	or	NaOH	10 

• Heater	or	drierite		11 

• Small	vacuum	pump	12 

• Hot-wire	anemometer13 

 14 

  15 
 16 
Figure	3.2.	Off-gas	hoods	after	being	assembled	in	the	lab	(left)	and	the	after	being	deployed	17 
in	the	field	(right).	18 

 19 
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The	𝛼𝐹	factor	was	calculated	as	the	ratio	of	process	water	𝛼𝐹SOTE	and	clean-water	20 

SOTE.	SOTE	values	were	obtained	 from	the	corresponding	diffuser	manufacturers.	21 

The	oxygen	transfer	efficiency	(OTE,	%),	volumetric	mass	transfer	coefficients	(KLa,	22 

time-1),	oxygen	transfer	efficiency	in	standard	conditions	in	clean	water	(SOTE,	%),	23 

and	 standard	 oxygen	 transfer	 efficiency	 in	 process	 water	 (αFSOTE,	 %)	 were	24 

quantified	using	 the	ASCE	DO	Parameter	Estimation	Program	(DO_PAR	1.08,	ASCE	25 

2007)	downloaded	from	http://www.seas.ucla.edu/stenstro/).	26 

The	off-gas	testing	was	carried	out	in	the	first	aerobic	pass	for	both	Units	1	and	2.	27 

Real-time	oxygen	transfer	efficiency	(OTE,	%),	oxygen	transfer	rate	(OTR;	kgO2	hr-1),	28 

and	the	oxygen	uptake	rate	(OUR,	mgO2	l-1	hr-1)	were	accordingly	measured.	Two	off-29 

gas	hoods	were	deployed	side	by	side	in	each	tank	(see	Fig.	3.3).		30 

	31 
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	32 
Figure	3.3.	Image	showing	the	two	off-gas	hoods	in	parallel	placed	in	the	first	pass	of	Unit	1	33 
and	Unit	2	34 

	35 

Taking	advantage	of	the	specular	layout	of	Units	1	and	2	it	was	possible	to	use	a	single	36 

off-gas	analyzer	to	process	the	off-gas	collected	from	the	2	off-gas	hoods	in	parallel.	A	37 

three-way	valve	allowed	to	switch	intermittently	from	one	collection	hood	to	another,	38 

therefore	allowing	to	obtain	quasi-simultaneous	measurements	of	the	off-gas	from	39 

both	Unit	1	and	2.	A	schematic	of	the	field	testing	setup	is	shown	in	Fig.	3.4.	40 
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 41 
Figure	3.4.	Diagram	of	the	experimental	setup	along	the	first	pass	of	Unit	1	and	2.	Primary	42 
effluent	is	depicted	using	small	black	arrows	on	the	side	of	the	tanks	(source:	SJCE	Blueprints).	43 

	44 

Figure	3.5	provides	information	on	the	location	of	the	off-gas	sampling	points	along	45 

the	aerated	tanks	of	the	first	pass	for	both	Unit	1	and	2.	46 

	47 
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 48 

 49 
Figure	3.5.	Sampling	points	of	the	off-gas	test.		50 

	51 

  52 
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 53 
3.2.3		 Inline	Off-gas	Respirometry		54 

Using	the	deployed	off-gas	apparatus,	it	was	also	possible	to	perform	an	inline	off-gas	55 

respirometric	 test.	 Conversely	 from	 conventional	 respirometric	 tests,	 which	56 

necessitate	 the	 development	 of	 a	 small	 bioreactor	 vessel,	 the	 inline	 respirometric	57 

tests	allows	to	directly	estimate	the	OUR	in	the	aeration	tanks	themselves.	58 

By	 considering	 the	 volume	 of	 liquid	 beneath	 the	 off-gas	 hood	 (Fig.	 3.6)	 the	mass	59 

balance	of	the	DO	in	the	liquid	phase	can	be	written	by	assuming	completely	mixed	60 

conditions	(Eq.	3.1).	61 

 62 

Figure	3.6.	Schematic	of	the	control	volume	considered	for	the	DO	mass	balance.	63 

	64 

Eq.	3.1.	Oxygen	mass	balance	for	the	control	volume	V	under	the	hood	65 

	 where,		66 
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RV̇6[
R#

:	Mass	variation	of	the	oxygen	within	the	control	volume	V	[g/s]	67 

[𝑂3]%,:	Concentration	of	oxygen	entering	the	control	volume	V	[g/m3]	68 

[𝑂3]![#:	Concentration	of	oxygen	leaving	the	control	volume	V	[g/m3]	69 

𝑄:	Flow	entering	and	leaving	the	control	volume	[m3/s]	70 

𝑂𝑇𝑅:	Oxygen	transfer	rate	[g	/	s]	71 

𝑂𝑈𝑅:	Oxygen	uptake	rate	[g	/	(m3	s)]	72 

𝑉:	Control	volume	[m3]	73 

When	the	following	assumptions	are	met:	74 

- short	 Sampling	 Time	 (or	 appropriate	 DO	 setpoint	 control)	à	 Quasi-steady	75 

state		76 

	77 

- Influent	and	effluent	concentrations	are	the	same	à	78 

The	following	simplified	mass	balance	equations	can	be	obtained:	79 

Eq.	3.2.	Oxygen	mass	balance	for	the	control	volume	V	under	the	hood	(after	assumptions)	80 

	 	81 

By	 re-arranging	 the	 terms	 of	 Eq.	 3.2	 the	 following	 expression	 of	 the	 OUR	 can	 be	82 

retrieved:	83 

Eq.	3.3.	Expression	of	the	OUR	as	a	function	of	variables	measured	by	the	off-gas	test	84 

			where,		85 

𝑂𝑈𝑅� :	Measured	OUR	[g	/	(m3s)]	86 

𝑄@\]� :	Airflow	measured	with	the	off-gas	apparatus	[(m3	/	s)]	87 

𝜌@%]:	Density	of	air	at	atmospheric	pressure	[gair	/	m3]	88 

RV̇6[
R#

	 = 0 

[𝑂3]%, = [𝑂3]![#  
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𝓎![� :	Ponderal	fraction	of	oxygen	in	air	[gO2	/	gair]	89 

𝑂𝑇𝐸� :	OTE	measured	with	the	off-gas	apparatus	[–]	90 

	91 

3.2.4	 Load	Imbalance	Analysis	Using	OUR	92 

A	 potential	 way	 to	 assess	 influent	 loading	 patterns	 in	 the	 case	 of	 unreliable	 or	93 

unavailable	 flow	 metering	 devices	 is	 to	 indirectly	 measure	 the	 respiration	 rates	94 

between	parallel	units.	95 

Off-gas	 testing	 is	 a	 well-documented	 in-situ	 technique	 for	 the	 quantification	 of	96 

aeration	performance,	in	terms	of	efficiency	and	oxygen	transfer	rate	and	uptake	rate.	97 

Many	 studies	 have	 used	 off-gas	measurements	 for	 process	 control	 (Jenkins	 et	 al.,	98 

2003;	Rosso	et	al.,	2008;	Trillo	et	al.,	2004)	as	well	as	for	energy	and	cost	analysis	of	99 

the	aeration	process	(Garrido-Baserba	et	al.,	2017,	2016).	Furthermore,	as	previously	100 

discussed,	off-gas	can	provide	estimates	of	 the	OUR	along	different	sections	of	 the	101 

aeration	tanks,	which	provides	a	quantitative	indicator	of	the	influent	load,	and	which	102 

has	been	used	in	previous	studies	for	process	control	optimization	(Baeza	Labat	et	al.,	103 

2002;	Puig	et	al.,	2005)	104 

Therefore,	in	addition	to	monitoring	in	parallel	aeration	variables,	such	as	OTE,	OTR	105 

and	air	flux,	the	off-gas	apparatus	was	also	used	to	conduct	inline	respirometric	tests	106 

to	diagnose	potential	load	imbalances	in	the	step-feed	reactors,	which	could	in	part	107 

explain	the	observed	occasional	ammonium	peaks	in	the	final	secondary	effluent.	108 

	 	109 
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3.3		 Results	and	Discussion	110 

3.3.1	 Field	Testing	Results	111 

The	results	obtained	from	the	off-gas	testing	of	the	two	identical	treatment	units	can	112 

be	 found	 in	Table	3.1.	OTE	values	 for	Unit	1	were	higher	 in	 comparison	 to	Unit	2	113 

(average	of	10.2%	and	7.8%	respectively).	Airflow	flux	collected	from	each	sampling	114 

position	of	the	first	pass	of	Units	1	and	2	were	recorded	and	were	used	to	estimate	115 

the	airflow	rate	per	diffuser.	The	measured	airflow	rate	of	Unit	1	was	observed	to	be	116 

lower	compared	to	Unit	2	(average	of	2.98	SCFM/diff_area	and	5.58	SCFM/diff_area	117 

respectively).	Higher	airflows	are	usually	related	to	larger	bubble	size	ejected	by	the	118 

diffusers,	which	reduces	 the	oxygen	mass	 transfer	specific	surface	area.	Hence	 the	119 

higher	airflow	rate	in	Unit	2	may	help	explain	its	observed	lower	OTE	when	compared	120 

to	Unit	1.  121 
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Table	3.1.	Measurements	for	each	of	the	off-gas	sampling	positions	considered	for	both	122 
Units 123 
 124 

	125 

Differences	in	DO	concentrations	were	also	observed,	with	lower	concentrations	in	126 

Unit	1	compared	to	Unit	2	(see	Table	3.1).	Figure	3.7	shows	the	main	measured	off-127 

gas	variables	(αFSOTE,	air	flux	and	DO)	averaged	across	each	section.	For	all	of	the	128 

measured	variables,	more	significant	difference	is	recorded	in	the	first	two	measured	129 

sections	(Grid	2).	The	sampling	position	of	Grid	3	also	showed	a	discrepancy	between	130 

Position OTE 
[%] 

Qair/diff 

 

DO 

 

OUR 

 
       Time 

 U1 U2 U1 U2 U1 U2 U1 U2 / 

1A 7.6 
±0.34 

6.8 
±0.33 

2.21 
±0.027 

4.94 
±0.052 

0.27 
±0.015 

0.77 
±0.089 

49.3 
±4.32 

96.8 
±8.66 

10.45 - 
11am 

1B 10.9 
±0.34 

6.8 
±0.34 

2.04 
±0.008 

5.81 
±0.018 

0.26 
±0.006 

0.82 
±0.056 

64.7 
±3.19 

116.0 
±7.00 

11.15 - 
11.30am 

2A 12.2 
±0.85 

9.0 
±0.35 

2.49 
±0.043 

5.15 
±0.101 

0.74 
±0.035 

1.80 
±0.075 

87.2 
±9.42 

133.6 
±9.15 

11.45am 
- 12pm 

2B 12.0 
±0.36 

8.7 
±0.34 

2.66 
±0.043 

5.39 
±0.141 

0.70 
±0.051 

1.73 
±0.038 

92.0 
±9.18 

138.8 
±9.80 

12 - 
12.15pm 

3A 8.4 
±0.33 

7.3 
±0.31 

4.27 
±0.034 

6.30 
±0.043 

2.43 
±0.119 

2.68 
±0.122 

85.8 
±7.11 

108.5 
±6.60 

2.25 - 
2.40pm 

3B 10.7 
±0.32 

8.1 
±0.85 

4.23 
±0.008 

5.88 
±0.131 

2.64 
±0.113 

2.70 
±0.069 

108.8 
±4.48 

120.8 
±22.76 

2.45 - 
3pm 
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the	two	units,	but	to	a	lesser	extent.	The	dissolved	oxygen	was	approximately	30-40%	131 

higher	 in	 Unit	 2	 in	 comparison	 to	 Unit	 1	 for	 Grid	 2	 (sampling	 sections	 1	 and	 2),	132 

whereas	DO	values	were	comparable	for	Grid	3	(sampling	section	3).	The	differences	133 

in	DO	concentrations	between	the	two	Units	appeared	to	be	positively	correlated	to	134 

the	 differences	 in	 the	measured	 airflows,	 therefore	 suggesting	 the	 presence	 of	 an	135 

imbalance	in	the	airflow	distribution	136 

 137 
Figure	3.7.	Comparison	of	the	αFSOTE	(a),	air	flux	per	hood	area	(b)	and	DO	(c)	averaged	138 

across	the	two	positions	of	each	section	(#A	and	#B)	along	the	aeration	tank	for	Unit	1	and	2.	139 

(a)

(b)

(c)

Unit 1 Unit 2



 

115 
 

From	the	 inline	off-gas	respirometric	 tests	 the	measured	OUR	for	both	Units	were	140 

found	to	be	different.	In	particular,	OUR	values	for	Unit	1	were	found	to	be	generally	141 

lower	than	Unit	2	for	Grid	2.	In	Grid	3	the	difference	in	respirations	rates	was	less	142 

significant	(see	Fig.	3.8).		143 

 144 
 145 

 146 
 147 

Figure	 3.8.	 Off-gas	 OUR	 profiles	 along	 Unit	 1	 and	 Unit	 2.	 Bars	 denote	 95%	 confidence	148 
intervals.	149 

	150 

Units	1	and	2	are	nominally	identical,	having	the	same	type	and	number	of	diffusers,	151 

and	 with	 approximately	 the	 same	 MLSS	 (5494	 mgTSS	 l-1	 and	 5418	 mgTSS	 l-1	152 

respectively).	Thus,	similar	performance	and	efficiency	should	be	expected	for	both	153 

units	 in	 the	 case	 of	 balanced	 load	 and	 airflow	 distribution.	 However,	 from	 the	154 

obtained	 off-gas	 measurements,	 both	 a	 difference	 in	 OUR	 and	 airflow	 rates	 was	155 
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observed,	 thus	 also	 potentially	 suggesting	 imbalances	 in	 both	 load	 and	 airflow	156 

distribution	for	the	two	Units	considered.	157 

3.3.2	 Airflow	Distribution	Audit	158 

During	off-gas	testing	phase,	the	higher	airflow	measured	in	Unit	2	compared	to	Unit	159 

1	may	 be	 attributed	 to	 different	 causes.	 To	 investigate	 the	 observed	 difference	 in	160 

airflow	between	Unit	 1	 and	2,	 an	 audit	 of	 the	 airflow	distribution	 equipment	was	161 

conducted	on	site.	To	corroborate	the	measured	discrepancy	in	airflow	rates	between	162 

the	first	pass	of	Unit	1	and	2	the	airflow	rates	recordings	from	flow	gauges	of	each	163 

drop-leg	pipe	were	observed	and	recorded	(see	Fig.	3.9).	164 

 165 
Figure	3.9.	Blueprint	schematics	of	the	air	supply	system.	Red	numbers	indicate	airflow	166 
rates	readings	from	the	on-site	gauges	expressed	in	SCFM.	Two	images	show	the	airflow	167 
rate	measured	at	the	gauges	for	Zone	2	of	the	first	pass	for	Unit	1	(Orange)	and	Unit	2	168 
(Blue).	169 
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 170 
From	the	on-site	readings	different	airflow	rates	were	measured	between	nominally	171 

identical	 Units,	 therefore	 supporting	 the	 observed	 airflow	 imbalance	 previously	172 

measured	during	the	off-gas	testing	phase.	The	values	of	the	total	airflow	rates	for	173 

each	main	header	(serving	Pass	1/2	and	Pass	3/4)	are	reported	in	Table	3.2	below.	174 

Table	3.2.	Airflow	rates	of	the	first	two	passes	(Pass	1/2),	the	last	two	passes	(Pass	3/4)	175 
and	total	flow	for	each	Unit.	Measurements	were	taken	at	9.45am.	176 

 177 
 178 

 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

	187 

	188 

Among	all	parallel	Units,	Unit	4	was	recorder	to	have	the	lowest	airflow	rate	delivered	189 

(~10580	SCFM).	The	Unit	with	the	second	lowest	airflow	was	Unit	1	(~11495	SCFM).	190 

Total	airflow	rates	 for	Unit	3	could	not	be	completely	estimated	due	 to	one	of	 the	191 

airflow	 gauges	 not	 functioning	 (Unit	 3,	 Grid	 12).	 Units	 2	 and	 5	 displayed	192 

comparatively	similar	airflow	rates	(14185	and	14100	respectively).		193 

Manual	air	valves,	differently	from	the	throttled	valves	used	for	dynamic	control,	are	194 

seldom	adjusted	and	are	used	to	ensure	a	correct	distribution	of	the	airflow	to	the	195 

Unit # 
Total Qair  
(Pass 1/2)  
[SCFM] 

Total Qair  
(Pass 3/4)  
[SCFM] 

Total Qair  
(Total to Unit) 

[SCFM] 

1 9000 2495 11495 

2 10800 3385 14185 

3 9490 3325 +N/A* 12815 +N/A* 

4 8000 2580 10580 

5 9950 4150 14100 
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various	aerated	zones.	Differences	in	manual	valve	openings	between	different	units	196 

could	explain	the	differences	in	airflow	rates	recorder	for	the	various	Units.	Hence,	an	197 

audit	of	the	current	manual	valves	positions	was	conducted.	Each	of	the	71	valves	in	198 

the	air	supply	system	is	identified	by	an	alphanumeric	label	(see	Fig.	3.10).	199 

	200 

Figure	3.10.	Layout	of	the	air	supply	system	of	the	case	study	facility.	An	alphanumeric	label	201 
is	assigned	for	each	of	the	operated	valves.	Numbers	as	the	end	of	each	drop-leg	denote	the	202 
number	of	diffusers.	An	example	of	an	on-site	manual	valve	is	also	shown.	203 

During	the	valves	position	audit	the	positions	of	the	various	valves	was	captured	(see	204 

Fig.	3.11).	However,	the	openings	of	certain	valves	could	not	be	recorded	due	to	their	205 

inaccessibility	during	the	audit.	206 

  207 
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 208 

 209 

Figure	3.11.	Pictures	of	valves	in	the	air	supply	system	for	Zone	2	of	the	first	pass	for	Unit	1	210 
(Orange)	and	Unit	2	(Blue).	211 

When	considering	 the	accessible	valves,	no	discernable	difference	 in	manual	valve	212 

positions	 could	 be	 directly	 observed.	 In	 particular,	 for	 the	 aeration	 tanks	 tested	213 

during	the	off-gas	campaign	(Pass	1	of	Units	1	and	2)	the	manual	valve	positions	did	214 

not	show	apparent	differences	(B2pos≈	C1pos	and	B4pos≈	C3pos).	This	finding	could	215 

suggest	that	the	measured	discrepancies	in	airflow	distribution	between	Unit	1	and	2	216 

may	 be	 attributed	 to	 the	 main	 automated	 valve	 headers	 (A	 and	 B),	 which	 were	217 

inaccessible	at	the	time	of	the	audit.	However,	since	some	of	the	remaining	manual	218 

valves	 were	 not	 accessible,	 their	 potential	 influence	 on	 the	 observed	 airflow	219 

imbalance	could	not	be	disregarded.	220 
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3.3.3	 Load	Imbalance	Simulation	221 

In	the	previous	section,	the	discrepancy	in	the	measured	OUR	of	the	first	pass	of	Units	222 

1	 and	 2	 suggested	 a	 potential	 influent	 flow	 imbalance.	 Uneven	 influent	 flow	223 

distribution	 could	 partly	 explain	 the	 periodic	 ammonium	 peaks	 that	 have	 been	224 

observed	 by	 the	 facility.	 Operating	 under	 (or	 over)	 loading	 conditions	 due	 to	 the	225 

hydraulic	 imbalance,	 or	differentiated	 flow	 split,	may	have	 impacted	 the	 extent	 of	226 

which	the	nitrification/denitrification	process	 is	successfully	completed,	 leading	to	227 

the	unexpected	ammonia	concentrations	found	in	the	effluent.	228 

Among	the	five	tanks	 in	parallel	 that	constitute	the	biological	 treatment,	 two	units	229 

were	considered	for	the	study	on	load	imbalance.	After	an	initialization	phase	for	the	230 

achievement	of	steady-state	conditions,	dynamic	simulations	were	run	over	a	10-day	231 

period.		232 

Multiple	simulations	were	conducted	for	various	degrees	of	influent	flow	imbalance,	233 

or	flow	split,	between	Unit	1	and	2.	The	ratios	of	the	flows	(x1Qin	/x2Qin)	conveyed	to	234 

the	two	Units	were	selected	at	a	4%	increment	from	0%	to	32%.	This	translated	into	235 

a	flow	split	percent	imbalance	(x1	–x2)	range	between	0%	(reference)	and	13.8%.	For	236 

the	different	scenarios,	no	significant	change	in	effluent	COD	or	TSS	was	observed.	237 

During	 peak	 hours,	 an	 increase	 in	 the	 effluent	 ammonium	 concentrations	 is	 seen	238 

when	increasing	the	percent	imbalance	(Fig.	3.12).		239 
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 240 

Figure	3.12.	The	impact	of	uneven	flow	distribution	on	the	ammonium	concentration	in	the	241 
final	 effluent.	 The	 reference	 condition	 (0%	 imbalance)	 is	 marked	 in	 black.	 The	 highest	242 
imbalance	profile	(13.8%)	is	marked	in	gray.	243 

In	general,	an	imbalance	in	the	simulated	influent	flows	in	the	range	0-13.8%	can	lead	244 

to	an	increase	in	ammonium	peaks	in	the	final	effluent.	However,	ammonium	peaks	245 

significantly	deviate	from	reference	conditions	(0%)	only	at	relatively	high	influent	246 

flow	imbalances,	which	may	not	be	realistic	under	actual	in-site	conditions.	247 

	248 

3.4		 Conclusions	249 

The	 aeration	 efficiency	 of	 two	 parallel	 units	 (Unit	 1	 and	 2)	 was	 concurrently	250 

monitored	via	off-gas	testing.	At	SJCE,	For	Unit	1,	the	OTE	was	approximately	12%	251 

higher	on	average	compared	to	Unit	2.	This	 is	 likely	to	be	a	result	 from	the	higher	252 

airflow	rates	per	diffuser	measured	in	Unit	2.	253 
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As	a	result	of	the	off-gas	measurements,	an	imbalance	in	the	airflow	distributed	to	the	254 

Unit	1	and	2	was	observed.	Such	imbalance	was	subsequently	supported	by	an	on-255 

site	audit	of	the	airflow	rates	readings	of	the	flow	gauges	installed	at	each	of	the	drop-256 

legs	of	the	air	supply	system.	The	highest	imbalance	in	airflow	supply	between	two	257 

units	was	measured	approximately	to	be	34%.		258 

DO	values	recorded	during	the	off-gas	campaign	also	showed	pronounced	differences	259 

between	 Unit	 1	 and	 Unit2,	 with	 Unit	 1	 displaying	 on	 average	 30-40%	 lower	 DO	260 

concentrations	than	Unit	2.	This	again	is	likely	to	be	a	result	of	the	higher	airflow	rates	261 

measured	in	Unit	2	compared	to	Unit	1.		262 

During	 the	air	 supply	audit,	 in	order	 to	 investigate	 the	potential	 cause	behind	 the	263 

observed	 imbalanced	 airflow	 distribution,	 the	 position	 of	 the	 current	 valves	 was	264 

assessed.	No	discernable	difference	in	the	accessible	manual	valves	could	was	directly	265 

observed.	For	the	aeration	tanks	tested	during	the	off-gas	campaign	(Pass	1	of	Units	266 

1	and	2),	no	apparent	differences	in	manual	valve	positions	were	observed	.	This	may	267 

suggest	that	the	observed	differences	in	airflow	distribution	of	Unit	1	and	2	may	be	268 

attributed	to	the	main	automated	valve	headers	(A	and	B),	which	were	inaccessible	269 

at	the	time	of	the	audit.	However,	since	some	of	the	remaining	manual	valves	were	270 

not	accessible,	their	potential	influence	on	the	observed	airflow	imbalance	could	not	271 

be	disregarded.		272 

From	the	inline	respirometric	test,	Unit	1	displayed	lower	OUR	values	compared	to	273 

Unit	 2.	 Such	values	were	highest	 at	 the	beginning	of	Pass	1	 (46%)	and	decreased	274 

towards	the	end	(15%).	275 
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Load	 imbalances	 were	 shown	 to	 potentially	 result	 in	 higher	 effluent	 ammonium	276 

peaks.	However,	ammonium	peaks	significantly	deviate	from	nominal	conditions	only	277 

at	relatively	high	influent	flow	imbalances,	which	may	not	be	realistic	under	actual	in-278 

site	conditions.	As	such	the	observed	discrepancy	in	the	respirations	rates	observed	279 

between	 the	 two	parallel	 tanks	 is	 likely	 to	 be	 related	 to	 the	 observed	 imbalanced	280 

airflow	distribution.	281 

Results	 from	 this	 study	 highlight	 the	 critical	management	 behind	 specific	 process	282 

equipment,	which	 can	 significantly	 impact	 the	 overall	 effluent	 quality,	 energy	 and	283 

operating	 costs	 of	 the	 facility.	 From	 the	 observed	 imbalanced	 air	 supply,	 future	284 

research	should	be	targeted	to	obtain	a	more	comprehensive	status	of	the	current	air	285 

supply	system,	with	the	intent	to	identify	cause/s	behind	the	observed	imbalance	in	286 

airflow	distribution.	A	detailed	audit	of	the	manual	valve	positions	is	recommended,	287 

with	a	particular	emphasis	on	monitoring	the	position	of	the	header	valves.		288 

	 	289 
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Chapter	4	291 
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Relationship	between	manual	 air	 valve	positioning,	water	quality	293 
and	energy	usage	in	activated	sludge	processes	294 
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4.1	Abstract	306 

Diffused	aeration	is	the	most	implemented	method	for	oxygen	transfer	in	municipal	307 

activated	sludge	systems	and	governs	the	economics	of	the	entire	treatment	process.	308 

Empirical	observations	are	typically	used	to	regulate	airflow	distribution	through	the	309 

adjustment	of	manual	valves.	However,	due	to	the	associated	degrees	of	freedom,	the	310 

identification	 of	 a	 combination	 of	 manual	 valves	 that	 optimizes	 all	 performance	311 

criteria	is	a	complex	task.	For	the	first	time	a	multi-criteria	optimization	algorithm	312 

was	used	to	minimize	effluent	constituents	and	energy	use	by	parametrizing	manual	313 

valves	 positions.	 Data	 from	 a	 full-scale	 facility	 in	 conjunction	with	 specific	model	314 

assumptions	were	 used	 to	 develop	 a	 base-case	 facility	 consisting	 of	 a	 detailed	 air	315 

supply	model,	a	bio-kinetic	model	and	a	clarification	model.	Compared	to	the	base-316 

case	condition,	trade-offs	analysis	showed	potential	energy	savings	of	up	to	13.6%	317 

and	improvement	of	effluent	quality	for	NH4+	(up	to	68.5%)	and	NOx	(up	to	81.6%).	318 

Based	 on	 two	 different	 tariff	 structures	 of	 a	 local	 power	 utility,	 maximum	 costs	319 

savings	of	12800	USD	mo-1	to	19000	USD	mo-1	were	estimated	compared	to	baseline	320 

condition.		321 

Key	Words	–	wastewater;	aeration;	air	valve;	multi-objective;	Pareto	322 

  323 
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4.2	Introduction	324 

Water	 resource	 recovery	 facilities	 (WRRFs)	 provide	 the	 important	 service	 of	325 

collecting,	treating	and	transforming	the	various	contaminants	present	in	municipal	326 

wastewaters.	However,	for	these	systems	to	properly	function,	significant	energy	is	327 

required	 for	onsite	operations	 (WEF,	2009;	Longo	et	 al.,	 2016).	The	 required	oxic	328 

conditions	 in	 the	 aerobic	 tanks	 for	 the	 degradation	 of	 pollutants	 are	 commonly	329 

achieved	 through	sub-surface	diffused	aeration.	Diffused	aeration	has	gained	wide	330 

implementation	 since	 it	 guarantees	 higher	 oxygen	 transfer	 efficiency	 than	 other	331 

available	methods	(Groves	et	al.,	1992;	Rosso	et	al.,	2008).	Air	needs	to	be	pressurized	332 

by	blowers	and	routed	to	the	different	reactor	zones	via	a	piping	network.	In	order	333 

for	 the	 air	 bubbles	 to	 be	 released	 from	 the	 diffusers,	 blowers	 are	 required	 to	334 

overcome	the	hydrostatic	pressure,	the	frictional	pressure	losses	of	the	piping	system	335 

and	the	dynamic	wet	pressure	of	the	diffusers.	336 

Due	to	the	high	power	demand	required	for	the	blowers	to	operate,	diffused	aeration	337 

is	the	most	energy	intensive	process	in	WRRFs,	representing	as	much	as	45-75%	of	338 

the	 energy	 use	 (Olsson,	 2015;	 Reardon,	 1995;	 Rosso	 et	 al.,	 2008).	 The	 growing	339 

emphasis	 towards	 energy	 footprint	 minimization	 coupled	 with	 the	 ever	 more	340 

stringent	effluent	discharge	limits,	has	propelled	more	research	on	the	study	of	air	341 

supply	systems	(Rosso	et	al.,	2008;	Zhu	and	Anderson,	2017).	342 

Since	 the	 advent	 of	 dynamic	 simulators	 for	 wastewater	 treatment,	 the	 ability	 to	343 

analyze	 different	 operational	 strategies	 in	 a	 non-invasive	 manner	 has	 improved	344 

significantly	(Gernaey	et	al.,	2004).	Many	control	strategies	have	been	implemented	345 

in	 several	 simulation	 environments	 to	 study	 the	 optimization	 of	 diffused	 aeration	346 
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systems	(Åmand	et	al.,	2013).	Control	structures	based	on	dissolved	oxygen	(DO)	set	347 

points	(Ekman	et	al.,	2006)	and	ammonia-based	aeration	control	(ABAC)	(Rieger	et	348 

al.,	2014,	2012;	Uprety	et	al.,	2016)	are	well	known,	and	have	been	applied	to	achieve	349 

improved	effluent	quality.	In	addition,	other	control	schemes	such	as	most	open	valve	350 

(MOV)	 are	used	 to	 lower	pressure	drop,	 thus	 reducing	blower	power	demand,	 by	351 

setting	 the	 valve	 with	 the	 highest	 percent	 opening	 to	 a	 defined	 value	 (typically	352 

between	85-95%)	(Alex	et	al.,	2016;	Vreč	Ko	et	al.,	2014).	Regardless	of	the	specific	353 

control	structure	considered,	valve	stem	positions	are	among	the	main	manipulated	354 

variables	 used	 in	 control	 systems	 to	 improve	 aeration	 treatment	 performance	355 

(Jenkins,	2014).	356 

However,	 detailed	 models	 of	 actual	 equipment	 components,	 such	 as	 diffusers,	357 

blowers,	 pipes	 and	 valves,	 have	 only	 been	marginally	 implemented	 in	 simulation	358 

studies	of	air	supply	systems	(Juan-García	et	al.,	2018).	In	fact,	the	vast	majority	of	359 

dynamic	simulation	studies	completed	thus	far	assumes	an	ideal	continuous	supply	360 

of	airflow	capable	of	matching	demand	requirements,	 thus	neglecting	 the	physical	361 

and	operational	limitations	of	the	air	delivery	components	(Ingildsen	et	al.,	2002;	Zhu	362 

and	 Anderson,	 2017).	 The	 operating	 boundaries	 of	 aeration	 equipment,	 such	 as	363 

blower	 turndown	 and	maximum	diffuser	 pressure	 drop,	 are	 critical	 for	 a	 realistic	364 

description	of	dynamic	control	strategies	(Amaral	et	al.,	2017).	In	fact,	the	simulation	365 

of	control	strategies	that	do	not	explicitly	account	for	equipment	specifications	may	366 

limit	accurate	model	prediction	or	even	conceal	the	applicability	of	the	control	action	367 

itself	(Juan-García	et	al.,	2018).		368 
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It	has	been	only	in	recent	years	that	process	models	have	moved	from	ideal	air	supply,	369 

to	ad-hoc	equipment	models.	The	first	reported	attempt	to	develop	a	detailed	model	370 

of	air	supply	systems	in	WRRFs	can	be	found	in	Alex	et	al.	(2002).	In	that	work	the	371 

airflow	in	the	network	of	pipes	is	modeled	as	a	repeating	sequence	of	storage	volumes	372 

and	 resistances.	 The	 inlet	 and	 outlet	 pressure	 of	 the	 storage	 volumes	 is	 used	 to	373 

calculate	 the	mass	 flow	 rates	 between	 them.	 A	 subsequent	 integrated	model	was	374 

proposed	in	Schraa	et	al.,	2017,	which	includes	a	more	detailed	representation	of	site-375 

specific	equipment	such	as	blowers,	valves	and	diffusers.	This	has	allowed	describing	376 

more	realistically	 the	 interactions	occurring	between	 the	aeration	system	(oxygen	377 

supply	side),	the	biological	reactors	(oxygen	demand	side),	and	the	control	system.	378 

More	recently,	the	work	from	Juan-García	et	al.,	2018	shows	the	use	of	a	detailed	air	379 

supply	 system	model	 for	 the	 comparative	 analysis	 of	 various	 energy	 optimization	380 

strategies	for	a	55,000	m3	d-1	(~14.5	MGD)	capacity	facility.		381 

However,	even	the	most	recent	and	advanced	studies	are	conducted	without	a	prior	382 

selection	 of	 an	 optimal	 set	 of	manual	 valves.	 These,	 differently	 from	 the	 throttled	383 

valves	used	for	dynamic	control,	are	seldom	adjusted	and	are	used	to	ensure	a	correct	384 

distribution	 of	 the	 airflow	 to	 the	 various	 aerated	 zones.	 It	 is	 common	 praxis	 for	385 

manual	valves	to	be	adjusted	empirically,	through	a	trial	and	error	approach,	without	386 

fully	 considering	 the	 trade-offs	 occurring	 between	 the	 effluent	 water	 quality	387 

constituents	and	the	energy	use	(Juan-García	et	al.,	2018).	In	fact,	any	adjustment	to	388 

the	openings	of	a	set	of	manual	valves	will	establish	different	airflow	distribution	as	389 

well	 as	 pressure	 drop	 across	 the	 piping	 network,	 which	 can	 affect	 both	 effluent	390 

quality	and	power	demand	respectively.	Conflicting	objectives	such	as	achieving	low	391 
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effluent	 concentrations	 (BOD5,	 NH4+,	 etc.)	 while	 also	 reducing	 operating	 costs	392 

(Hakanen	 et	 al.,	 2013),	 are	 a	 commonly	 encountered	 challenge	 among	 facility	393 

operators.	 The	 analysis	 of	 the	 trade-offs	 that	 occur	 for	 different	 combinations	 of	394 

manual	valves	can	be	done	by	implementing	a	multi-objective	optimization	algorithm	395 

(also	known	as	multi-criteria).	Multi-objective	optimization	algorithms	allow	to	find	396 

a	 set	 of	 Pareto-optimal	 solutions	 (also	 known	 as	 Pareto	 front).	 Each	 solution	397 

represents	a	point	in	a	n-dimensional	space	having	as	coordinates	the	values	of	the	n-398 

objectives	(Deb,	2001).	Each	solution	located	on	the	Pareto	front	is	considered	non-399 

dominated,	meaning	that	each	one	represents	the	best	option	given	a	specific	set	of	400 

criteria	(i.e.,	they	cannot	achieve	further	improvements	in	terms	of	any	one	objective	401 

unless	at	the	expense	of	another).	Several	examples	of	multi-objective	optimization	402 

analysis	 are	 found	 in	 wastewater	 treatment	 applications,	 such	 as	 PI	 controller	403 

coefficients	(Sweetapple	et	al.,	2014);	hydraulic	retention	time,	sludge	retention	time,	404 

internal	 recirculation	 (Zhang	 et	 al.,	 2014);	 airflow	 rates,	 sludge	 wastage	 and	405 

recirculated	 activated	 sludge	 (Hreiz	 et	 al.,	 2015).	 However,	 a	 systematic	 multi-406 

objective	 optimization	 of	 water	 quality	 and	 energy	 use	 of	 air	 supply	 systems	 by	407 

varying	manual	valves	was	heretofore	missing.	408 

The	goal	of	this	study	is	to	demonstrate	the	impacts	that	different	combinations	of	409 

manual	valve	openings	have	on	energy	use,	costs	and	effluent	quality,	by	using	an	410 

advanced	air	supply	system	model.	Moreover,	a	multi-objective	optimization	analysis	411 

is	applied	for	the	first	time	by	using	manual	valve	positions	as	parameters	to	minimize	412 

effluent	 concentrations	 and	energy	use.	Data	 from	a	 facility	 combined	with	model	413 

assumptions	were	used	to	develop	a	base	case	scenario	configuration	of	a	secondary	414 
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treatment,	which	was	then	compared	to	the	optimized	Pareto	solutions.	A	total	of	5	415 

objective	 functions	 were	 investigated:	 energy	 use,	 maximum	 daily	 NH4+	416 

concentration,	 maximum	 daily	 BOD5	 concentrations,	 maximum	 daily	 TSS	417 

concentrations,	and	monthly	average	NOx	concentrations.	A	trade-off	analysis	is	then	418 

conducted	for	the	objectives	that	are	most	sensitive	to	the	various	optimal	manual	419 

valve	combinations.	420 

	421 

4.3	Materials	and	Methods	422 

	423 

4.3.1	Plant	Layout	and	Operation	424 

The	 facility	 that	was	 considered	 for	 the	 case	 study	 is	 located	 in	 the	Southwestern	425 

United	 States,	 characterized	 by	 arid	 to	 semi-arid	 climate.	 The	 plant	 receives	 an	426 

average	of	1.7x105	m3	day-1	(or	approximately	45	MGD)	of	municipal	sewage	from	a	427 

separate	sewer	network.	The	biological	compartment	is	operated	in	step-feed	mode.	428 

Figure	 4.1	 provides	 an	 illustration	 of	 the	 process	 configuration	 of	 the	 secondary	429 

treatment	stage,	as	well	as	the	other	treatment	processes.		430 
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 431 

Figure	4.1.	Simplified	process	schematic	of	the	facility	considered	for	this	study. 432 

	433 

A	total	of	5	parallel	units	(see	Fig.	4.2)	are	configured	for	biological	nutrient	removal	434 

(BNR).	 No	 supplement	 carbon	 is	 added.	 Originally,	 the	 plant	 was	 designed	 and	435 

constructed	 with	 3	 parallel	 lines	 (stage	 1).	 Two	 additional	 units,	 identical	 to	 the	436 

existing	ones,	were	subsequently	added	(stage	2).	Each	unit	is	comprised	of	4	passes	437 

in	series,	each	divided	in	3	grids.	An	anoxic-oxic-oxic	sequence	is	used	for	the	first	438 

two	passes,	an	anoxic-swing-oxic	 for	the	third	and	an	oxic-oxic-oxic	 for	the	fourth.	439 

The	 three	step-feed	gates	are	situated	at	 the	beginning	of	 the	anoxic	grids.	Excess	440 

sludge	is	wasted	from	the	recirculating	activated	sludge	(RAS)	line	and	discharged	441 

back	 to	 the	sewer	system	for	subsequent	downstream	processing	by	a	centralized	442 

plant.	For	this	study,	the	following	local	regulatory	discharge	limits	for	a	nearby	river	443 

are	considered:	maximum	daily	BOD5	(45	mg	 l-1),	maximum	daily	TSS	(45	mg	 l-1),	444 

maximum	daily	NH4+	(6	mg	l-1)	and	monthly	average	NOx	(8	mg	l-1)	(see	Table	4.1).	445 

Pass 1 Pass 2

Pass 3 Pass 4
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Table	4.1.	NPDES	Effluent	discharge	limits	used	as	a	performance	metric	for	the	comparative	446 
analysis	 between	 different	 manual	 valves	 configurations	 during	 the	 optimization	 stage.	447 
Highlighted	cells	have	been	used	as	targets	during	the	multi-objective	optimization.	448 

	449 

The	blower	house	contains	five	centrifugal	blowers,	three	1300	kW	(1750	HP)	each	450 

and	two	670	kW	(900	HP).	Air	from	the	blowers	is	routed	to	a	main	manifold,	from	451 

which	is	then	distributed	to	10	headers.	Each	header	serves	2	adjacent	passes	for	each	452 

of	the	5	units.	A	total	of	71	valves	are	used	to	adjust	or	isolate	the	airflow	in	the	piping	453 

network	(10	valves	for	each	header,	60	valves	for	each	drop-leg	and	1	valve	between	454 

stage	1	from	stage	2)	(see	Fig.	4.2).		455 

	456 
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	457 

Figure	4.2.	Layout	of	the	air	supply	system	of	the	case	study	facility.	An	alphanumeric	label	458 
is	assigned	for	each	of	the	operated	valves.	Shaded	areas	denoted	anoxic	zones.	Aerobic	zones	459 
are	left	in	blank.	Colored	circles	in	each	zone	denotes	the	number	of	diffusers.	460 

The	 aeration	 system	 was	 initially	 constructed	 with	 manual	 valves	 and	 was	 later	461 

complemented	with	some	automatic	valves.	Despite	this	combination	of	manual	and	462 

automatic	valves,	during	the	optimization	phase	the	valves	were	assumed	to	be	all	463 

fixed,	 as	 in	 their	 initial	 configuration.	This	 assumption	 stems	 from	 the	decision	 to	464 

consider	the	potential	benefits	and	trade-offs	that	can	be	achieved	by	optimizing	fixed	465 

manual	 valves	 positions,	 prior	 to	 the	 implementation	 of	 a	 dynamic	 valve	 control	466 

system.	 Such	 a	 valve	 configuration,	 although	 not	 ideal,	 is	 still	 a	 commonly	467 

encountered	 condition	 in	 many	 activated	 sludge	 processes	 in	WRRFs	 around	 the	468 

world	(Guerrero	et	al.,	2011;	Ma	et	al.,	2010;	Qiu	et	al.,	2010).	Air	delivery	is	achieved	469 

through	the	implementation	of	ceramic	disc	diffusers,	9	inches	(230	mm)	in	diameter.	470 

Airflow	is	provided	based	on	an	open	loop	time-based	control	system.	471 

13
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4.3.2	Modeling	Framework	and	Boundaries	472 

The	framework	of	the	study	is	based	on	the	most	recent	protocols	(HSG-guideline	and	473 

GMP	Unified	Protocol)	for	modeling	wastewater	treatment	processes	(Langergraber	474 

et	al.,	2004;	Rieger	et	al.,	2013).	For	 the	specific	case	of	optimization	of	air	supply	475 

systems,	a	more	detailed	flow	chart	is	provided	in	Fig.	4.3.	The	flow	chart	outlines	the	476 

various	analytical	steps	to	follow	when	optimizing	existing	air	supply	systems.	477 

  478 

Figure	4.3.	Flow	diagram	for	the	optimization	of	air	supply	systems. 479 
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The	model	boundary	contains	the	entire	secondary	treatment	process.	The	scope	of	480 

the	study	encompasses	the	optimization	analysis	for	an	air	supply	system	that	adopts	481 

fix	manual	 valves	 as	 a	mean	 to	 regulate	 airflow	 distribution,	without	 considering	482 

control	structures	of	dynamically	actuated	valves.	To	achieve	the	goal	of	the	study,	483 

equipment	 sub-models	 are	 included	 for	 a	 more	 realistic	 description	 of	 air	 re-484 

distribution	and	pressure	drop	across	the	piping	network,	which	ultimately	affects	485 

local	oxygen	transfer	rates	and	overall	power	demand.		486 

Data	collected	from	a	full-scale	facility	was	used	to	set-up	a	detailed	model	version	of	487 

the	air	supply	system	and	to	perform	the	calibration	and	validation	of	the	air	supply	488 

system	model.	 Tank	 size	 and	 process	 configuration	were	 retrieved	 from	 facility’s	489 

blueprints.	 Due	 to	 limited	 effluent	 data	 available,	 the	 biokinetic	 and	 settling	490 

parameters	are	based	on	default	literature	values	implemented	in	previous	studies	491 

(Aymerich	et	al.,	2015;	Santín	et	al.,	2015).	Therefore,	the	detailed	air	supply	model	492 

along	with	the	biokinetic	and	clarifier	model	are	used	to	develop	a	baseline	model	493 

that	is	then	compared	to	the	various	optimized	scenarios.	494 

This	study	focuses	on	the	concurrent	optimization	of	energy	use	and	various	water	495 

quality	 constituents	 (TSS,	 BOD5,	 NH4+,	 NOx).	 This	 is	 achieved	 by	 searching	 for	 the	496 

optimal	 manual	 valve	 combinations.	 Operating	 costs	 were	 estimated	 by	497 

implementing	two	local	tariff	structures	in	the	integrated	model.	To	generalize	the	498 

applicability	of	the	study,	costs	were	not	included	in	the	objective	functions	since	they	499 

can	 be	 influenced	 by	 the	 specific	 geographic	 location,	 such	 as	 the	 energy	 tariff	500 

structure	 that	 a	 utility	 is	 enrolled	 in.	 In	 addition,	 for	 an	 optimization	 analysis	 of	501 

manual	valves	that	consider	a	tariff	structure	based	on	the	user’s	energy	use	and/or	502 
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peak	power	demand	charge,	the	selection	of	either	energy	or	costs	does	not	influence	503 

the	relative	ranking	in	performance	of	each	of	the	manual	valve	combinations.	504 

 505 
 506 
 507 

4.3.3	Field	Data	Acquisition	and	Pre-Processing	508 

Regular	 site-inspections	 were	 conducted	 to	 assess	 the	 current	 plant	 layout	 and	509 

evaluate	the	operating	status	of	the	modeled	equipment.	Blueprints	of	the	aeration	510 

system	were	obtained	from	plant	engineers	and	were	used	for	the	development	of	a	511 

detailed	 aeration	 model.	 Specifications	 of	 the	 reactor	 tanks	 and	 clarifiers	 were	512 

incorporated	 in	 the	 reactor	 and	 clarifier	models.	 Step-feed	 flow	 ratios	used	 in	 the	513 

model	were	retrieved	from	on-site	flow	monitoring.	Daily	average	split	ratios	values	514 

were	used	in	the	model.	Although	it	 is	known	that	flow	split	ratios	can	vary	as	the	515 

function	 of	 influent	 flow	 rates	 (Patel	 et	 al.,	 2008),	 flow	 splits	 are	 assumed	 to	 not	516 

change	 over	 time.	 Operational	 variables	 such	 as	 valve	 positions,	 airflow	517 

measurements	and	blower	operating	schedule	were	obtained	during	the	field	visits.	518 

Valve	positions	that	were	inaccessible	at	the	time	of	plant	visits	were	assumed	in	the	519 

model	 to	 be	 fully	 open.	 Specifications	 of	 equipment	 such	 as	 blower	 curves,	 valve	520 

curves,	 and	 diffuser	 curves	 were	 retrieved	 from	 the	 respective	 equipment	521 

manufacturers	 (see	 Fig.	 4.7,	 4.8	 and	 4.10).	 Due	 to	 the	 relatively	 high	 dynamics	 of	522 

variables	such	as	airflow	and	pressure	in	air	supply	systems,	a	10-minute	sampling	523 

rate	is	used	for	model	inputs	and	outputs.	More	details	are	provided	in	Table	4.2	for	524 

both	inputs	and	outputs	used	during	model	calibration	and	validation.	525 

	526 
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Table	4.2.	Dynamic	input	variables	used	in	the	model	527 

Data	Type	 Blower	
airflow	
rate	

Blower	
discharge	
pressure	

Blower	Power	
Demand	

Ambient	
Temper
ature	

Influent	
Flowrate	

Influent	
concentrations	

Alpha	
Factor		

Technical	Units	 [scfm]	 [psi]	 [kW]	 [°C]	 [MGD]	 [g	m-3]	 [–]	

SI	Units	 [m3	h-1]	 [kPa]	 [kW]	 [K]	 [m3	d-1]	 [g	m-3]	 [–]	

Sampling	
Interval	 10	min	 10	min	 10	min	 10	min	 10	min	 10	min	 2	h	

Whenever	data	values	were	missing	or	fragmented,	a	signal	reconstruction	algorithm	528 

was	employed.	Firstly,	noise-smoothing	and	outlier	removal	(using	a	moving	mean	529 

with	2-sigma	 criterion)	 is	performed,	 followed	by	 the	processing	and	exclusion	of	530 

signal	artifacts	such	as	the	automatic	linear	interpolation	across	missing	data	points.	531 

After	 an	 initialization	 phase	 (tin	 =	 100	 d)	 for	 the	 achievement	 of	 steady-state	532 

conditions,	 dynamic	 simulations	 were	 run	 over	 a	 14-day	 period.	 Diurnal	 influent	533 

profiles	of	ammonium	and	flowrate	were	used	as	model	inputs.	Daily	measurements	534 

of	 primary	 effluent	 constituents	 obtained	 from	 grab-samples	 were	 used	 for	 the	535 

characterization	 and	 generation	 of	 the	 secondary	 influent	 constituents	 profiles	536 

(Devisscher	et	al.,	2006;	Martin	and	Vanrolleghem,	2014).	537 

	538 

4.3.3.1	Dynamic	𝜶𝑭	Factors	539 

Several	studies	still	assume	a	constant	𝛼𝐹	factor	during	dynamic	WRRFs	simulations.	540 

However,	this	represent	an	unrealistic	assumption	as	𝛼𝐹	factors	are	well	known	to	541 

display	 diurnal	 variations	 (Amerlinck	 et	 al.,	 2016a;	 Jiang	 et	 al.,	 2017).	 In	 order	 to	542 

model	higher	fidelity	oxygen	transfer	rates,	daily	measurements	of	𝛼𝐹	factor	profiles	543 

measurements	were	obtained	by	previous	off-gas	campaigns.	These	datasets	were	544 

comprised	 of	 2-hourly	measurements,	 which	were	 then	 interpolated	 and	 used	 as	545 

model	inputs	(see	Fig.	4.4).	Furthermore,	since	𝛼𝐹	factors	increase	in	the	direction	of	546 



 

138 
 

flow	 (Stenstrom	 and	 Gilbert,	 1981),	 incremental	 mean	 alpha	 values	 were	547 

implemented	 for	 each	 zone	 in	 series	 according	 to	 available	 off-gas	 data	 (see	 §	548 

2.2.1.4.1).	 In	 addition,	 changes	 in	 airflow	 rate	 to	 the	 various	 reactor	 zones	 as	 a	549 

consequence	 of	 manual	 valve	 regulation	 can	 play	 a	 role	 on	 the	 bubble	 size	550 

distribution,	and	therefore	also	on	the	interaction	that	occurs	between	contaminants	551 

and	bubble	interface	(Amaral	et	al.,	2018).	However,	the	modeling	of	such	processes	552 

is	difficult	to	address,	and	there	are	currently	no	literature	studies	that	model	these	553 

relationships.	 Therefore,	 it	 was	 assumed	 that	 variations	 in	 alpha	 factors	 stem	554 

exclusively	from	diurnal	changes	of	influent	load	of	contaminants	(Jiang	et	al.,	2017).	555 

 556 

Figure	4.4.	Generated	alpha	factor	profiles	obtained	by	interpolating	2-hourly	sampled	557 
measured	profiles. 558 

 559 
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4.3.4	Model	structure	560 

4.3.4.1	Secondary	treatment	process	model 561 

Various	 sub-models	 were	 adopted	 to	 simulate	 the	 dynamic	 response	 of	 the	562 

bioreactors,	clarifiers	and	air	supply	system.	The	model	equations	were	implemented	563 

in	the	Simulink	platform	from	MathWorks	by	using	customizable	diagram	blocks	(see	564 

Fig.	4.5).	565 

 566 

Figure	4.5.	Block	diagram	of	the	general	secondary	treatment	model. 567 

 568 

The	main	biological	processes	occurring	in	the	activated	sludge	tanks	are	modeled	569 

using	the	ASM1	structure	(Henze	et	al.,	1987;	Van	Loosdrecht	et	al.,	2015).	The	ASM1	570 

model	was	deemed	appropriate	due	to	the	study’s	specific	modelling	objectives	and	571 

also	 the	 absence	 of	 large	 anaerobic/anoxic	 zones,	 which	 would	 have	 otherwise	572 

precluded	 its	 selection	 in	 favor	 of	 other	 bio-kinetic	 models	 (Langergraber	 et	 al.,	573 
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2004).	 The	 ASM1	model	 structure	was	 implemented	 into	 a	 Simulink	 CSTR	model	574 

block,	 which	 was	 used	 as	 a	 template	 to	 a	 system	 of	 CSTRs	 in	 series	 that	 were	575 

configured	according	to	the	facility’s	specifications	(see	Fig.4.6).	576 

 577 

Figure	4.6.	Block	diagram	of	the	activated	sludge	tanks. 578 

Wet-weather	 events	 occur	 sporadically	 in	 the	 region	 under	 study;	 hence	 it	 is	579 

relatively	easy	to	collect	a	continuous	dataset	of	hydraulic	and	suspended	solids	load.	580 

The	secondary	settling	tanks	have	been	modeled	using	a	spatially	discretized	layered	581 

clarifier	model	that	accounts	for	concentration	driven	settling	behavior	(Takács	et	al,	582 

1991).	 The	 air	 supply	 distribution	 was	 modeled	 similarly	 to	 other	 studies	 with	583 

equipment	 components	 such	 as	 the	 blower	 battery,	 piping	 system,	 valves	 and	584 
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diffusers	 (Amaral	 et	 al.,	 2017;	 Juan-García	 et	 al.,	 2018;	 Schraa	 et	 al.,	 2017a).	 As	585 

thoroughly	presented	in	Schraa	et	al.,	2015	and	Schraa	et	al.,	2017	 ,	 the	air	supply	586 

system	equipment	sub-models	are	linked	together	by	using	physical	gas	models	block	587 

diagrams,	which,	although	use	a	different	simulation	environment,	are	based	on	the	588 

same	 physical	 equations.	 However,	 specific	 equipment	 curves,	 such	 as	 blowers,	589 

diffusers	 and	 valves,	 were	 alternatively	 modeled	 by	 implementing	 directly	 the	590 

manufacturer	curves	into	the	Simulink	model	by	using	a	2-D	look-up	table	block	(see	591 

Fig.	4.7,	4.8	and	4.10).	592 

 593 
Figure	4.7.	Manufacturer	blower	curves	for	the	(a)	1300	kW	and	the	670	kW	(b)	blower	594 
groups. 595 

	In	this	study,	a	time-based	open	loop	blower	control	with	inlet	guide	vanes	is	used	to	596 

maintain	 preconfigured	 diurnal	 profiles	 of	 dynamic	 airflow	 rates	 regardless	 of	597 

pressure	 differential.	 Pipe	 elements	 comprising	 the	 air	 distribution	 system	 were	598 

(a) (b)
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modeled	 by	 implementing	 the	 pre-configured	 blocks	 available	 in	 the	 gas	 system	599 

library	of	the	Simscape	toolbox	from	MathWorks.	Similarly,	valves	were	modeled	by	600 

using	 the	 variable	 local	 restriction	 block	 from	 Simscape	 (See	 Fig.	 2.21	 and	 2.22).	601 

Diffusers	 were	 modeled	 by	 using	 a	 localized	 flow	 resistance	 block	 which	 was	602 

calibrated	using	the	manufacturer	dynamic	wet	pressure	(DWP)	curves.	In	addition,	603 

SOTE	curves	 from	the	diffuser	manufacturer	were	 implemented	using	2-D	 look-up	604 

table	blocks	(see	Fig.	4.8	and	4.9).		605 

 606 

Figure	4.8.	Manufacturer	diffuser	curves.	Above,	the	pressure	drop	(or	DWP)	as	a	function	607 
of	the	specific	diffuser	air	flux.	Below,	the	standard	oxygen	transfer	efficiency	(SOTE)	as	a	608 
function	of	side	water	depth	and	the	air	flux	per	specific	surface	area	of	diffuser.	609 
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 610 

 611 

Figure	4.9.	Block	diagrams	for	the	estimation	of	the	oxygen	transfer	rate. 612 
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Table	4.3	provides	a	list	of	specifications	for	the	different	aeration	components	that	613 

were	 modeled,	 including	 the	 type	 of	 data	 collected	 from	 the	 equipment	614 

manufacturers.	615 

Table	4.3.	Specific	modeled	aeration	equipment	616 

Aeration 
equipment # of units Make & model Manufacturer Data 

Blower Type 1 3 Elliott 
24’ OIB Single Stage 

H-Q Curves 
Power Curves 

Blower Type 2 2 Roots 
30’ OIB Single Stage 

H-Q Curves 
Power Curves 

Manual Valves 
(drop-leg) 60 

DeZurick 
8-10-12’’ Æ 
Butterfly 

Dimensions  
Cv / Kv Curves 

Manual Valves 
(headers) 10 

DeZurick 
20-30-36-42’’ Æ 
Butterfly 

Dimensions  
Cv / Kv Curves 

Manual Valves 
(Stage 1 & 2) 1 

DeZurick 
66’’ Æ 
Butterfly 

Dimensions  
Cv / Kv Curves 

Pipes 191 Steel 
Specs from blueprints  

Dimensions 

Diffusers 64405 
Sanitaire 
9’’ Æ 
Ceramic Discs 

# of diffusers per grid 
Submergence 
DWP / SOTE Curves 

	617 

The	inclusion	of	flow	restrictions,	diffusers	and	valves	is	attained	by	modeling	them	618 

as	 localized	pressure	drops	 in	 the	 Simscape	 environment.	 The	 contribution	of	 the	619 

diffuser’s	control	orifices	to	the	overall	pressure	loss	has	been	often	overlooked	in	620 

previous	optimization	studies	of	air	supply	systems.	Due	to	their	quadratic	response	621 

to	changes	in	airflow	rate,	the	pressure	drop	of	control	orifices	will	become	significant	622 

at	higher	airflow	rates.	In	fact,	for	higher	diffuser	airflow	rates	(3-4	SCFM	diffuser	-1),	623 

orifice	headlosses	of	disc	diffusers	are	3	to	6	times	higher	than	the	DWP	(EPA,	1989).	624 

As	such,	diffuser’s	orifice	contribution	to	the	overall	pressure	drop	should	always	be	625 
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included	in	models	of	air	supply	systems.	Since	the	orifices	pressure	loss	curves	were	626 

not	 readily	 available,	 the	 local	 aggregate	 pressure	 loss	 of	 the	 pipes	 serving	 the	627 

diffusers	was	parametrized	in	order	to	simulate	the	orifice	pressure	drop.	However,	628 

the	parametrization	of	orifice	pressure	drops	during	the	calibration	phase,	together	629 

with	the	distributed	losses	of	the	piping	system,	can	lead	to	an	underestimation	of	the	630 

actual	orifice	pressure	losses,	since	their	contribution	might	be	averaged	out	across	631 

the	rest	of	the	distribution	system.		632 

When	valve	flow	coefficient	curves	(Cv/Kv	curves)	are	available,	redistribution	of	air	633 

mass	flow	rates	can	be	estimated	as	a	function	of	valve	stem	opening	(Schraa	et	al.,	634 

2015;	Skousen,	1998).	In	this	study,	the	Cv	curves	are	used	to	estimate	the	pressure	635 

drop	as	a	result	of	different	valve	openings.	 In	Fig.	4.10	a	 flowchart	 illustrates	 the	636 

procedure	 used	 to	 obtain,	 read	 and	 implement	 the	 Cv	 curves	 for	 a	 specific	 valve	637 

model.	The	model	used	here	thus	allows	capturing	the	redistribution	of	air	between	638 

parallel	 units	 as	 a	 result	 of	 pressure	 rise	 due	 to	 partial	 valve	 closing.	 Modeling	639 

changes	 in	 airflow	 distribution	 grants	 the	 possibility	 to	 track	 changes	 of	 oxygen	640 

transfer	 rates	 (OTRs)	 across	 different	 zones,	 which	 ultimately	 impacts	 dissolved	641 

oxygen	levels.	For	further	information	regarding	the	Simscape	model	blocks	used	in	642 

the	air	supply	model	the	reader	is	referred	to	the	online	MathWorks	documentation	643 

on	gas	models.	644 
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 645 

Figure	 4.10.	Manufacturer	 flow	 coefficient	 valve	 curves.	 The	 various	 steps	 taken	 for	 the	646 
implementation	 of	 the	 Cv/Kv	 valves	 are	 shown.	 Step	 1:	 identify	 the	 specifications	 of	 the	647 
valves	selected.	Step	2:	Lookup	of	the	nominal	Cv/Kv	value	for	the	valve	considered.	Step	3:	648 
Obtain	the	fractional	percentage	of	the	Cv/Kv	value	as	a	function	of	valve	opening.	Step	4:	649 
Multiply	the	fractional	Cv/Kv	percentages	by	the	Cv/Kv	value	to	obtain	the	Cv/Kv	values	as	a	650 
function	of	valve	opening. 651 

 652 

 653 
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4.3.4.2	Tariff	Structure 654 

The	importance	of	improving	model	predictions	with	structured	energy	tariffs	was	655 

discussed	previously	by	Aymerich	et	al	(2015)	and	Amerlinck	et	al.	(2016).	Compared	656 

to	 previous	 simulation	 studies	 of	 air	 supply	 system,	 the	 herein	 study	 also	657 

incorporates	different	energy	 tariff	 structures	 in	order	 to	account	 for	 the	aeration	658 

operating	 costs.	 Due	 to	 the	 complexity	 of	 the	 actual	 tariff	 structure	 of	 the	 facility	659 

under	study	(i.e.	energy	purchase	from	retail	markets	based	on	day-ahead	and	real-660 

time	energy	markets),	operating	costs	were	instead	estimated	based	on	the	main	local	661 

energy	provider	time-of-use	(TOU)	structures.	The	introduction	of	renewable	energy	662 

sources	in	the	region	under	study	has	led	the	main	local	energy	provider	to	change	663 

the	 TOU	 structure.	 In	 order	 to	 include	 the	 costs	 implications	 that	 derive	 when	664 

implementing	different	 tariff	structures,	both	the	previous	and	newer	 local	energy	665 

tariff	structures	were	considered	in	this	study	(see	Fig.	4.11).	Summer	tariffs	were	666 

selected	 to	match	 the	 season	 of	 field	 data	 collection.	 The	 total	 costs	 linked	 to	 the	667 

electricity	use	was	obtained	 for	each	of	 the	 two	 tariffs	 structures	by	summing	 the	668 

delivery	 costs	 and	 the	 generation	 costs.	 In	 addition,	 power	 demand	 charges	were	669 

included	in	the	final	cost	estimations	for	each	of	the	two	tariffs	(see	Eq.	4.1).	The	old	670 

tariff	presented	a	power	demand	charge	of	6.56	USD	kW-1,	whereas	the	new	one	is	of	671 

5.08	USD	kW-1.	Both	old	and	new	tariffs	are	typical	of	large	service	contracts	(i.e.,	>	672 

50kV).		673 

	674 
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	675 

Figure	4.11.	Energy	tariff	structures	of	the	main	local	energy	provider.	The	previous	time-676 
of-use	tariff	is	shown	for	(a)	weekdays	and	(b)	weekends.	The	new	energy	tariff	is	also	shown	677 
for	(c)	weekdays	and	(d)	weekends.	678 

In	Fig.	4.11,	charts	(a)	and	(b)	report	the	tariff	structure	prior	to	the	switch	for	both	679 

weekdays	 and	weekends,	 respectively.	 Similarly,	 charts	 (c)	 and	 (d)	 show	 the	 new	680 

tariffs	for	both	weekdays	and	weekends.	The	old	tariff	is	characterized	by	three	tiers	681 

during	the	weekdays	(off-peak,	mid-peak,	and	on-peak)	and	a	single	constant	off-peak	682 

tier	during	weekends.	The	newest	tariff	instead	uses	a	two-tier	structure	during	both	683 

weekdays	(off-peak,	on-peak),	and	weekends	(off-peak,	mid-peak).	For	more	details	684 

on	energy	tariff	structures	in	WRRFs	more	information	can	be	retrieved	in	Aymerich	685 
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et	 al.	 (2015).	 For	 both	 of	 the	 tariffs	 considered,	 the	 total	 operating	 costs	 of	 each	686 

simulation	are	calculated	using	Eq.	4.1.	687 

Eq.	4.1.	Costs	expression	based	on	energy	use	and	peak	power	demand	688 

 689 

where	i	is	the	index	of	a	single	simulation,	and	tfin	is	the	final	simulation	time.	690 

The	equation	for	the	operating	costs	was	implemented	into	the	Simulink	canvas	by	691 

means	of	diagram	blocks	available	in	the	Simulink	library	(see	Fig	4.12).	692 

 693 

Figure.	4.12.	Block	diagram	used	to	implement	the	two	different	tariff	structures. 694 

Power demand charge

Energy use costs
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 695 

4.3.5	Model	Calibration	and	Validation	696 

Analogously	to	the	work	presented	in	Amerlinck	et	al.,	2016b,	model	calibration	and	697 

validation	was	 partitioned	 in	 two	 stages.	 At	 first	 the	 calibration/validation	 of	 the	698 

equipment	sub-models,	such	as	blowers,	valves	and	diffusers,	was	conducted	by	using	699 

manufacturer	data	sheets.	Manufacturer	curves	of	valves	(flow	coefficient	–	Cv)	and	700 

diffusers	(DWP	and	SOTE)	were	implemented	by	an	approximate	two-dimensional	701 

function	 block	 from	 Simulink.	 The	 prior	 calibration	 of	 the	 equipment	 sub-models	702 

allows	to	mitigate	the	propagation	of	parameter	uncertainties,	while	also	reducing	703 

the	number	parameters	used	in	the	integrated	model.	Physical	parameters,	such	as	704 

pipe	 diameters,	 pipe	 lengths,	 and	manual	 valve	 positions	were	 obtained	 from	 the	705 

facility	 blueprints	 and	 through	 direct	 field	 readings.	 Secondly,	 a	 calibration	 and	706 

validation	of	the	complete	air	supply	system	was	performed.	Previous	studies	have	707 

used	 various	 measurements	 for	 the	 calibration	 of	 the	 air	 supply	 system,	 such	 as	708 

blower	power	(Amerlinck	et	al.,	2016b),	pressure	discharge	and	airflow	rate	(Juan-709 

García	et	al.,	2018).	In	this	study	the	calibration	of	the	overall	air	supply	system	was	710 

performed	 by	 using	 the	measurements	 of	 pressure	 discharge	 and	 power	 demand	711 

from	the	blowers.	As	also	mentioned	in	Schraa	et	al.,	2017,	the	main	parameters	used	712 

to	 calibrate	 the	overall	 air	 supply	 system	were	 aggregate	 local	 resistances	 for	 the	713 

pipes	serving	the	diffusers	and	local	resistances	for	the	main	header	lines.	In	addition,	714 

since	 the	 blower	 efficiency	 curves	 were	 not	 retrievable,	 the	 parameters	 used	 to	715 

calculate	 the	 efficiency	 curve	 of	 the	 blowers	 were	 also	 included	 in	 the	 global	716 

calibration	of	the	air	supply	system.	The	calibration	and	validation	of	the	air	supply	717 
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system	was	conducted	by	using	power	and	pressure	profiles	of	blower	1,	2,	and	5.	718 

Data	from	blower	3	was	partly	fragmented	for	the	period	considered	and	thus	was	719 

not	used	for	either	the	calibration	or	validation	stage.	Data	from	blower	4	could	only	720 

be	used	during	the	calibration	phase	but	not	during	validation,	since	for	that	period	721 

the	blower	underwent	duty	rotation	with	blower	5.	This	 is	clearly	visible	 in	 figure	722 

4.13b,	where	the	power	demand	of	blower	4	drops	and	is	followed	by	the	powering	723 

on	of	blower	5.	The	first	7	days	of	the	data	set	were	used	for	calibration,	whereas	the	724 

subsequent	7	days	were	used	for	validation.		725 

	726 

	727 

Figure	 4.13.	 Time	 series	 of	 the	modeled	 and	measured	 outputs	 for	 both	 calibration	 and	728 
validation	data	sets.	Power	demand	for	(a)	blower	2	and	(b)	blower	4-5	are	shown.	Pressure	729 
discharge	for	(c)	blower	2	and	(d)	blower	1	were	also	used	for	calibration	and	validation.	730 
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	731 

Following	validation,	the	model	displays	good	predictive	capabilities	as	seen	in	Fig.	732 

4.13.	Around	day	6	the	predicted	values	for	pressure	of	blower	2	diverge	from	actual	733 

measurements.	This	was	due	 to	a	 temporary	maintenance	event	during	which	 the	734 

blower	was	 offline.	 In	 addition,	 the	 pressure	 peaks	 for	 both	 day	 2	 and	 day	 5	 are	735 

overestimated.	The	reason	behind	these	concurrent	overpredicted	pressure	peaks	for	736 

both	blower	1	and	blower	2	is	likely	to	be	attributed	to	epistemic	model	uncertainty.	737 

 738 

4.3.6	Multi-Objective	Optimization 739 

4.3.6.1	Optimization	Parameters	and	Objectives 740 

All	the	manual	valves	are	parametrized	and	used	for	the	generation	of	a	population	741 

of	different	sets	of	manual	valve	combinations,	while	all	of	the	dynamic	input	profiles	742 

(see	 Table	 4.1)	 are	 maintained	 unaltered.	 This	 population	 is	 then	 partitioned	 in	743 

different	complexes	that	evolve	in	parallel.	During	the	multi-objective	optimization	744 

search	a	total	of	five	objective	functions	have	been	selected:	daily	maximum	TSS,	daily	745 

maximum	BOD5,	 daily	maximum	NH4+,	monthly	 average	NOx	 and	 energy	 use.	 The	746 

objectives	were	calculated	for	each	simulation	by	means	of	the	following	equations:	747 

Eq.	4.2.	Expression	used	to	estimate	the	objective	function	for	ammonium	748 

 749 
 750 
Eqns.	4.3.	Expression	used	to	estimate	the	objective	function	for	BOD5	751 

 752 
 753 

 754 

OF84= = max	(�𝑁𝐻=	-..W (𝑡2), 𝑁𝐻=	-..W (𝑡2 + ∆𝑡), . . . , 𝑁𝐻=	-..W (𝜏)�) 

OF76A> = max	(�𝐵𝑂𝐷>		-..(𝑡2), 𝐵𝑂𝐷>		-..(𝑡2 + ∆𝑡), . . . , 𝐵𝑂𝐷>		-..(𝜏)�) 
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Eqns.	4.4.	Expression	used	to	estimate	the	objective	function	for	TSS	755 

 756 
 757 
Eqns.	4.5.	Expression	used	to	estimate	the	objective	function	for	NOx	758 

 759 
 760 
Eqns.	4.6.	Expression	used	to	estimate	the	objective	function	for	the	energy	use	761 

 762 
where,	∆𝑡	is	the	simulation	timestep	and	𝜏	is	the	final	simulation	time.	763 

Conversely	 from	other	 studies	 that	 use	 aggregate	performance	 indexes,	 the	water	764 

quality	objectives	were	selected	based	on	generic	regional	regulatory	standards.	The	765 

adoption	 of	 effluent	 quality	 metrics	 for	 the	 definition	 of	 the	 objective	 functions	766 

provides	 a	more	 realistic	 and	 practical	 target	 since	 it	 reflects	 regional	 regulatory	767 

standards,	which	are	ultimately	 in	 line	with	the	goals	of	the	municipal	wastewater	768 

treatment	utility.	769 

4.3.6.2	Optimization	Algorithm 770 

Local	optimization	algorithms	provide	an	efficient	method	for	 finding	 local	optima	771 

within	a	convex	parameter	space.	However,	local	optimizers	can	lead	to	suboptimal	772 

solutions	for	complex	optimization	problems	with	many	local	optima	and	a	nonlinear	773 

parameter	space.	For	nonlinear	optimization	studies	of	WRRFs,	genetic	algorithms	774 

have	proven	to	be	a	more	robust	method	for	the	search	of	the	global	optimum.	The	775 

ability	 of	 genetic	 algorithms	 to	 efficiently	 search	 intractably	 large	 nonlinear	776 

parameters	spaces	has	led	to	their	use	in	recent	optimization	studies	of	wastewater	777 

OF&55 = max	(�𝑇𝑆𝑆	-..(𝑡2), 𝑇𝑆𝑆	-..(𝑡2 + ∆𝑡), . . . , 𝑇𝑆𝑆	-..(𝜏)�) 

OF86^ = mean	(�𝑁𝑂^		-..(𝑡2), 𝑁𝑂	^	-..(𝑡2 + ∆𝑡), . . . , 𝑁𝑂^			-..(𝜏)�) 

OF_,-]9` =,𝑃(𝑡)	∆𝑡
a

#)2
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treatment	plants	(de	Faria	et	al.,	2016;	Fang	et	al.,	2011;	Guerrero	et	al.,	2011;	Hreiz	778 

et	al.,	2015;	Sweetapple	et	al.,	2014;	Zhang	et	al.,	2016).	Several	of	these	studies	rely	779 

on	a	single	biological	model	for	natural	selection	and	adaptation,	which	presumes	that	780 

a	single	evolutionary	method	exists	that	efficiently	evolves	a	population	of	potential	781 

solutions	 through	 the	 parameter	 space.	 However,	 existing	 theory	 and	 numerical	782 

experiments	 have	 shown	 that	 it	 is	 impossible	 to	 develop	 a	 single	 evolutionary	783 

algorithm	that	 is	 consistently	efficient	 for	a	different	 set	of	optimization	problems	784 

(Rahnamay	Naeini	et	al.,	2018;	Vrugt	and	Robinson,	2007).	Multi-algorithm	genetic	785 

search	methods	 have	 been	 shown	 to	 provide	 greater	 robustness	 and	 applicability	786 

across	 different	 optimization	 problems	 when	 compared	 to	 single	 meta-heuristic	787 

search	 algorithms	 (Vrugt	 and	 Robinson,	 2007).	 Therefore,	 due	 to	 the	 high-788 

dimensionality	of	valve	optimization	problems	(Åmand	et	al.,	2013),	traditional	local	789 

optimization	algorithms	are	not	well-suited.	In	fact,	the	use	of	local	optimizers	poses	790 

the	risk	of	premature	convergence	to	a	local	minimum	since	the	response	surface	is	791 

likely	to	be	highly	irregular.	The	implementation	of	metaheuristic	genetic	algorithms	792 

has	proven	to	be	a	more	robust	method	for	the	search	of	the	global	optimum,	which	793 

have	 led	 their	 use	 in	 several	 recent	 nonlinear	 optimization	 studies	 of	wastewater	794 

treatment	plants	(de	Faria	et	al.,	2016;	Fang	et	al.,	2011;	Guerrero	et	al.,	2011;	Hreiz	795 

et	 al.,	 2015;	 Sweetapple	 et	 al.,	 2014;	 Zhang	 et	 al.,	 2016).	 Indeed,	 the	non-linearity	796 

problem	has	also	motivated	the	use	of	metaheuristic	genetic	algorithms.	Although	the	797 

parameters	used	during	the	optimization	(manual	valve	openings)	do	not	explicitly	798 

appear	 in	 the	objective	 functions,	 the	objective	 functions	still	 implicitly	depend	on	799 

them.	When	considering	all	of	the	equations	and	relationships	on	which	the	objective	800 
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functions	 depend	 on,	 we	 see	 that	 they	 rely	 on	 functions	 that	 are	 nonlinear	 with	801 

respect	 to	 the	 problem’s	 parameters.	 To	 exemplify	 this	 point,	 the	 following	 set	 of	802 

relationships	is	illustrated	for	the	case	of	the	ammonium	objective	function	(see	Fig.	803 

4.14).		804 

	805 

	806 
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	807 

Figure	 4.14.	 Example	 of	 the	 various	 non-linear	 relationships	 that	 link	 the	 ammonium	808 
objective	function	to	the	parametrized	manual	valve	positions.	809 

For	optimization	problems	involving	manual	valve	of	air	supply	system	in	WRRFs,	the	810 

objective	 functions	 depend	 implicitly	 on	 a	 series	 of	 nonlinear	 relationships	 with	811 

respect	 to	 the	 openings	 of	 each	 valve	 (CV	 curves,	 SOTE	 curves,	 OTR	 of	 aeration	812 

(                       )
...

f

Optimization
parameters
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system,	 Monod	 kinetics).	 In	 fact,	 by	 substituting	 each	 of	 the	 previously	 shown	813 

equations	in	the	final	expression	of	the	ammonium	objective	function,	the	nonlinearly	814 

of	the	optimization	problem	becomes	clear.		815 

Therefore,	the	selection	of	the	Shuffled	Complex-Self	Adaptive	Hybrid	EvoLution	(SC-816 

SAHEL)	algorithm	(Rahnamay	Naeini	et	al.,	2018)	was	favored	over	local	optimizers	817 

and	other	single	evolutionary	search	methods.	The	SC-SAHEL	algorithm	was	used	for	818 

both	model	calibration	and	optimization	of	the	multiple	objectives.	For	more	details	819 

on	the	optimization	method	used	the	reader	is	referred	to	the	appendix.		820 

 821 

4.4	Results	822 
 823 

4.4.1	Pareto	Fronts	and	Objectives	Sensitivity	824 

From	the	multi-objective	optimization	phase	the	set	of	Pareto	solutions	are	retrieved,	825 

each	one	corresponding	to	a	different	combination	of	manual	valve	positions.	Each	826 

Pareto	solution	exists	in	a	5-dimensional	space	for	which	the	coordinates	represent	a	827 

specific	 value	 of	 each	 of	 the	 different	 objectives	 considered	 (see	 Fig.	 4.15):	 daily	828 

maximum	TSS,	daily	maximum	BOD5,	daily	maximum	NH4+,	monthly	average	NOx	829 

and	 energy	 use.	 The	 non-dominated	 solutions	 (Pareto	 front)	 represent	 the	 points	830 

performing	equally	well	 in	every	objective	and	better	 in	at	 least	one	relative	to	all	831 

other	points.		832 

The	sensitivity	of	each	objective	to	the	set	of	optimized	manual	valve	combinations	833 

was	measured	by	their	coefficient	of	variation	(CV),	which	is	a	standardized	method	834 



 

158 
 

used	to	measure	and	compare	the	dispersion	of	different	frequency	distributions.	The	835 

CV	is	defined	as	the	ratio	between	the	standard	deviation	sigma	and	the	mean	of	a	836 

population	(CV=	σ/	μ).	Among	the	423	Pareto	solutions,	NH4+,	NOx	and	energy	use	837 

resulted	 the	most	 impacted	 by	 the	 different	 possible	 combinations	 of	 valve	 stem	838 

positions,	 CV	 values	 of	 0.43,	 0.35	 and	 0.12	 respectively.	 Lower	 sensitivities	 are	839 

instead	seen	 for	BOD5	 and	TSS,	having	a	coefficient	of	variation	of	10-2	 and	2x10-3	840 

respectively.	 Figure	 4.15	 shows	 the	 projection	 of	 the	 Pareto	 front	 for	 each	 of	 the	841 

effluent	water	 constituents	 of	 concern	 as	 a	 function	 of	 energy	 use.	 The	 discharge	842 

limits	concentration	imposed	by	the	permits	are	showed	as	red	lines.	The	light-blue	843 

diamond	represents	the	solution	relative	to	manual	valve	configuration	of	the	model	844 

baseline.	From	Fig.	4.15	it	is	possible	to	see	the	existence	of	non-dominated	solutions	845 

corresponding	to	non-compliant	effluent	for	NH4+	and	NOx.	Thus,	even	when	specific	846 

manual	valve	settings	might	be	considered	as	optimized	in	one	of	more	objectives,	847 

violations	to	effluent	limits	would	not	be	ruled	out.	However,	these	solutions	have	not	848 

been	considered	for	further	analysis	since	they	are	inherently	undesirable.	849 



 

159 
 

 850 

Figure	4.15.	Pareto	plots	for	the	initial	five	objectives.	Non-dominated	solutions	with	respect	851 
to	bi-weekly	energy	use	for:	(a)	maximum	daily	effluent	NH4+,	(b)	monthly	average	effluent	852 
NOx,	(c)	maximum	daily	effluent	BOD5	and	(d)	maximum	daily	effluent	TSS.	853 

	854 

4.4.2	Extreme	Pareto	Solutions	855 

Due	to	the	relatively	low	sensitivity	of	effluent	BOD5	and	TSS,	the	Pareto	analysis	was	856 

focused	 exclusively	 on	 the	 three	most	 sensitive	 effluent	 objectives:	NH4+,	NOx,	 and	857 

energy	 use.	 Figure	 4.16	 highlights	 three	 points	 representing	 the	 extreme	 Pareto	858 

solutions.	Each	of	these	solutions	is	generated	by	a	specific	valve	combination	which	859 

establishes	the	lowest	possible	value	for	either	NH4+,	NOx,	or	energy	use.		860 
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A	square	symbol	was	used	to	identify	the	solution	linked	to	the	valve	combination	861 

yielding	the	lowest	daily	maximum	ammonium	concentration.	As	seen	in	Fig.	4.16a,	862 

this	 solution	 is	 expected	 to	 produce	 an	 effluent	 with	 a	 maximum	 ammonium	863 

concentration	of	0.75	mg	NH4++l-1	(-68.5%	than	baseline	conditions)	with	an	energy	864 

consumption	of	698.6	MWh	(+11.5%	than	baseline	conditions).	From	Fig.	4.16b	the	865 

same	square	solution	results	in	a	monthly	average	NOx	concentration	of	7.24	mgNOx	866 

l-1	(+94.1%	more	than	baseline	conditions).	On	the	other	hand,	a	circle	symbol	is	used	867 

to	denote	the	solution	yielding	the	lowest	value	for	NOx,	which	is	expected	to	yield	a	868 

monthly	average	NOx	effluent	concentration	of	0.69	mgNOx	l-1	(-81.6%	than	baseline	869 

condition	–	Fig.	4.16b).	The	same	solution	also	projects	an	energy	consumption	of	870 

653.6	 MWh	 (+4.4%	 than	 baseline	 conditions)	 and	 maximum	 ammonium	871 

concentration	 of	 5.54	mg	 NH4++l-1	 (+131.3%	more	 than	 baseline	 conditions	 –	 Fig.	872 

4.16a).	It	can	be	noted	that	even	if	the	square	and	circle	solutions	provide	the	lowest	873 

value	for	either	one	of	the	water	quality	objectives,	they	will	not	benefit	the	effluent	874 

concentration	of	the	other	objective.	The	solution	that	ensures	the	minimum	energy	875 

use	(542.1	MWh;	-13.6%	less	than	baseline	conditions)	is	marked	by	a	triangle,	which	876 

results	in	a	detrimental	increase	of	both	the	effluent	objectives	(3.85	mg	NH4++l-1	and	877 

5.98	mgNOxl-1,	+61.2%	and	+60.3%	increase).	Hence,	although	each	of	the	extreme	878 

solutions	provides	 the	 lowest	values	 for	each	of	 the	 three	objectives,	 it	does	so	by	879 

increasing	the	others.		880 
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	881 

Figure	4.16.	Extreme	Pareto	solutions.	Pareto	solutions	are	projected	on	the	(a)	NH4+–energy	882 
plane	and	(b)	NOx–energy.	Light-blue	diamond	represents	model	baseline	conditions.	883 

	884 
	885 
	886 
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4.4.3	Trade-Off	Analysis	of	Pareto	Regions	of	Operation	887 

A	comprehensive	analysis	on	the	trade-offs	between	the	three	objectives	is	presented	888 

in	 the	 following	section.	The	effluent	 regulatory	 limits	and	 the	model	baseline	are	889 

used	as	a	constraint	 for	classifying	the	various	non-dominated	solutions.	Based	on	890 

this	classification,	a	total	of	eight	regions	of	operation	are	identified,	as	shown	in	Fig.	891 

4.17.	Solutions	contained	in	each	region,	display	different	trade-offs	between	NH4+,	892 

NOx	and	energy	use,	while	still	 ensuring	compliance	with	effluent	 limits.	Different	893 

markers	are	used	to	identify	each	solution:	894 

§ White	stars:	improvement	in	all	criteria	895 

§ Orange	circles:	improvement	in	NH4+	and	energy	use,	but	not	NOx	896 

§ Orange	squares:	improvement	in	NOx	and	energy	use,	but	not	NH4+	897 

§ Violet	crosses:	improvement	in	NOx	and	NH4+,	but	not	energy	use	898 

§ Blue	circles:	improvement	in	only	NH4+	899 

§ Blue	squares:	improvement	in	only	NOx	900 

§ Yellow	triangles:	improvement	in	only	energy	use	901 

§ Grey	circles:	no	improvement	in	any	of	the	objectives,	or	improvements	that	902 

lead	to	violation	of	effluent	limits	903 
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	904 

Figure	4.17.	Trade-off	regions	of	operation.	In	the	3-dimensional	plot,	the	Pareto	solutions	905 
are	 classified	 based	 on	 their	 performance	with	 respect	 to	model	 baseline	 and	 regulatory	906 
effluent	limits.		907 

In	 Fig.	 4.17,	 for	 each	marker	 in	 the	 legend,	 green	 checks	 denote	 an	 improvement	908 

compared	 to	 the	 model	 baseline	 operations,	 whereas	 red	 crosses	 represent	 a	909 

worsening	with	respect	to	the	model	baseline	operations.	Combinations	of	manual	910 
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valves	 that	 improve	 in	all	criteria	relative	to	baseline	conditions	were	successfully	911 

identified	(white	stars,	Fig.	4.17).	However,	when	trying	to	improve	only	two	of	the	912 

objectives,	the	further	reduction	of	these	can	be	obtained	by	trading	the	third	one.	For	913 

example,	 if	 both	 water	 quality	 objectives	 need	 to	 be	 concurrently	 improved	914 

regardless	of	energy	use,	higher	overall	effluent	quality	can	be	achieved	compared	to	915 

solutions	that	improve	in	all	objectives.	On	the	other	hand,	if	priority	is	posed	on	the	916 

reduction	of	solely	one	objective	(thus	trading	the	improvement	of	the	other	two)	an	917 

additional	margin	of	reduction	is	established.	Once	the	desired	improvement	in	one	918 

or	 more	 objectives	 has	 been	 formulated,	 the	 region	 of	 operation	 containing	 the	919 

solutions	can	then	be	selected.	A	more	comprehensive	set	of	possible	solutions	are	920 

illustrated	in	the	parallel	plot	shown	in	(see	Fig.	4.18).	921 

 922 

4.4.4	 Analysis	 of	 The	 Pareto	 Solutions	 Based	 On	 Specific	 Prioritization	923 
Strategies	924 

Following	the	selection	of	one	of	the	regions	of	operations,	the	specific	manual	valve	925 

combination	can	be	chosen	from	the	remaining	subset	of	solutions	based	on	a	further	926 

minimization	of	the	same	objective,	or	by	instead	minimizing	other	objectives	while	927 

still	residing	in	the	same	region	of	operation.		928 

By	 minimizing	 other	 objectives,	 solutions	 that	 provide	 a	 more	 balanced	 tradeoff	929 

among	 the	 different	 criteria	 can	 be	 identified	 although	 still	 maintaining	 the	930 

previously	 prioritized	 improvement.	 Current	 conditions	 are	 shown	 by	 light-blue	931 

diamond	shaped	markers.	Solutions	with	a	concurrent	worse	performance	in	every	932 

objective	relative	to	the	current	system	are	not	considered,	as	these	do	not	yield	any	933 
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desirable	 improvements	over	 current	 conditions.	The	association	of	 solutions	 to	a	934 

specific	 region	 is	 denoted	 by	 the	 identification	 markers	 described	 in	 the	 main	935 

manuscript,	as	well	as	by	the	different	line	colors.	Different	dash	lines	are	employed	936 

to	denote	different	minimization	strategies	within	the	same	operational	region.	A	dot-937 

dash	 line	 denotes	 solutions	 that	 minimize	 maximum	 daily	 ammonium	938 

concentrations.	Dashed	lines	instead	characterize	solutions	that	minimizing	average	939 

monthly	nitrite/nitrate	 discharge	 concentrations.	 Finally,	 continuous	 lines	 are	 use	940 

when	energy	use	is	minimized.	941 

 942 

Figure	4.18.	Parallel	plot	depicting	solutions	in	the	tradeoff	regions	of	operation.	For	each	943 
region	solutions	minimizing	each	of	the	3	objectives	are	considered.	944 
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The	 objectives	 shown	 by	 the	 current	 valve	 combination	 show	 relatively	 balanced	945 

values:	 2.4	mg	 NH4+	 l-1,	 3.72	mgNOX	 l-1	 and	 623	MWh.	 Pronounced	 tradeoffs	 are	946 

evident	for	solutions	that	outperform	all	others	in	a	specific	objective.	For	example,	947 

the	lowest	ammonium-yielding	solution	(0.75	mg	NH4+	l-1)	shows	instead	the	highest	948 

average	nitrite/nitrate	concentrations	(7.23	mgNOX	l-1).	Similar	considerations	occur	949 

for	the	solution	yielding	the	lowest	NOx	concentration,	with	5.73	mg	NH4+	l-1	and	0.69	950 

mgNOX	l-1.	Whereas	the	solution	resulting	in	the	lowest	energy	use	(542	MWh)	shows	951 

a	slight	tradeoff	for	both	the	effluent	metrics	(3.85	mg	NH4+	l-1	and	5.98	mgNOX	l-1).	952 

In	general,	it	can	be	seen	that	solutions	that	prioritize	the	minimization	of	one	effluent	953 

metric	will	almost	always	yield	higher	values	in	the	others.	Furthermore,	a	significant	954 

increase	in	energy	consumption	can	be	seen	when	the	concurrent	improvement	in	955 

both	effluent	metrics	(violet	crosses)	 is	considered	for	each	of	 the	three	case	(795	956 

MWh,	730MWh	and	665	MWh).	957 

 958 

4.4.5	Six	Options	Analysis	959 

Six	of	the	optimized	manual	valves	combinations	obtained	from	the	3-dimensional	960 

Pareto	plot	were	selected.	Each	of	 the	selected	options	guarantees	 the	compliance	961 

with	the	regulatory	effluent	limits.	962 

These	are:	963 

§ Option	1:	Minimization	of	monthly	average	NOx	964 

§ Option	2:	Minimization	of	maximum	daily	NH4+	965 

§ Option	3:	Minimization	of	energy	use	966 
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§ Option	4:	Minimization	of	monthly	average	NOx,	and	concurrent	improvement	967 

in	energy	use	compared	to	baseline	conditions	968 

§ Option	5:	Minimization	of	maximum	daily	NH4+,	and	concurrent	improvement	969 

in	energy	use	compared	to	baseline	conditions	970 

§ Option	6:	Minimization	of	energy	use,	and	concurrent	improvement	for	both	971 

effluent	objectives	compared	to	baseline	conditions	972 

Figure	 4.19	 illustrates	 the	 six	 selected	 options	 in	 the	 Pareto	 space,	 each	 one	 a	973 

projection	of	the	Pareto	solutions	on	one	of	the	three	plains:	NH4+	against	energy	(a);	974 

NOx	against	energy	(b);	NH4+	against	NOx	(c).	975 

	976 
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	977 

Figure	4.19.	The	six	options	considered	are	displayed	for	each	of	the	three	projected	plains	978 
(a,	b	and	c).	Bar	plots	showing	the	percent	change	for	(d)	energy	use,	(e)	monthly	average	979 
NOx	and	(f)	maximum	daily	NH4+,	are	considered	with	respect	to	model	baseline.	980 
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For	each	of	the	six	options	considered,	the	bar	plots	show	the	percent	change	of	the	981 

three	 objectives	 with	 respect	 to	 model	 baseline	 conditions	 (red	 horizontal	 line)	982 

shown	 in	 Fig.	 4.19d-e-f.	 Where	 Fig.	 4.19d	 is	 the	 percent	 change	 in	 energy	983 

consumption,	 Fig.	 4.19e	 shows	 the	 percent	 variation	 of	 monthly	 average	 NOx	984 

concentrations,	and	Fig.	4.19f	showing	the	percent	change	of	maximum	daily	NH4+.	In	985 

Fig.	4.19d,	the	decrease	in	energy	use	ranged	from	-1.1%%	to	-13.6%	for	options	3-986 

4-5-6,	with	option	3	(energy	minimization)	providing	the	largest	savings	in	energy	987 

use.	 Conversely,	 an	 increase	 in	 energy	 use	 was	 observed	 for	 option	 1	 (NOx	988 

minimization;	+4.4%)	and	2	(NH4+	minimization;	+11.5%).	Figure	4.19e	shows	that	989 

monthly	average	NOx	concentrations	decreased	when	considering	option	1	(-81.6%),	990 

4	(-56.4%)	and	6	(-3.4%),	whereas	options	that	did	not	prioritize	NOx	resulted	in	an	991 

increase	of	the	NOx	objective	of	+94.1%	(option	2),	+60.3%	(option	3)	and	+108.4%	992 

(option	5).	993 

Finally,	 in	 Fig.	 4.19f,	 solutions	 that	 prioritize	 the	 NH4+	 objective	 resulted	 in	 an	994 

improved	 removal	 efficiency	 of	 -68.5%	 (option	 2),	 -62.2%	 (option	 5),	 and	 -8.4%	995 

(option	6).	By	instead	selecting	options	1,	3,	and	4,	an	increase	in	maximum	daily	NH4+	996 

concentrations	of	respectively	+131.3%,	+61.2%	and	+26.6%	can	be	seen.		997 

For	Fig.	4.20,	the	simulated	time	profiles	for	pressure,	airflow	and	dissolved	oxygen	998 

are	shown	for	various	sections	along	the	air	distribution	system	and	at	different	zones	999 

of	the	bioreactors.	1000 
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 1001 

Figure	4.20.	Air	supply	system	profiles.	Pressure	profiles	are	shown	at	different	point	of	the	1002 
piping	system:	at	the	end	of	blower	4	and	5	outlet	pipe	(a),	in	line	7	header	pipe	(b),	and	at	1003 
the	diffuser	discharge	point	(c).	Airflow	rates	are	shown	in	the	main	header	(d)	and	at	the	1004 
diffuser	grid	in	zone	3	of	pass	13	(e).	Dissolved	oxygen	concentrations	are	shown	in	zone	3	of	1005 
pass	13	(f). 1006 

 1007 

4.4.6	Operating	Costs	1008 

Monthly	 costs	 of	 the	 various	 options	 are	 shown	 for	 two	different	 tariff	 structures	1009 

(older	and	newer)	in	Fig.	4.21.	A	significant	increase	in	operating	costs	is	observed	1010 
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following	the	transition	from	the	old	tariff	structure	(yellow	dotted	bars)	to	the	new	1011 

tariff	(solid	orange	bars),	with	an	approximate	50%	increase	in	costs	throughout	all	1012 

options	considered.		1013 

	1014 

	1015 

Figure	4.21.	Bar	plots	showing	the	operating	costs	for	the	modeled	system	baseline	and	for	1016 
the	six	options	considered	for	both	tariffs.	1017 

	1018 

When	 considering	 the	model	 baseline	 conditions,	 approximately	 94,200	USD	mo-1	1019 

and	140,400	USD	mo-1	in	operational	expenses	are	projected	for	one	month,	based	on	1020 

the	 old	 and	 new	 tariff,	 respectively.	 By	 minimizing	 effluent	 NOx	 (option	 1),	 an	1021 
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increase	in	monthly	costs	of	around	4,000	USD	mo-1	and	5,800	USD	mo-1	is	projected	1022 

for	the	old	and	new	tariffs	respectively	compared	to	the	baseline	system.	The	highest	1023 

increase	 in	 operating	 costs	 occurs	 by	 regulating	manual	 valves	with	 the	 intent	 of	1024 

minimizing	ammonium	peaks	(option	2),	with	an	 increase	of	10600	USD	mo-1	 and	1025 

15800	USD	mo-1	for	old	and	new	tariffs	respectively,	whereas,	the	most	cost-effective	1026 

scenario	occurs	when	minimizing	energy	use	(option	3).	A	total	reduction	of	12800	1027 

USD	mo-1	and	19000	USD	mo-1	can	then	be	expected	when	compared	to	the	baseline	1028 

system.	1029 

The	minimization	of	NOx	with	a	concurrent	improvement	in	energy	use	(option	4)	1030 

leads	to	a	modest	decrease	in	operating	costs	of	1000	USD	mo-1	and	1400	USD	mo-1	1031 

for	 old	 and	 new	 tariffs	 with	 respect	 to	 the	 baseline	 system.	 Similarly,	 when	1032 

minimizing	NH4+	while	also	improving	in	energy	use	(option	5)	a	reduction	of	2000	1033 

USD	mo-1	and	3000	USD	mo-1	 could	be	achieved.	Lastly,	by	minimizing	energy	use	1034 

while	still	ensuring	improvements	in	all	objectives,	costs	reductions	of	4800	USD	mo-1035 

1	and	7200	USD	mo-1	for	old	and	new	tariffs	respectively	are	seen.		1036 

	1037 

4.4.7	Optimized	Manual	Valve	Positions	1038 

Figure	 4.22	 shows	 the	 opening	 percent	 of	 the	 manual	 valve	 for	 each	 of	 the	 six	1039 

considered	options	(white	bars)	compared	to	the	baseline	condition	(black	bars).		1040 
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	1041 

Figure	4.22.	Manual	valve	positions.	White	bars	denote	the	valve	stem	position	for	the	6	1042 
optimized	scenarios,	whereas	black	bars	denote	the	baseline	conditions.	1043 
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	The	isolation	valves	such	as	valve	Z	play	an	important	role	in	balancing	the	airflow	1045 

between	different	units.	Higher	openings	of	 the	Z	valve	are	seen	 for	solutions	that	1046 

minimize	NOx	 (option	1	 and	option	4)	 compared	 to	 solutions	 that	minimize	NH4+	1047 

(option	2	and	5),	thus	decreasing	the	airflow	to	units	1,	2	and	3	and	increasing	it	to	1048 

units	4	and	5.	The	minimization	of	energy	use	 (option	3)	 results	 in	a	more	closed	1049 

position	for	the	valve	Z,	thus	prioritizing	higher	airflow	rates	in	units	1,	2	and	3.	1050 

In	addition,	the	main	distribution	header	valves	(A,	B,	C,	D,	E,	F,	G,	H,	 I,	L),	used	to	1051 

distribute	 the	 airflow	 to	 the	 various	 passes,	 display	 noticeable	 differences	 for	 the	1052 

configurations	 that	 minimize	 each	 of	 the	 three	 objectives	 (option	 1,	 2	 and	 3).	 In	1053 

particular,	the	minimization	of	NOx	(option	1)	results	in	relatively	higher	openings	of	1054 

the	valves	serving	the	first	2	passes	of	each	unit	(B,	C,	E,	G	and	I)	compared	to	valves	1055 

serving	the	last	two	passes	(A,	D,	F,	H	and	L).	Such	configuration	while	maintaining	1056 

high	nitrification	rates	by	 increasing	airflow	in	 the	 first	 two	passes,	also	promotes	1057 

denitrification	in	the	last	two	passes	by	reducing	airflow.	1058 

When	minimizing	NH4+	(option	2),	valves	serving	the	first	2	passes	(B,	C,	E,	G	and	I)	1059 

are	less	opened	and	valves	serving	the	last	two	passes	(A,	D,	F,	H	and	L)	are	relatively	1060 

more	opened	compared	to	valves	that	minimize	NOx	(option	1).	Such	combination	1061 

provides	a	more	balanced	distribution	of	the	airflow	between	the	first	two	and	last	1062 

two	 passes,	 which	 ensures	 the	 removal	 of	 influent	 ammonium	 as	 well	 as	 the	1063 

ammonium	produced	through	the	ammonification	process	in	the	last	reactor	zones.	1064 

For	valves	combinations	that	minimize	energy	consumption	(option	3),	main	header	1065 

valves	B,	C,	E,	G	and	I	 (serving	the	 first	2	passes)	are	more	partially	opened	when	1066 

compared	to	valves	A,	D,	F,	H	and	L	(serving	the	last	two	passes).	This	configuration	1067 
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results	in	the	redistribution	of	airflow	to	zones	with	higher	diffuser	densities	in	the	1068 

first	 two	passes,	 thus	 resulting	 in	 lower	pressure	 loss	per	diffuser	and	 thus	 lower	1069 

overall	system	pressure.	1070 

 1071 

4.5	Discussion	1072 

	1073 

4.5.1	Manual	Valves	Trade-Offs	1074 

Once	a	manual	valve	configuration	has	been	fixed	a	trade-off	is	established	between	1075 

ammonium,	 nitrite/nitrate	 and	 energy/costs.	 When	 compared	 to	 the	 6	 options	1076 

considered,	 the	 baseline	 condition	 provides	 a	 more	 conservative	 operation	 by	1077 

prioritizing	a	balance	between	the	three	objectives.		1078 

Among	the	options	considered	the	selection	of	a	set	of	manual	valves	that	prioritizes	1079 

the	removal	of	either	NH4+	or	NOx	is	expected	to	result	in	an	increase	in	energy	use	1080 

and	 operating	 expenses.	 Moreover,	 the	 highest	 energy	 consumption	 is	 projected	1081 

when	prioritizing	the	abatement	of	effluent	NH4+	peaks,	since	valve	combinations	that	1082 

decrease	 the	 system’s	 pressure	 are	 not	 prioritized.	 By	 instead	 focusing	 on	1083 

minimization	of	energy	use	and	operating	costs,	a	simultaneous	increase	in	both	NH4+	1084 

and	NOx	is	anticipated.	Furthermore,	options	that	minimize	the	effluent	quality	while	1085 

also	improving	energy	use	(options	4	and	5),	provide	similar	energy	use,	but	display	1086 

significant	 differences	 in	 the	 effluent	 objectives.	 Hence,	 showing	 that	 although	1087 

different	manual	valve	combinations	may	yield	similar	improvements	in	energy	use,	1088 

these	may	establish	diametrically	different	characteristics	in	the	final	effluent	quality.	1089 

In	 particular,	 as	 seen	 in	 Fig.	 4.19c,	 the	 NH4+	 and	 NOx	 objectives	 are	 inversely	1090 

proportional,	which	is	expected	due	to	the	mechanistic	relationship	between	reactant	1091 
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(NH4+)	and	products	 (NOx)	of	nitrification.	Furthermore,	 the	selection	of	 the	valve	1092 

combination	that	will	result	in	the	lowest	energy	use	(option	3)	does	not	necessarily	1093 

constitute	the	ideal	choice	(even	when	assuring	compliance	with	regulatory	effluent	1094 

standards).	The	results	deriving	from	a	specific	combination	of	manual	valves	should	1095 

be	studied	in	conjunction	with	downstream	operations,	such	as	the	disinfection	step	1096 

(see	§	4.5.2).		1097 

Therefore,	if	the	improvement	of	a	specific	objective	is	required	to	further	enhance	1098 

the	overall	efficiency	of	downstream	processes,	a	specific	tradeoff	region	may	result	1099 

more	ideal	than	others	that	instead	prioritize	energy	conservation.		1100 

	1101 

4.5.2	Potential	Impact	on	Final	Disinfection	1102 

The	 selection	of	 a	particular	optimized	 solution	 should	be	 tailored	 to	 the	 facility’s	1103 

priorities	 and	 expectations	 based	 on	 the	 operation	 and	 stability	 of	 downstream	1104 

tertiary	treatment	processes.	Therefore,	a	holistic	assessment	should	be	conducted	1105 

when	considering	a	manual	valve	optimization.		1106 

As	an	example,	in	the	final	disinfection	through	chlorination,	the	residual	ammonium	1107 

in	 the	 effluent,	 by	 reacting	with	 free	 chlorine,	will	 influence	 the	 speciation	 of	 the	1108 

residual	chlorine,	and	therefore	also	its	disinfection	efficacy.	The	selection	of	a	valve	1109 

combination	 that	minimizes	ammonium	peaks	 (option	2)	 can	 serve	as	a	means	 to	1110 

improve	 control	 over	 the	 disinfection	 steps,	 thus	 preventing	 excessive	 use	 of	1111 

disinfection	agents.	Conversely	though,	a	complete	nitrification	with	excessive	nitrite	1112 

and	nitrate	effluent	concentrations	may	instead	induce	the	formation	of	disinfection	1113 
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bi-products	(DBPs)	such	as	N-nitrosodimethylamine	(NDMA),	which	is	known	to	be	1114 

a	highly	carcinogenic	compound	(Metcalf	and	Eddy,	2003).	1115 

 1116 

 1117 

4.5.3	Changes	in	Energy	Tariff	Structures 1118 

Once	the	manual	valves	in	the	air	supply	system	are	set,	these	are	seldom	changed,	1119 

with	timescales	that	can	range	from	months	to	years.	In	the	interim,	changes	in	the	1120 

energy	provider’s	 tariff	structure	can	significantly	 impact	 the	operating	costs	even	1121 

when	energy	usage	remains	the	same.	Therefore,	as	shown	in	this	study,	whenever	a	1122 

change	to	the	tariff	structure	occurs,	an	assessment	of	the	current	valve	combination	1123 

should	 be	 considered	 to	 determine	 if	 the	 committed	 trade-offs	 between	 effluent	1124 

quality	and	the	costs	savings	are	acceptable.	1125 

However,	 even	 when	 the	 minimization	 of	 operating	 costs	 via	 manual	 valve	1126 

adjustment	is	pursued,	the	selection	of	such	combination	can	only	partially	lower	the	1127 

energy	bill	of	 the	utility.	This	 is	because	manual	valves	can	only	provide	a	passive	1128 

control,	as	they	cannot	be	used	to	dynamically	lower	energy	use	and	power	demand	1129 

during	 high	 peak	 hours.	 For	 this	 reason,	 the	 regulation	 of	manual	 valve	 positions	1130 

should,	in	general,	be	coupled	with	other	strategies	that	aim	at	shifting	the	process	1131 

intensity	away	from	the	peak	hours,	when	energy	is	the	most	expensive.	As	advocated	1132 

by	previous	studies	(Aymerich	et	al.,	2015;	Emami	et	al.,	2018;	Leu	et	al.,	2009),	this	1133 

is	likely	to	results	in	even	higher	overall	cost	savings.		1134 

 1135 

 1136 
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4.5.4	Advantages	and	Disadvantages	of	Manual	Valve	Optimization 1137 

Compared	to	previous	studies,	a	multi-objective	optimization	of	manual	valves	allows	1138 

to	concurrently	assess	the	performance	of	an	air	supply	system	for	an	ensemble	of	1139 

different	 objective	 criteria.	 In	 particular,	 water	 quality	 metrics	 used	 for	 effluent	1140 

compliance	 provides	 a	 more	 realistic	 and	 practical	 target	 when	 compared	 to	1141 

traditional	 optimization	 strategies.	 In	 addition,	 the	 inclusion	 of	 the	 energy	 tariff	1142 

structure	provides	the	additional	advantage	of	integrating	the	financial	aspect	in	the	1143 

selection	 of	 the	 most	 suitable	 operating	 strategy	 of	 the	 air	 supply	 system.	1144 

Furthermore,	this	approach	can	be	a	useful	tool	for	smaller	facilities	that	are	limited	1145 

in	terms	of	instrumentation	and/or	qualified	personnel	that	are	required	to	operate	1146 

a	dynamic	control	structure	with	actuated	valves.	1147 

However,	the	optimization	of	a	fixed	manual	valve	configuration	can	only	provide	a	1148 

static	optimization,	meaning	it	cannot	dynamically	respond	to	changes	of	the	influent	1149 

characteristics.	Even	after	optimization,	a	fix	manual	valve	configuration	will	be	more	1150 

susceptible	to	periodic	effluent	breakthroughs	than	a	system	with	actuated	valves.	1151 

Therefore,	 the	 implementation	 of	 traditional	 dynamic	 control	 structures	 will	1152 

ultimately	be	better	tailored	to	meet	the	daily	variations	in	oxygen	demand	in	each	of	1153 

the	reactor	zones.	1154 

 1155 

4.5.5	Future	Research 1156 

When	considering	manual	valve	optimization	for	air	supply	systems	with	both	fixed	1157 

and	actuated	valves,	the	trade-off	between	effluent	quality	and	costs/energy	savings	1158 

will	also	be	dependent	on	the	specific	dynamic	control	structure	employed.	Moreover,	1159 
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the	 incorporation	 of	 various	 blower	 control	 strategies	 will	 also	 influence	 the	1160 

optimization	 of	 the	 fixed	manual	 valves	 in	 the	 piping	 system.	 For	 example,	when	1161 

considering	blower	control	strategy	based	on	header	pressure	setpoint,	as	a	manual	1162 

valve	is	opened	to	increase	air	flow	to	a	zone,	the	blower	control	loop	would	increase	1163 

the	discharged	airflow	 to	 compensate	 for	 the	decrease	of	 the	manifold’s	pressure,	1164 

which	results	in	excess	pressure	above	what	is	needed	to	supply	air	to	the	each	of	the	1165 

reactor	 zones	 (Jenkins,	 2014).	 This	 ultimately	 would	 result	 in	 higher	 energy	1166 

consumption	and	will	therefore	lead	to	different	Pareto	solutions.	Therefore,	as	part	1167 

of	future	studies,	the	impact	of	prior	manual	valve	optimization	should	be	conducted	1168 

for	 an	 ensemble	 of	 different	 aeration	 control	 structures.	 Results	 from	 such	 study	1169 

would	 provide	 further	 insight	 on	 selection	 of	 the	 appropriate	 fix	 manual	 valve	1170 

configuration	based	on	the	specific	aeration	control	strategy	adopted.	1171 

	1172 

4.6	Conclusions	1173 

This	study	shows	for	the	first	time	the	use	of	manual	valve	positions	as	parameters	to	1174 

conduct	a	multi-objective	optimization	analysis	of	air	supply	systems	with	respect	to	1175 

effluent	quality,	energy	use	and	operating	costs.	The	key	 findings	of	 this	study	are	1176 

outlined	in	the	following	points:	1177 

§ NH4+,	 NOx	 and	 energy	 use	were	 the	most	 impacted	 by	 the	 various	manual	1178 

valve	combinations.	1179 

§ Eight	 regions	 showing	different	 trade-offs	 among	 the	objectives	 considered	1180 

were	 identified,	 thus	highlighting	 that	during	airflow	regulation	via	manual	1181 
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valve	 adjustment	 a	 compromise	 is	 always	 committed	 between	 energy	 use,	1182 

NH4+	and	NOx	concentrations.		1183 

§ Extreme	Pareto	 solutions	 showed	a	potential	 decrease	of	 -13.6%	 in	 energy	1184 

use,	-81.6%	in	monthly	average	NOx	and	-68.5%	in	daily	maximum	NH4+.	1185 

§ The	simultaneous	 improvement	 in	all	 the	three	objectives	relative	to	model	1186 

baseline	 conditions	 is	 achievable,	 although	 the	 marginal	 improvements	 of	1187 

each	objectives	is	less	significant	than	more	extreme	solutions.	1188 

§ Two	 different	 time-of-use	 energy	 tariff	 structures	 were	 considered.	 An	1189 

increase	in	operating	costs	of	approximately	50%	was	observed	for	all	options	1190 

when	considering	a	newer	tariff	over	the	older	one.		1191 

§ The	selection	of	a	set	of	manual	valves	that	minimizes	either	NH4+	or	NOx	is	1192 

expected	to	increase	overall	operating	costs.		1193 

§ Monthly	 cost-savings	 between	 12800	USD	mo-1	 and	 19000	USD	mo-1	were	1194 

achieved	when	adopting	a	manual	valve	combination	that	minimizes	energy	1195 

use.	1196 

§ The	isolation	and	main	header	valves	play	an	important	role	when	optimizing	1197 

fix	 manual	 valve	 positions	 and	 should	 therefore	 always	 be	 included	 in	1198 

optimization	analysis	of	air	supply	systems.	1199 

  1200 
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Chapter	5	1201 

	1202 

A	Produced	Water	Clarifier	Model	for	the	Oil	Industry.	Analysis	of	1203 
the	Impact	of	Flow	Control	on	Oils	and	Solids	Thickening.	1204 
	1205 
A	version	of	this	chapter	is	published	93rd	Annual	WEFTEC	conference	proceedings,	1206 
New	Orleans,	Louisiana,	USA,	October	2020	1207 
	1208 

5.1		 Abstract	1209 

The	recent	advances	in	the	field	of	gas	and	oil	extraction	have	resulted	in	the	global	1210 

development	of	new	oilfields	worldwide.	This	trend	has	also	resulted	in	an	increase	1211 

production	 of	 petrochemical	 wastewater,	 also	 known	 as	 produced	 water.	1212 

Consequently,	 the	 environmental	 and	 regulatory	 constraints	 associated	 with	 the	1213 

disposal	of	produced	waters	are	likely	to	enforce	higher	treatment	standards,	thus	1214 

putting	 more	 pressure	 on	 the	 optimization	 of	 current	 treatment	 processes.	1215 

Clarification	 tanks	 comprise	one	of	 the	main	 technologies	used	 for	 the	 concurrent	1216 

separation	of	the	solids	and	the	oils	present	in	surfacing	produced	waters.	The	herein	1217 

study	 aims	 to	 implement	 a	 new	 clarifier	 process	 simulator	 for	 the	 analysis	 of	 the	1218 

thickening	of	oils	solids	 from	produced	waters.	Flow	control	of	 the	underflow	and	1219 

clarified	effluent	streams	provides	insight	on	the	removal	efficiency	for	both	oils	and	1220 

solids.	 Data	 from	 a	 full-scale	 facility	 in	 China	 were	 used	 to	 build	 the	 model.	1221 

Wastewater	 samples	were	 collected	 from	 the	 field	 in	 order	 to	 retrieve	 the	water	1222 

quality	 and	 settling	 characteristics.	 Montecarlo	 simulations	 were	 performed	 by	1223 

parametrizing	the	underflow	and	the	clarified	water	effluent	flow	of	the	settling	tank.	1224 

Results	 show	 that	 a	 trade-off	 occurs	 between	 the	 solids	 thickening	 and	 the	1225 

concentration	of	the	oils	recovered.	1226 

	1227 

Key	Words	–	clarification;	oils;	produced	water;	modeling;	optimization,	1228 
petrochemical	wastewater	1229 
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	 	1230 
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5.2		 Introduction	1231 

Several	countries	as	of	today	rely	on	petroleum	as	a	major	resource	for	energy	and	1232 

revenue.	 However,	 as	 the	 development	 of	 new	 oilfields	 steadily	 increases,	 the	1233 

environmental	 problems	 arising	 from	 the	 generated	 industrial	 wastewater	 have	1234 

begun	to	gain	international	attention	(Lutz	et	al.,	2013).	Industrial	wastewater	from	1235 

oilfields	comprises	the	largest	by-product	generated	during	oil	and	gas	exploration	1236 

activities,	with	approximately	21	billion	barrels	(bbls)	of	wastewater	produced	in	the	1237 

United	States	alone	in	2007	(Veil	and	Clark,	2011).	Figure	5.1	illustrates	the	global	1238 

increase	of	produced	water	generated	from	gas	and	oil	extraction	activities.	1239 

	1240 

	1241 

Figure	5.1.	Global	generation	of	produced	waters	by	disposal	option	(source:	Produced	Water	1242 
Society).	1243 

	1244 

Depending	on	the	type	of	wells	and	extraction	methods,	wastewaters	with	different	1245 

chemical	characteristics	can	be	produced.	In	conventional	oil	extraction,	the	oil	and	1246 

gas	 are	 recovered	 along	 with	 formation	 water,	 also	 known	 as	 produced	 water.	1247 
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Differently,	 during	 unconventional	 oil/gas	 extraction	 (also	 known	 as	 hydraulic	1248 

fracking),	 two	types	of	wastewater	are	typically	 identified:	 flowback	water,	mostly	1249 

made	of	the	return	flows	used	to	fracture	the	shale	formation,	and	the	produced	water	1250 

(formation	water	already	contained	in	the	shale	formation).	For	both	conventional	1251 

and	 unconventional	 oil	 and	 gas	 extraction,	 the	water	 surfacing	 from	 the	 oil	wells	1252 

contains	varying	concentrations	of	dissolved	solids,	suspended	solids	and	non-polar	1253 

organics	particles	(oils)	(Estrada	and	Bhamidimarri,	2016).	Water	constituents	can	in	1254 

general	be	classified	into	organic	and	inorganic	compounds,	which	include	dissolved	1255 

and	 dispersed	 oils,	 grease,	 heavy	 metals,	 radionuclides,	 injection	 chemicals,	1256 

formation	solids,	salts,	dissolved	gases,	and	microorganisms	(Ahmadun	et	al.,	2009;	1257 

Igunnu	 and	 Chen,	 2014).	 The	 amount	 and	 composition	 of	 produced	 water	1258 

constituents	 can	 vary	 in	 time	 for	 each	 individual	 well,	 but	 also	 spatially	 among	1259 

different	wells.		1260 

The	treatment,	handling	and	disposal	of	flowback	and	produced	waters	constitutes	1261 

today	one	of	the	most	significant	investments	in	both	in	terms	of	energy	and	operating	1262 

costs	during	regular	operations	of	oilfields.	Furthermore,	increasing	attention	will	be	1263 

given	towards	the	optimization	of	current	treatment	processes	as	discharge	limits	are	1264 

expected	to	become	more	and	more	strict	(Silva	et	al.,	2017).	After	exiting	the	well,	1265 

the	pressurized	fluid	flows	to	a	first	separation	stage	known	as	free	water	knockout	1266 

stage.	In	this	stage	the	bulk	of	the	oil,	gases	and	solids	are	removed	from	the	extracted	1267 

water	mixture.	The	remaining	water	is	then	conventionally	routed	to	a	set	of	primary	1268 

and	secondary	clarification	tanks	for	further	oil	recovery	and	solids	removal.	The	final	1269 
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polishing	 step	 typically	 constitutes	 a	 granular	 filtration	 stage,	 which	 typically	1270 

employs	sand	or	walnut	shells	for	the	filtration	media.	1271 

Differently	 from	 drinking	 water	 and	 wastewater	 treatment,	 clarifying	 vessels	 in	1272 

petrochemical	 wastewater	 treatment	 facilities	 (PWTFs)	 are	 routinely	 challenged	1273 

with	 the	 task	 of	 concurrently	 separating	 light	 rising	 particles	 (oils)	 and	 heavier	1274 

particles	(solids)	from	the	continuous	water	phase.	The	simultaneous	separation	of	1275 

such	biphasic	dispersions	indeed	provides	an	additional	level	of	operating	complexity	1276 

when	compared	to	single	phase	mono-dispersions	found	in	conventional	municipal	1277 

treatment	systems.	In	fact,	instead	of	having	two	effluent	streams	like	in	water	and	1278 

wastewater	 treatment,	 biphasic	 dispersion	 clarifiers,	 such	 as	 petrochemical	1279 

produced	water	clarifiers,	often	present	three	outlet	streams:	an	overflow	stream	at	1280 

the	top,	an	underflow	stream	at	the	bottom	and	a	clarified	effluent	stream	in	between.		1281 

The	use	of	dynamic	simulators	 in	 the	 field	of	municipal	wastewater	 treatment	has	1282 

allowed	 the	 ability	 to	 analyze	 different	 operational	 strategies	 in	 a	 non-invasive	1283 

manner.	However,	the	use	of	such	simulators	for	the	analysis	of	treatment	processes	1284 

of	oilfield	wastewaters	is	of	more	recent	application	and	have	only	been	marginally	1285 

implemented	in	simulation	studies.	Previous	studies	have	indeed	proposed	models	1286 

which	 describe	 the	 separation	 of	 concurrently	 rising	 and	 settling	 bi-dispersions	1287 

applied	to	either	batch	systems	(i.e.	no	continuous	influent/effluents)	(Kulkarni	et	al.,	1288 

1993)	 or	 to	 lab-scale	 clarifiers	 with	 only	 two	 outflow	 streams	 (overflow	 and	1289 

underflow)	(Nasr-El-Din	et	al.,	1988,	1999),	thus	omitting	the	third	clarified	medium	1290 

phase	effluent	stream.	Other	studies	have	also	focused	on	developing	mathematical	1291 

models	that	describe	the	solely	the	separation	of	oil	emulsions	from	produced	waters	1292 
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(Behin	and	Aghajari,	2008;	Khatri	et	al.,	2011;	Krebs	et	al.,	2012).	However,	there	is	1293 

currently	still	a	lack	of	process	models	that	can	describe	the	simultaneous	separation	1294 

of	oils	and	solids	in	engineered	systems	such	as	produced	water	clarifiers.		1295 

Therefore,	in	this	paper,	a	new	clarification	model	is	proposed	for	both	oil	and	solids	1296 

separation	from	flowback	and	produced	waters.	Design	schematics	from	a	full-scale	1297 

facility	in	China	were	used	to	build	the	model.	Wastewater	samples	were	collected	1298 

from	the	field	 in	order	to	 investigate	the	water	quality	and	settling	characteristics.	1299 

From	 various	 batch	 settling	 tests,	 it	 was	 observed	 that	 the	 separation	 of	1300 

particles/droplets	from	the	produced	water	collected	behaves	according	to	discrete	1301 

particle	dynamics.	This	finding	informed	the	selection	of	a	particle	settling	velocity	1302 

distribution	(PSVD)	produced	water	clarifier	model.	In	order to analyze the tradeoffs 1303 

between the thickening of the oils and the suspended solids, Montecarlo simulations were 1304 

performed by varying both the underflow and clarified effluent streams. 1305 

	1306 

5.3		 Materials	and	Methods	1307 

5.3.1		 Background	on	Gravity	Separation	Regimes	1308 

When	describing	clarification	processes,	the	gravity	separation	of	particles/droplets	1309 

from	a	continuous	phase	can	be	classified	into	four	different	dynamic	regimes	based	1310 

on	 concentration	 and	 inter-particle	 interaction:	 discrete	 non-flocculent/non-1311 

coalescing	 dynamics	 (Class	 1),	 discrete	 flocculent/coalescing	 dynamics	 (Class	 2),	1312 

hindered	or	zone	dynamics	(Class	3)	and	compression	dynamics	(Class	4)	(see	Fig.	1313 

5.2).		1314 
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Based	on	the	specific	settling	regime,	different	models	can	be	used	to	describe	the	1315 

separation	of	the	dispersed	phase.	For	particle/droplet	dispersions	whose	dynamics	1316 

follow	a	discrete	separation	regime	(Class	1	and	2),	the	Newton	or	Stokes	equations	1317 

may	be	applied	when	their	relative	assumptions	are	met.	For	dispersions	that	instead	1318 

separate	 according	 to	 a	 hindered	 or	 compression	 regime	 (Class	 3	 and	 4),	 several	1319 

models	have	been	proposed,	which	for	the	most	incorporate	empirical	expressions	1320 

based	on	batch	settling	tests.		1321 

Engineered	 clarifying	 vessels	 that	 are	 mostly	 characterized	 by	 discrete	1322 

particle/droplet	dynamics	(Class	1	and	Class	2)	include	the	primary	clarifiers	in	both	1323 

drinking	 and	 wastewater	 treatment	 plants,	 the	 secondary	 clarification	 of	 aerobic	1324 

granular	sludge	(AGS)	(van	Loosdrecht	et	al.,	2016)	and	clarification	of	oils	and	solids	1325 

in	produced	water	treatment	facilities	(PWTFs)	(see	Fig.	5.2).	Examples	of	clarifying	1326 

vessels	that	typically	operate	under	hindered	and	compression	regimes	can	be	found	1327 

in	the	secondary	clarification	of	conventional	activated	sludge	(CAS)	in	WRRFs.	1328 
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 1329 
	1330 

Figure	 5.2.	 Illustration	 of	 the	 4	 settling/rising	 regimes	 for	 gravity	 separation	 of	 particle	1331 
suspensions.	The	typical	region	of	operation	for	various	clarification	processes	is	also	shown.	1332 
	1333 

For	 clarification	 systems	 subject	 to	 flocculent	 dispersions	 at	 relatively	 high	1334 

concentrations,	individual	particles	will	not	separate	at	their	characteristic	terminal	1335 

velocity	 but	 instead	will	 be	 influenced	by	 interactions	with	 the	 surrounding	 ones.	1336 

Under	 these	 conditions,	 empirical	 concentration	 driven	 models	 based	 on	 batch	1337 

settling	tests	have	are	been	implemented	in	dynamic	simulators	(Bürger	et	al.,	2011;	1338 

Li	 and	 Stenstrom,	 2014;	 Takacs	 et	 al.,	 1991;	 Torfs	 et	 al.,	 2017).	 However,	 when	1339 

clarifiers	 are	 used	 for	 the	 separation	 of	 relatively	 low	 concentrations	 of	 non-1340 

flocculent	dispersions,	the	separation	process	can	be	modeled	using	the	well-known	1341 

Newton/Stokes	equations	used	for	Stokesian	separation	dynamics.	Differently	from	1342 
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uniform	dispersions,	the	separation	of	heterogeneous	dispersions	requires	either	the	1343 

characterization	 of	 the	 particle	 size	 distribution	 (PSD)	 or	 of	 the	 particle	 settling	1344 

velocity	distribution	(PSVD).	In	studies	such	as	in	Bachis	et	al.,	2015	and	Maruejouls	1345 

et	al.,	2012,	 the	description	of	 the	discrete	settling	of	solid	suspensions	 is	done	by	1346 

implementing	the	PSVD	method.	For	their	research,	the	PSVD	curve	was	obtained	by	1347 

conducting	ViCAs	batch	settling	test	of	 the	collected	 influent	samples	(Chebbo	and	1348 

Gromaire,	2009).	By	collecting	and	measuring	the	TSS	content	of	the	settled	particles	1349 

and	 relative	 settling	 velocities	 at	 predefined	 time	 intervals,	 the	 cumulative	1350 

distribution	curve	of	the	solid	particles’	concentration	as	a	function	of	their	settling	1351 

velocities	 can	 be	 generated.	 Subsequently	 the	 cumulative	 concentration	 curve	 of	1352 

suspended	 solids	 can	 be	 partitioned	 in	 classes	 to	 decrease	 the	 number	 of	 model	1353 

parameters	and	equations	to	solve	(Bachis	et	al.,	2015).		1354 

	 	1355 
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5.3.2		 Description	of	PWTF	Case	Study	1356 

The	 treatment	 facility	 that	was	 considered	 is	 located	 in	Northeastern	China.	Daily	1357 

average	influent	flows	entering	the	PWTF	are	approximately	17,000	m3	day-1	(or	~4.5	1358 

MGD)	(see	Fig.	5.3).	1359 

	1360 

	1361 

Figure	5.3.	Aerial	view	of	the	produced	wastewater	treatment	facility	considered	for	the	case	1362 
study.	1363 

	1364 

The	 treatment	 process	 is	 composed	 by	 two	 treatment	 lines	 in	 parallel.	 The	 first	1365 

treatment	stage	is	comprised	by	a	primary	clarification.	The	clarified	water	from	the	1366 

primary	tanks	are	the	routed	to	a	group	of	smaller	secondary	clarification	tanks.	The	1367 

residual	oil	recovered	from	the	top	of	both	the	primary	and	secondary	clarification	1368 

tanks	 is	 then	 sent	 to	 an	oil	 collection	 tank	 (see	Fig.	 5.4).	The	 thickened	 solids	 are	1369 

instead	 removed	 from	 the	 underflow	 stream,	 subsequently	 further	 thickened	 and	1370 

sent	to	disposal.	The	clarified	water	effluent	is	discharge	in	between	the	oil	overflow	1371 

and	the	solids	underflow	streams.	1372 

	1373 
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 1374 
Figure	5.4.	Process	schematic	of	the	facility	considered		1375 
	1376 

Following	the	first	two	clarification	stages,	flocculant	chemicals	are	added	in	order	to	1377 

enhance	 the	 separation	 process	 in	 the	 subsequent	 booster	 tanks.	 Physical	1378 

specifications	 of	 the	 various	 clarifiers	 are	 further	 outlined	 in	 Table	 5.1.	 The	 last	1379 

polishing	step	is	provided	by	pressurized	sand	filtration	units	which	are	tasked	with	1380 

the	removal	of	the	residual	suspended	solids	and	oil	droplets.	Oils	recovered	from	the	1381 

booster	 tanks	are	discarded	and	sent	 to	a	side-stream	clarification,	along	with	 the	1382 

backwash	water	leaving	the	filters.		1383 

	1384 

Table	5.1.	Physical	specifications	of	the	various	settling	tanks	utilized	for	treatment	1385 

  Prim. Clarifiers Sec. Clarifiers Booster Tanks 

Number [ – ] 2 2 2 

Configuration [ – ] Circular (enclosed) Circular (enclosed) Circular (enclosed) 

Height [m] 14.8 12.6 8.92 

Area [m2] 531 380 250 

Influent Height [m] 11 9.3 6.6 

Water Effluent Height [m] 5 4.25 3 
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	1387 

5.3.3		 Sample	Collection	and	Analysis	1388 

Field	samples	were	collected	from	one	of	 the	primary	clarification	tanks	and	were	1389 

then	 rapidly	 brought	 back	 the	 laboratory	 for	 analysis.	 Oil	 concentrations	 were	1390 

measured	by	means	of	carbon	tetrachloride	technique.	The	average	oil	density	of	840	1391 

g	l-1	was	observed	during	laboratory	measurements.	Using	a	separatory	funnel,	the	1392 

total	suspended	solids	were	separated	and	subject	 to	multiple	gravimetric	 tests	 to	1393 

measure	their	concentration	(see	Fig.	5.5).		1394 

	1395 

	1396 

Figure	5.5.	Images	of	the	gravimetric	test	lab	procedure	and	relative	equipment.	1397 
	1398 
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The	total	dissolved	solids	(TDS)	content	was	also	measured	following	a	filtration	step	1399 

used	 to	 remove	 any	 suspended	 particle.	 The	measured	 values	 of	 the	main	 water	1400 

quality	variables	are	outlined	in	Table	5.2.	1401 

Table	5.2.	Water	quality	measurements	obtained	during	laboratory	analysis	1402 

 Prim. Clarif.  Influent Prim. Clarif. Effluent 

TSS [mg/l] 45.8 27.2 

OIL [mg/l] 223.4 183.7 

TDS [mg/l] 5272 5293 

	1403 

Since	 the	 settling	 regime	of	 both	 the	 solids	 the	 oils	were	 unknown,	 various	 batch	1404 

settling	tests	have	been	conducted	in	order	to	assess	the	settling/rising	regime	that	1405 

should	be	used	to	model	the	oils/solids	separation	process.	Different	concentrations	1406 

were	tested	for	both	solids	and	oils.	The	non-flocculent	nature	of	the	suspended	solids	1407 

as	 well	 as	 their	 low	 concentrations	 (45.8	 mgTSS/L)	 resulted	 in	 discrete	 settling	1408 

separation	regime.	Analogously,	the	oil	also	displayed	low	flocculation	tendency,	even	1409 

at	relatively	high	concentrations	of	67.26	goil/L	(See	Fig.	5.6).	1410 

	1411 

 1412 
Figure	 5.6.	 An	 example	 of	 one	 batch	 settling	 test	 for	 oils	 over	 time.	 Even	 at	 high	1413 
concentrations	the	oil	droplets	are	subject	to	discrete	settling	(oil	concentration:	67.26	goil/L).		1414 
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5.3.4		 Particle	Settling	Velocity	Distribution	(PSVD)	1415 

The	 discrete	 settling	 behavior	 for	 both	 TSS	 and	 oils	 informed	 the	 rejection	 of	 a	1416 

concentration-driven	model	in	favor	of	the	PSVD	settler	model,	already	presented	in	1417 

previous	work	(Bachis	et	al.,	2015).		1418 

Particle	size	distribution	analysis	was	conducted	for	both	oils	and	TSS	on	the	influent	1419 

sample	collected	from	the	field.	The	concentration	and	density	of	both	the	TSS	and	1420 

oils	were	then	used	to	calculate	the	cumulative	concentration	curve	as	a	function	of	1421 

settling	velocity	(See	Fig.	5.7).	1422 

	1423 

 1424 
Figure	 5.7.	 The	 calculated	 PSVD	 curves	 for	 both	 oils	 and	 TSS	 based	 on	 particle	 size	1425 
distribution	lab	analysis.	1426 

	1427 

Subsequently,	 the	 cumulative	 concentration	 curves	 for	 both	 solids	 and	 oils	 were	1428 

subdivided	in	5	different	classes	by	setting	different	settling	velocity	boundaries	(see	1429 

Fig.	2.29).	The	settling	velocities	characterizing	each	class	are	then	calculated	as	the	1430 

geometrical	mean	of	the	settling	velocity	boundaries	of	each	class	(see	Eqn.	2.34).	The	1431 

rising/settling	velocity	of	each	class	can	then	be	used	to	describe	the	vertical	gradient	1432 
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of	particle	class	concentrations	of	oils/solids	 in	 the	settler.	A	mass	balance	 is	 then	1433 

calculated	around	each	layer	for	each	of	the	solid	or	oil	classes	(see	Eqn	2.35-2.41).	1434 

	1435 

5.3.4		 Produce	Water	Clarifier	Model	Structure	1436 

The	produced	clarifier	model	presented	here	is	inspired	by	the	widely	implemented	1437 

Takacs	 model,	 used	 in	 dynamic	 simulators	 of	 municipal	 secondary	 settling	 tanks	1438 

(Takacs	et	al.,	1991).	As	the	Takacs	model,	the	current	model	belongs	to	the	family	of	1439 

unidimensional	spatially	discretized	clarifier	models.	Similarly	to	the	Takacs	model,	1440 

the	produced	clarifier	model	is	described	by	a	sequence	of	completely	mixed	layers,	1441 

10	 in	 total.	 However,	 due	 to	 its	 slightly	 different	 operating	 mode,	 the	 proposed	1442 

clarifier	model	has	three	different	discharge	streams:	the	oil	recovery	(top	layer),	the	1443 

sludge	waste	(bottom	layer),	and	the	water	effluent	(in	between	layer	–	see	Fig.	5.8).	1444 

This	configuration	is	markedly	different	from	municipal	clarifiers,	which	are	instead	1445 

characterized	by	two	discharge	streams	(water	effluent	and	sludge	waste).		1446 

 1447 
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1448 
Figure	5.8.	Illustration	of	the	clarifier	model	structure	used	for	treatment	of	petrochemical	1449 
wastewaters.	1450 
	1451 

The	 mass	 balance	 of	 each	 k-th	 class	 of	 both	 the	 solids	 and	 the	 oils	 is	 done	 by	1452 

considering	the	mass	 flux	due	the	bulk	 flow	(Jb_k)	and	the	mass	 flux	due	to	gravity	1453 

separation	(Js_k)	(see	Fig.	5.9).	1454 

	1455 

	1456 
Figure	5.9.	Mass	balance	around	the	i-th	layer	of	the	produced	water	clarifier	model.		1457 
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	1458 
Following	 a	 steady	 state	 model	 calibration,	 the	 produced	 clarifier	 model	 was	1459 

implemented	in	the	Simulink	environment.	A	graphical	user	interface,	along	with	flow	1460 

regulation	controls,	allowed	to	analyze	clarifier’s	behavior	under	different	operating	1461 

flow	scenarios	(see	Fig.	2.31).		1462 

Subsequently,	 an	array	of	Montecarlo	 simulations	was	 run	 in	order	 to	analyze	 the	1463 

impact	that	different	flow	rates	of	the	solids	wastage	(Qw)	and	of	the	clarified	effluent	1464 

(Qeff)	would	have	on	the	overall	clarifier’s	performance.	1465 

	1466 

5.4		 Results	and	Discussion	1467 

During	 the	 first	 phase,	 Montecarlo	 simulations	 were	 performed	 for	 different	1468 

underflow	 (Qw)	 and	 clarified	 effluent	 (Qeff)	 flows.	 For	 each	 simulation	 the	 sum	1469 

between	Qw	and	Qeff	was	 constrained	 to	be	 smaller	 than	 the	 influent	 flow	Qin.	 The	1470 

operating	curve	for	oil	recovery	can	be	obtained	as	a	function	of	the	downflow	ratios	1471 

(Qdwn_ratio	=	(Qw	+	Qeff)	/	Qin)	(see	Fig.	5.10).		1472 

	1473 
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 1474 

Figure	5.10.	Oil	recovery	curve	as	a	function	of	downflow	ratio.	1475 

 1476 

Figure	5.11	also	shows	the	solids	thickening	ratio	as	a	function	of	the	downflow	ratio.	1477 

However,	instead	of	a	curve,	a	spatial	domain	comprising	all	the	possible	thickening	1478 

states	is	obtained.	This	comes	as	a	result	of	the	additional	degree	of	freedom	due	to	1479 

the	 presence	 of	 three	 effluent	 streams	 compared	 to	 the	 two	 found	 in	 municipal	1480 

clarifiers.	In	fact,	once	the	downflow	ratio	Qdwn_ratio	has	been	set,	a	specific	oil	recovery	1481 

ratio	 in	 the	 overflow	 stream	 is	 established.	 However,	 depending	 on	 the	 specific	1482 

underflow-to-clarified	flow	ratio	(Qw/Qeff),	an	ensemble	of	different	solids	thickening	1483 

ratios	is	obtained	(see	Fig.	5.11).		1484 

	1485 
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 1486 
 1487 
Figure	5.11.	Solid	thickening	domain	as	a	function	of	the	downflow	ratio.	At	a	downflow	1488 
ration	of	0.85	1489 
 1490 
From	 Fig.	 5.11,	 as	 downflow	 ratios	 increase,	 the	 maximum	 achievable	 solids	1491 

thickening	gradually	decreases.	For	values	of	the	downflow	ratios	greater	than	0.85,	1492 

the	maximum	achievable	solids	thickening	decreases	at	a	greater	rate.	Therefore,	flow	1493 

control	strategies	that	prioritize	higher	oil	recovery	rates	(Coil_R/	Coil_IN	>150%)	will	1494 

result	in	lowering	the	maximum	TSS	thickening	capacity	of	the	system.	1495 

Once	the	selection	of	the	underflow	to	clarified	flow	ratio	(Qw/Qeff)	is	performed,	a	1496 

specific	operating	solid	thickening	condition	is	identified.	Figure	5.12	shows	the	TSS	1497 

thickening	 curve	 as	 a	 function	 of	 the	 ratio	 between	 underflow	 (Qw)	 and	 clarified	1498 

effluent	flows	(Qeff)	for	a	specific	downflow	ratio	of	85%.	Thus,	highlighting	how	the	1499 
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control	of	both	the	underflow	and	the	clarified	water	effluent	plays	an	important	role	1500 

in	defining	the	trade-off	between	thickening	of	both	oils	and	solids.	1501 

 1502 

Figure	5.12.	Solid	thickening	curve	as	a	function	of	the	underflow	to	clarified	flow	ratio	for	1503 
a	downflow	ratio	of	0.85	1504 

 1505 

Once	the	selection	of	the	underflow-to-clarified	flow	ratio	(Qw/Qeff)	is	performed,	a	1506 

specific	operating	solid	thickening	condition	is	identified.		1507 

Therefore,	in	order	to	establish	a	desired	separation	performance,	the	first	step	is	to	1508 

set	 the	 downflow	 ratio	 Qdwn_ratio	 based	 on	 the	 desired	 oil	 thickening	 ratio.	 The	1509 

following	step	is	then	to	set	the	underflow-to-clarified	flow	ratio	(Qw/Qeff),	which	will	1510 

allow	to	obtain	the	desired	solids	thickening	ratio.	It	is	however	possible	that	certain	1511 

solids	thickening	ratios	may	be	attainable	for	relatively	high	oil	thickening	ratios.	In	1512 
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fact,	as	illustrated	in	Fig.	5.11,	for	downflow	ratio	Qdwn_ratio	greater	than	85%	the	range	1513 

of	possible	solid	thickening	configurations	decreases	rapidly.	1514 

	1515 

5.6		 Conclusion	1516 

The	herein	 study	present	a	novel	1-dimensionsal	produced	clarifier	model	 for	 the	1517 

dynamic	 description	 of	 bi-phasic	 dispersions	 such	 as	 solids	 and	 oils.	 This	 study	1518 

originates	the	well-established	dynamic	models	for	municipal	settling	tanks,	and	it	1519 

broadens	such	debate	to	the	less	studied	petrochemical	wastewater	clarifiers.	A	case	1520 

study	of	a	petrochemical	wastewater	 treatment	 facility	was	considered	 to	 test	 the	1521 

newly	developed	model.	Laboratory	analyses	of	the	influent	samples,	obtained	from	1522 

one	of	the	primary	clarifiers,	allowed	to	measure	basic	water	quality	variables	used	1523 

by	 the	 model,	 such	 as	 TSS,	 oils	 and	 TDS.	 In	 addition,	 batch	 settling	 tests	 were	1524 

performed	at	various	concentrations,	highlighting	that	gravity	separation	of	oils	and	1525 

solids	 in	 the	 produced	 water	 analyzed	 behaves	 according	 to	 discrete	 particle	1526 

dynamics.	This	finding	informed	the	selection	of	Stokesian	particle	separation	model	1527 

based	on	particle	size	distribution.	Similarly	to	the	work	presented	in	Bachis	et	al.,	1528 

2015	and	Torfs	et	al.,	2017,	cumulative	concentration	curve	for	both	TSS	and	oils	as	a	1529 

function	of	 settling	velocity	generated	 (PSVD	curves).	The	PSVD	curves	were	 then	1530 

sub-divided	in	5	classes.	Both	the	oils	and	solids	concentrations	in	the	three	effluent	1531 

streams	 are	 estimated	 by	 performing	 the	 mass	 balance	 of	 the	 individual	 classes	1532 

around	each	of	the	10	discretized	layers.	1533 
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Following	 its	 implementation	 in	 the	 Simulink	 environment,	 the	 new	 produced	1534 

clarifier	model	provides	the	means	to	estimate	the	dynamic	settling/rising	behaviour	1535 

of	both	solids	and	solids	present	in	flowback	and	produced	wastewaters.	The	model	1536 

also	allows	to	predict	the	effluent	constituents	in	each	of	the	three	discharge	streams:	1537 

oil	 recovery,	 sludge	waste	and	water	effluent.	 Furthermore,	 the	produced	clarifier	1538 

model	provides	the	basis	to	the	further	investigate	and	assess	potential	operational	1539 

strategies	 that	can	optimize	 the	removal	of	both	oils	and	solids.	Thus,	 the	clarifier	1540 

model	presented	here	provides	the	quantitative	basis	for	operational	strategies	that	1541 

can	balance	oil	recovery	and	effluent	water	quality.	1542 

The	model	is	then	equipped	with	the	site	specifications	of	the	primary	clarifier	of	the	1543 

case	 study	 considered.	An	ensemble	of	Montecarlo	 simulations	allowed	 to	various	1544 

numerous	operations	flow	configurations	the	underflow	and	water	effluent.	It	was	in	1545 

general	 possible	 to	 observe	 a	 marked	 trade-off	 between	 the	 competing	 goals	 of	1546 

thickening	both	the	oils	and	the	solids.	This	finding	should	inform	process	operators	1547 

that	 the	 selection	of	 a	 specific	underflow	and	water	 effluent	 flow	will	 result	 in	 an	1548 

inevitable	 tradeoff	 between	 these	 two	 competing	 objectives.	 This	 consideration	1549 

raises	the	question	on	whether	the	thickening	of	the	solids	should	be	prioritized	over	1550 

higher	concentrations	of	oiled	recovered,	or	vice	versa.	Therefore,	 future	 research	1551 

should	aim	at	conducting	a	more	comprehensive	analysis	on	the	cost	implications	of	1552 

prioritizing	one	option	over	the	other.	1553 

This	 study	 originates	 from	 the	 well-established	 dynamic	 models	 for	 municipal	1554 

settling	 tanks,	 and	 it	 broadens	 such	 debate	 to	 the	 less	 studied	 petrochemical	1555 

wastewater	clarifiers.	Differently	from	previous	studies	on	petrochemical	clarifiers,	1556 
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which	utilize	two-	and	three-dimensional	CFD	models	(Misra	et	al.,	2017),	the	herein	1557 

study	argues	 that	 it	 is	possible	 to	extend	 the	 family	of	one-dimensional	municipal	1558 

clarifier	models,	such	as	the	one	presented	in	Bachis	et	al.,	2015	and	Torfs	et	al.,	2017,	1559 

to	 settling	 tanks	 used	 for	 petrochemical	 wastewater	 treatment.	 The	 use	 of	 one-1560 

dimensional	 clarifier	 models	 for	 the	 case	 of	 petrochemical	 wastewater	 treatment	1561 

plants	allows	to	analyze	their	operation	in	conjunction	with	other	process	models	for	1562 

plant-wide	 performance	 analysis.	 Conversely,	 the	 implementation	 of	 CFD	 clarifier	1563 

models	into	large	integrated	process	models	would	not	otherwise	be	practical	due	to	1564 

their	 long	 simulation	 time	 and	 high	 computational	 demand	 required.	 Future	1565 

contributions	to	this	work	should	focus	on	the	integration	of	process	clarifier	models	1566 

with	the	other	processes	found	in	petrochemical	wastewater	treatment	facilities.	1567 

	 	1568 
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	1569 

Chapter	6	1570 

	1571 

Dynamic	Load	Shifting	for	the	Abatement	of	GHG	Emissions,	Power	1572 
Demand,	 Energy	 Use	 and	 Costs	 in	 Hybrid	Wastewater	 Treatment	1573 
Systems	1574 
 1575 
 1576 
A	version	of	this	chapter	has	been	submitted	to	the	journal	Energy	and	1577 
Environmental	Science		1578 
 1579 
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 1584 

6.1	Abstract	1585 

Over	 the	 last	 quarter	 century,	 the	 intensification	 of	 human	 activities	 in	 urbanized	1586 

areas,	coupled	with	an	increase	in	the	frequency	and	length	of	extreme	droughts,	have	1587 

resulted	 in	 the	 growing	 demand	 for	 safe,	 reliable,	 and	 sustainable	 water.	 As	 a	1588 

response	 to	 these	 challenges,	 the	 decentralization	 of	 satellite	 water	 resource	1589 

recovery	 facilities	 (WRRFs)	 has	 offered	 an	 avenue	 toward	 reliable	 and	 affordable	1590 

recycled	 water.	 The	 expectation	 from	 satellite	 WRRFs	 is	 not	 to	 replace	 existing	1591 

centralized	infrastructure,	but	to	be	integrated	gradually	within	existing	urban	water	1592 

systems,	thus	establishing	hybrid	systems.	However,	their	dynamic	interaction	with	1593 

pre-existing	 facilities	 and	 other	 spheres	 of	 the	 urban	 environment	 still	 remains	1594 

unexplored.	1595 

This	study	proposes	a	new	conceptual	framework	for	the	dynamic	management	of	1596 

hybrid	 WRRFs	 systems	 comprised	 of	 both	 centralized	 and	 satellite	 WRRFs.	 The	1597 

underlying	concept	of	such	strategy	relies	on	exploiting	the	hydraulic	delay	of	sewer	1598 

trunk	 lines	 for	 the	 deferral	 of	 the	 treatment	 intensity	 between	 hydraulically	1599 

connected	facilities	during	specific	hours	of	the	day.	The	analysis	is	performed	using	1600 

baseline	data	from	a	case	study	of	8	WRRFs.	Three	different	scenarios	are	considered	1601 

in	this	study:	1)	demand	response;	2)	flow	equalization	of	the	centralized	WRRF;	3)	1602 

reduction	 of	 greenhouse	 gas	 (GHG)	 emissions.	 Our	 results	 show	 the	 potential	 to	1603 

reduce	 by	 25%	 the	 total	 power	 demand	 exerted	 during	 grid	 ramping	 hours.	1604 

Furthermore,	total	costs,	energy	and	greenhouse	gas	emissions	could	be	reduced	by	1605 

8.5%,	4.1%,	and	4.5%	respectively.	This	research	provides	a	basis	for	future	studies	1606 

on	dynamic	analysis	of	integrated	urban	water	systems.	1607 

	1608 

	1609 

Key	 Words	 –	 water-energy	 nexus;	 demand	 response;	 integrated	 modelling;	1610 

sustainability;	urban	water	management;	smart	water	grid	1611 

	 	1612 
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Highlights	–	This	study	provides	a	novel	 insight	 into	 the	dynamic	management	of	1613 

hybrid	 wastewater	 treatment	 systems	 and	 highlights	 its	 potential	 to	 reduce	 the	1614 

greenhouse	gases,	power	demand,	energy	use	and	costs	associated	with	treating	the	1615 

wastewater.	1616 

	1617 

BROADER	 CONTEXT	 –	 The	 exploitation	 of	 water	 resources	 in	 urbanized	 regions	1618 

worldwide	 has	 posed	 the	 challenge	 of	 finding	 alternative,	 yet	 sustainable,	 water	1619 

sources.	 Even	 more	 dauting	 is	 the	 task	 of	 attaining	 water	 solutions	 that	 can	 be	1620 

harmoniously	 integrated	with	other	 sectors	of	 the	urban	 sphere,	 such	as	 the	 local	1621 

economy,	 the	power	 supply	and	 the	 regional	 carbon	 footprint.	Among	 the	various	1622 

solutions,	 satellite	 water	 resource	 recovery	 facilities	 have	 granted	 the	 ability	 to	1623 

provide	 cheap	 and	 reliable	 recycled	water	 to	meet	 local	water	 demand.	 As	water	1624 

stressed	cities	continue	to	expand,	so	will	the	installation	of	satellite	facilities	in	peri-1625 

urban	 areas.	 Therefore,	 the	 progressive	 implementation	 of	 decentralized	 water	1626 

solutions	will	require	the	careful	integration	with	pre-existing	urban	infrastructure	1627 

and	 services.	 This	 study	 provides	 a	 new	 conceptual	 framework	 for	 the	 dynamic	1628 

management	 of	 hybrid	 systems	 comprised	 of	 both	 centralized	 and	 satellite	1629 

wastewater	 treatment	 plants.	 A	 case-study	 analysis	 is	 presented,	 showing	 the	1630 

potential	to	lower	greenhouse	gas	emissions,	power	demand,	energy	use,	and	costs	1631 

by	dynamically	shifting	the	diurnal	influent	wastewater	loads	between	hydraulically	1632 

connected	 treatment	 facilities.	 Therefore,	 just	 like	 for	 smart	 energy	 grids,	 the	1633 

decentralized	dynamic	strategies	proposed	in	this	study	provide	an	important	basis	1634 

towards	the	achievement	of	a	smart	water	grid.		1635 

 1636 
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6.2	Introduction	

The	 continued	 increase	 in	 population	 density	 in	 urbanized	 areas,	 coupled	 with	 today’s	

climatic	uncertainty,	has	fueled	the	vision	towards	a	more	resilient	and	sustainable	urban	

planning.(Wong	 and	 Brown,	 2009)	 A	 critical	 challenge	 to	 this	 vision	 is	 posed	 by	 the	

increasing	 pressure	 on	 existing	 urban	water	 and	wastewater	 infrastructure.	 As	 both	 the	

residential	 population	 and	 the	 urban	 boundaries	 continue	 to	 expand,	 so	 does	 the	water	

supply	demand	as	well	as	the	resulting	generated	wastewater	flows.(Varis	et	al.,	2006)	As	of	

today,	the	traditional	idea	of	a	linear	urban	water	system	is	being	brought	into	question	by	

the	 unsustainable	 exploitation	 of	 accessible	 resources.	 As	 such,	 the	 diversification	 of	 the	

available	water	resources	has	been	one	of	the	key	strategies	for	confronting	water	insecurity	

in	metropolises	such	as	Melbourne	(Low	et	al.,	2015),	Singapore	(Tortajada,	2006),	Tokyo	

(Asano	et	al.,	1996),	or	Los	Angeles.(Sheikh,	1991)	In	conjunction	with	water	conservation	

strategies,	the	introduction	of	new	alternative	water	sources	such	as	harvested	stormwater,	

desalination	and	water	reclamation	has	shown	the	promise	of	sustainably	improving	local	

water	security	in	a	cost-effective	way.(Sedlak,	2014)		

Among	 these	 potential	 water	 resource	 alternatives,	 water	 reclamation	 represents	 an	

attractive	solution	as	it	provides	a	reliable	source	of	water	near	point	of	generation,	while	

still	 requiring	 lower	 energy	 and	 operating	 costs	 compared	 to	 imported	 water	 or	 costal	

desalination.(Leverenz	et	al.,	2011;	Okun,	1996;	Wade	Miller,	2006)	Moreover,	the	need	to	

implement	local	water	reclamation,	aimed	at	quenching	the	water	demand	of	the	growing	

peri-urban	 areas,	 has	 shifted	 the	 global	 discourse	 concerning	 sustainable	 water	 supply	

towards	decentralized	water	resource	recovery	facilities	(WRRFs).(Butler	and	MacCormick,	

1996;	 Garrido-Baserba	 et	 al.,	 2018;	 Libralato	 et	 al.,	 2012;	 Yerri	 and	 Piratla,	 2019)	
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Decentralized	WRRFs	that	are	hydraulically	connected	to	the	centralized	sewer	collection	

system	are	known	as	satellite	WRRFs	(Larsen	et	al.,	2013).	Satellite	WRRF	systems	provide	

the	ability	 to	collect,	 treat,	and	reclaim	 local	wastewater,	 thus	 limiting	 the	need	 for	dual-

piping	systems	that	stem	from	a	single	centralized	facility,	with	consequent	long-term	cost-

savings	 linked	 to	 construction	 and	pumping.(Gikas	 and	Tchobanoglous,	 2009)	Moreover,	

satellite	wastewater	treatment	plants	allow	to	produce	a	variety	of	treated	effluent	streams	

that	can	be	tailored	to	match	the	needs	of	local	end-use	applications	such	as	industrial	reuse,	

landscape	 irrigation,	 groundwater	 recharge,	 streamflow	augmentation,	 and	service	water	

used	 in	 households.(Sharma	 et	 al.,	 2010)	 Satellite	wastewater	 treatment	 systems	 can	 be	

categorized	in	three	different	types:	i)	interception	type;	ii)	extraction	type;	and	iii)	upstream	

type.(Gikas	and	Tchobanoglous,	2009)	In	the	interception	type,	wastewater	is	intercepted	

prior	entering	 the	 sewer	 laterals,	diverted	 to	a	 satellite	 system	 for	 treatment	and	reused	

locally.	The	extraction	type,	also	known	as	wastewater	“mining”	or	“scalping”,	differs	from	

the	 previous,	 as	 the	 wastewater	 is	 typically	 extracted	 from	 larger	 sewer	 trunk	 lines	 or	

interceptors.(Daigger,	 2009)	 The	 upstream	 type	 instead	 is	 usually	 adopted	 for	 suburban	

communities	that	experience	an	increased	demand	for	reclaimed	water,	and	which	are	more	

peripheral	 with	 respect	 to	 the	 centralized	 collection	 system.(Gikas	 and	 Tchobanoglous,	

2009)	For	such	systems	the	wastewater	is	collected	from	the	sewer	main	that	pertains	the	

remote	community	prior	its	introduction	in	the	centralized	collection	system.	

Although	satellite	wastewater	facilities	are	considered	self-sufficient,	they	typically	lack	the	

ability	to	process	the	generated	solids	on-site.	On	the	contrary,	the	solids	are	discharged	into	

the	hydraulically	 connected	sewer	system,	 from	which	 they	are	 transported	downstream	

and	processed	in	a	centralized	wastewater	treatment	facility,	thus	taking	advantage	of	the	
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economies	of	scale	associated	with	biogas	production.	 In	addition,	since	 the	expansion	of	

several	 of	 these	 centralized	 wastewater	 treatment	 facilities	 is	 often	 limited	 due	 to	 the	

adjacent	civic	and	industrial	 land	development,	satellite	wastewater	systems	also	provide	

the	 benefit	 of	 hydraulically	 relieving	 downstream	 centralized	wastewater	 infrastructure,	

thus	 deferring	 capital	 costs	 linked	 to	 expansion/upgrades	 of	 centralized	 infrastructure	

(Marlow	 et	 al.,	 2013).	 The	 satellite	 treatment	 facilities,	 which	 are	 already	 recognized	 as	

promising	 way	 to	 meet	 the	 growing	 water	 demand	 of	 urban	 areas,	 do	 not	 pose	 as	

replacement	for	existing	centralized	water	and	wastewater	infrastructure.	Instead,	they	are	

projected	to	be	integrated	gradually	within	existing	urban	water	systems,	thus	establishing	

a	hybrid	urban	water	system.(Daigger	and	Crawford,	2007;	Larsen	et	al.,	2013;	Roefs	et	al.,	

2017;	Tchobanogious	et	al.,	2004)	In	fact,	 it	 is	precisely	this	integration	that	has	been	the	

subject	of	recent	research	aimed	at	assessing	the	optimal	management	of	hybrid	centralized	

and	 satellite	 wastewater	 treatment	 systems.(Eggimann	 et	 al.,	 2015;	 Opher	 and	 Friedler,	

2016)	Several	of	these	studies	perform	spatial	modelling	using	site-specific	conditions	and	

geospatial	 information	 for	 the	quantification	of	sustainability	metrics	such	as	greenhouse	

gas	 emissions	 (Kavvada	 et	 al.,	 2016),	 energy	use	 (Bradshaw	and	Luthy,	 2017),	 and	 costs	

(Eggimann	et	al.,	2016;	Lee	et	al.,	2013;	Naik	and	Stenstrom,	2016).	These	studies	provide	

the	important	groundwork	for	the	design	and	planning	of	integrated	decentralized	satellite	

wastewater	systems.	Nonetheless,	the	focus	of	these	recent	studies	has	been	posed	merely	

on	the	spatial	domain,	therefore	neglecting	the	intrinsic	dynamics	that	characterize	the	day-

to-day	operation	of	wastewater	treatment	systems.	In	fact,	the	assumption	of	time-invariant	

variables,	such	as	specific	energy	use	(kWh	m-3),	specific	GHG	emissions	(kgCO2eq	kWh-1),	and	

energy	costs	(USD	kWh-1),	precludes	from	the	ability	to	examine	realistically	novel	strategies	
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that	encompass	energy	generation	systems	and	energy	tariff	structures,	indeed	known	to	be	

dynamic.	 Furthermore,	 the	 current	 lack	 of	 dynamic	 process	models	 in	 studies	 of	 hybrid	

wastewater	treatment	systems	also	prevents	the	possibility	to	account	for	the	complexity	

that	characterizes	the	various	wastewater	treatment	units.		

Thus,	the	goal	of	this	study	is	to	provide	the	first	example	of	an	integrated	dynamic	modelling	

analysis	of	hybrid	wastewater	treatment	systems.	Our	analysis	focuses	on	the	ability	to	shift	

dynamically	the	loads	of	different	satellite	wastewater	treatment	plants	to	the	centralized	

treatment	facility.	

A	 set	 of	 three	 different	 scenarios	 is	 proposed	 with	 the	 purpose	 of	 minimizing	 different	

sustainability	metrics,	 namely	 indirect	GHG	emissions,	 energy	use	and	operating	 costs.	A	

case	 study	 of	 an	 existing	 regional	 hybrid	 wastewater	 system	 is	 considered	 herein,	

comprising	a	set	of	seven	satellite	extraction	type	WRRFs	and	one	centralized	facility,	which	

are	 hydraulically	 connected.	 Data	 and	 specifications	 from	 each	 facility	 are	 utilized	 in	

conjunction	with	specific	assumptions	for	the	development	of	a	baseline	dynamic	process	

model.	 Data	 from	 each	 facility	 comprised	 various	 operational	 variables	 (i.e.,	 reactor	

dimensions,	 influent	 flows,	 constituent	 concentrations,	 aeration	 specifications,	 etc.).	

Furthermore,	dynamic	profiles	of	the	local	electrical	grid	carbon	intensity	(CI)	and	energy	

tariff	structure	are	implemented	in	the	model	in	order	to	estimate	overall	carbon	footprint	

and	costs.	
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6.3	Materials	and	Methods	

 

 6.3.1	Background	and	Description	of	the	System	of	WRRFs	

The	system	of	hydraulically	connected	WRRFs	presented	in	this	study	is	modeled	after	the	

interconnected	system	of	wastewater	conveyance	and	treatment	facilities	known	as	the	Joint	

Outfall	System	(JOS),	which	is	managed	and	maintained	by	the	Los	Angeles	County	Sanitation	

District	(LACSD).	The	JOS	provides	wastewater	treatment	services	for	4.8	million	residents	

in	73	cities	(Highter,	2012).	Designed	to	take	advantage	of	the	regional	topography,	the	JOS	

conveys	the	collected	wastewater	to	7	satellite	and	1	centralized	WRRFs	mainly	by	gravity	

(See	Fig.	6.1).			

The	satellite	facilities	provide	the	dual	purpose	of	hydraulically	relieving	the	downstream	

centralized	 system	 and	 of	 supplying	 an	 alternative	 water	 resource.	 Each	 of	 the	 satellite	

WRRFs	can	be	categorized	as	an	extraction	type,	since	the	wastewater	is	directly	mined	out	

of	the	sewer	system.	The	harvested	wastewater	is	subsequently	treated	to	title	22	standards	

via	 a	 treatment	 train	 comprising	 primary	 sedimentation,	 activated	 sludge	 treatment,	

coagulation,	 filtration,	chlorination,	and	de-chlorination.	The	residual	solids	produced	on-

site	are	discharged	in	the	main	trunk	sewers	of	the	JOS,	 from	which	they	are	transported	

downstream	and	treated	at	the	centralized	wastewater	treatment	facility.	
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Figure	6.1.	Maps	and	schematic	of	the	case	study	of	hydraulically	connected	WRRFs.	
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 6.3.2	Modelling	framework	and	boundaries	

The	 scope	 of	 this	 study	 includes	 a	 system	 of	 hydraulically	 connected	 WRRFs,	 with	 an	

emphasis	on	the	dynamics	of	variables	such	as	effluent	quality,	power	demand,	energy	use,	

costs	and	GHG	emissions.	In	order	to	provide	a	realistic	representation	of	the	behavior	of	

each	facility,	dynamic	process	sub-models	are	adopted	along	with	site-specific	data	used	as	

model	 inputs	 and	 parameters.	 The	 model	 boundary	 includes	 the	 typical	 units	 found	 in	

WRRFs:	 influent	 pump	 station,	 primary	 clarification,	 bio-reactor	 tanks,	 aeration	 system,	

secondary	clarification	and	control	 systems.	The	most	up-to-date	modelling	protocols	 for	

wastewater	treatment	are	used	as	the	framework	for	these	sub-models	(Langergraber	et	al.,	

2004;	Rieger	et	al.,	2013).	Additional	systems	are	also	modelled	such	as	sewer	hydraulics,	

indirect	GHG	emissions	and	energy	tariff	structures.	Each	sub-model	equation	was	coded	in	

Matlab	and	implemented	in	the	Simulink	platform	using	customizable	diagram	blocks	(see	

Fig.	2.15,	2.18-20,	2.24	and	2.27).	

Although	 the	 integrated	 model	 incorporates	 detailed	 features	 of	 each	 WRRFs,	 specific	

assumptions	 are	 made	 to	 limit	 the	 model	 complexity	 as	 well	 as	 to	 reduce	 excessive	

computational	overhead	required	 for	 the	simulation.	Hence,	modelling	results	are	always	

discussed	in	reference	to	model	baseline	conditions	and	not	the	utility’s	actual	operations.	

Such	 assumptions	 are	 presented	 in	 detail	 for	 each	 sub-model	 in	 the	 following	 section.	

Equations	and	further	description	of	each	sub-models	are	reported	in	Chapter	2.	
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 6.3.3	Model	structure	

  6.3.3.1	Primary	clarification	

The	primary	clarification	step	is	modelled	by	implementing	an	ideal	solid/liquid	separation	

sub-model.	Such	model	is	similar	to	point	separation	models	(i.e.,	non-spatial	models	with	a	

set	percent	removal)	with	the	exception	that	the	solids	mass	balance	is	performed	around	a	

defined	control	volume.	 In	order	to	capture	the	effects	of	 the	primary	clarification	on	the	

delay	and	attenuation	of	the	influent	dynamics,	the	need	for	a	primary	settling	model	with	a	

specified	volume	was	deemed	necessary.	The	total	volume	of	the	primary	settling	tanks	is	

divided	in	two	sub-volumes:	a	thickened	sludge	volume	and	a	clarified	volume,	for	which	the	

relative	proportions	are	specified	as	inputs.	Once	the	flow	split	(underflow	flow	rate)	and	

the	percent	solids	removal	have	been	specified,	the	mass	balance	for	each	of	the	two	volumes	

is	defined	(see	Chapter	2,	§2.2.1.1).	The	physical	parameters	that	are	considered	comprise	

the	 tank’s	 geometry,	 the	 sludge	 blanket	 height,	 the	 underflow	 operation	 (fixed	 or	

proportional)	and	the	solids	percent	removal.	

 

  6.3.3.2	Bioreactors	tanks	

The	 ASM1	was	 selected	 among	 the	 available	model	 structures	 used	 to	 describe	 the	 bio-

processes	found	in	activated	sludge	reactors	(Henze	et	al.,	1987;	Van	Loosdrecht	et	al.,	2015).	

The	selection	of	the	ASM1	structure	in	lieu	of	other	models	(i.e.,	ASM2,	ASM2d,	ASM3,	etc.)	is	

driven	by	the	absence	of	large	anaerobic/anoxic	zones	in	each	of	the	facility’s	bio-reactors,	

and	by	the	nonessential	need	to	model	the	biological	phosphorus	removal	processes,	since	

in	this	region	is	not	part	of	the	engineered	process	layout	(Langergraber	et	al.,	2004;	Rieger	

et	 al.,	 2013).	 Stochiometric	parameters	 are	 selected	based	on	 typical	 values	 found	 in	 the	
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literature,	 whereas	 the	 kinetic	 parameters	 are	 estimated	 using	 temperature	 correction	

functions	based	on	average	site-specific	liquid	temperatures	(on	average,	25	°C)	(Henze	et	

al.,	2000;	Rieger	et	al.,	2013).	For	the	centralized	WRRF	a	modified	ASM1	model	for	the	high	

purity	 oxygen	 (HPO)	 process	 was	 adopted,	 based	 on	 the	 structure	 presented	 earlier	 in	

literature	(Stenstrom	et	al.,	1989;	Tzeng	et	al.,	2003).	

	

  6.3.3.3	Air	supply	model	

It	is	recognized	that	detailed	air	supply	models	allow	to	capture	realistically	the	site-specific	

constraints	of	equipment	such	as	blowers,	valves	and	diffusers	(Amaral	et	al.,	2017;	Juan-

García	 et	 al.,	 2018;	 Reifsnyder	 et	 al.,	 2020;	 Schraa	 et	 al.,	 2017b).	 The	mechanical	 power	

demand	 from	 the	 blower	 groups	 is	 estimated	 using	 the	 adiabatic	 compression	 power	

equation	(Metcalf	and	Eddy,	2003)	(see	Chapter	2,	Eq.	2.30).	Average	wire-to-air	efficiency	

values	were	used	based	on	 the	 relative	 size	of	 the	 turbomachinery	group	of	 each	 facility	

(range:	0.55-0.75).	The	wire-to-air	efficiency	 includes	 the	various	efficiency	 losses	during	

the	 power	 transfer	 chain,	which	 includes	 the	motor	 efficiency,	 the	mechanical	 efficiency	

(bearings,	 gears,	 etc.)	 and	 the	 blower	 efficiency.	 In	 addition,	 the	 power	 demand	 of	 each	

blower	group	was	estimated	by	including	ambient	temperature	profiles	obtained	from	local	

measurements	for	the	period	under	study	(sampling	frequency	of	10	minutes).	

For	each	plant	a	PI	DO-control	structure	is	used	in	order	to	maintain	an	oxygen	setpoint	of	

2.0	mg	l-1	in	the	last	aeration	tank	(with	the	exception	of	the	centralized	WRRF	that	uses	a	

setpoint	of	4.0	mg	l-1,	see	§2.2.1.2	in	the	Appendix	for	more	information).	The	operational	

constraints	of	the	diffusers	are	accounted	for	by	imposing	limits	on	both	the	minimum	and	
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maximum	 airflow	 rate	 per	 diffuser.	 The	 number	 of	 diffusers	 for	 each	 aerated	 zone,	 in	

conjunction	 with	 diffuser	 manufacturer	 curves,	 allows	 to	 estimate	 the	 minimum	 and	

maximum	airflow	rate	per	zone.	The	total	supplied	airflow	rate	is	then	distributed	among	

each	 zone	using	 gain	blocks	 that	 are	proportional	 to	 the	maximum	airflow	of	 each	 zone.	

When	either	the	minimum	or	maximum	airflow	rate	per	diffuser	is	reached,	the	simulation	

halts	 and	 signals	 an	 error.	 Similarly,	 the	 operational	 constraints	 of	 the	 blower	 units	 are	

included	by	implementing	the	characteristic	blower	turndown	(defined,	in	percent,	as	(Qmin-

Qmax)/Qmax)	of	each	 facility.	The	pressure	drop	of	 the	air	supply	system	(system	curve)	 is	

modelled	using	a	quadratic	function,	as	presented	by	Jenkins,	2014	(see	Chapter	2,	Eq.	2.32).	

 

  6.3.3.4	Oxygen	transfer	model	

The	oxygen	transfer	rate	for	each	zone	is	estimated	using	the	equation	presented	in	ASCE,	

2018	and	Tchobanoglous	et	al.,	2014,	which	incorporates	correction	factors	that	account	for	

temperature,	salinity,	site	elevation,	diffuser	depth,	diffuser	fouling	and	the	effect	of	surface	

active	agents	(see	Appendix,	Eq.	2.19).	Consistently	with	previous	studies	(Amerlinck	et	al.,	

2016a;	Reifsnyder	et	al.,	2020),	a	dynamic	αF	factor	was	implemented	based	on	previously	

obtained	off-gas	measurements.	Furthermore,	since	αF	factors	are	known	to	increase	in	the	

direction	of	flow	(Rosso,	2018;	Stenstrom	and	Gilbert,	1981),	the	daily	average	αF	of	each	

zone	was	increased	in	the	direction	of	flow	according	to	available	off-gas	data	(see	Chapter	

2,	§2.2.1.4.1).	The	first	step	in	calculating	the	standard	oxygen	transfer	efficiency	(SOTE)	of	

each	 zone	 is	 to	 divide	 the	 supplied	 airflow	 by	 the	 number	 of	 diffusers	 (or	 total	 area	 of	

diffusers).	Once	the	specific	airflow	rate	per	diffuser	is	obtained,	the	SOTE	values	tabulated	
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in	diffuser	manufacturer	curves	can	be	retrieved	and	used	to	 infer	 the	amount	of	oxygen	

transferred	to	the	liquid	media	under	standard	conditions.		

 

  6.3.3.5	Secondary	Clarification	

The	 sub-model	 for	 the	 secondary	 clarifiers	 is	 based	 on	 the	 solids	 flux	 between	 spatially	

discretized	layers.	The	solids	mass	balance	around	each	layer	accounts	for	the	bulk	liquid	

flux	 and	 the	 gravity	 separation	 flux	 (based	 on	 concentration	 driven	 settling	 behavior)	

(Takacs	et	al.,	1991).	The	selection	of	a	 layered	flux	clarification	model	 in	 lieu	of	an	 ideal	

settling	model	is	driven	by	the	desire	to	capture	the	variation	in	solids	storage,	as	well	as	the	

sludge	 blanket	 profile,	 of	 the	 clarifier	 in	 response	 to	 the	 scheduled	 hydraulic	 diversions	

between	the	different	facilities	considered	herein.	Typical	solids	settling	parameters	have	

been	selected	for	the	activated	sludge	processes	of	the	satellite	facilities,	whereas	the	settling	

parameters	for	the	centralized	facilities	were	chosen	based	on	typical	HPO	sludge	settling	

characteristics	with	lower	sludge	volume	indices	(SVIs).(Daigger,	1995)	

 

  6.3.3.6	Sewer	Model	

In	the	JOS	network,	the	wastewater	is	conveyed	primarily	via	gravity	by	a	system	of	separate	

sewer	 interceptors	 and	 trunk	 lines.	 The	 biochemical	 transformations	 taking	 place	 in	 the	

sewer	system,	such	as	hydrolysis	and	heterotrophic	decomposition	of	organic	matter,	have	

the	potential	of	affecting	the	wastewater	composition	(Hvitved-Jacobsen	et	al.,	2002;	Sun	et	

al.,	2018).	The	modelling	of	the	transformation	and	transport	of	wastewater	constituents	in	

the	sewer	system	has	been	a	target	sought	after	by	several	studies	(Ashley	et	al.,	1999),	and	

as	such	several	degrees	of	model	complexity	have	been	previously	presented.	However,	to	
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limit	the	number	of	state	variables	used,	and	therefore	the	computational	time	required	to	

numerically	solve	them,	the	sewer	lines	were	assumed	non-reactive.	Furthermore,	the	mass	

transport	of	the	wastewater	constituents	in	the	sewer	pipelines	occurs	via	both	advection	

and	dispersion.	As	a	result,	more	comprehensive	studies	on	sewer	pipe	modelling	make	use	

of	 the	 partial	 differential	 equations	 Saint-Venant	 equations	 or	 of	 the	 semi-empirical	

Manning’s	 formula	 (Do	 Céu	 Almeida,	 1999;	 Hvitved-Jacobsen	 et	 al.,	 2013).	 However,	 the	

adoption	of	such	models	requires	extensive	field	data	campaigns	and	significantly	increases	

the	 model	 complexity.	 Furthermore,	 such	 modelling	 techniques	 typically	 find	 a	 more	

pertinent	 application	 to	 the	 analysis	 of	 combined	 sewer	 systems,	 especially	 during	wet-

weather	situations	(Hvitved-Jacobsen	et	al.,	2013).	Therefore,	for	the	dry-weather	separate	

sewer	 system	 considered	 herein	 a	 simplified	 mathematical	 model	 is	 developed	 which	

simulates	the	effect	of	both	advective	and	dispersive	transport	via	a	set	of	delays	and	transfer	

functions.	An	average	sewer	velocity	of	2	m	s-1	is	assumed,	which	resides	within	the	nominal	

design	range	for	gravity	driven	sewer	systems	(Campisano	and	Modica,	2003;	Nalluri	and	

Ghani,	1996).	Available	GIS	data	of	the	sewer	system	were	utilized	to	estimate	the	distance	

of	the	connecting	sewer	lines.	Hence,	it	was	possible	to	estimate	the	approximate	hydraulic	

delay	of	the	sewer	trunks	and	interceptors	connecting	each	satellite	facility	to	the	centralized	

plant.		

 

  6.3.3.7	Pump	models	

Wet-well	pumps	stations	are	used	at	 the	 front	head	of	each	plant	 in	order	to	provide	the	

hydraulic	 head	 necessary	 for	 transporting	 the	 influent	 wastewater	 across	 the	 various	

treatment	 processes.	 In	 order	 to	 capture	 the	 diurnal	 dynamics	 of	 the	 power	 demand	
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required	for	the	pumps	to	operate,	the	hydraulic	pump	power	equation	is	used	(see	Chapter	

2,	Eq.	2.33).	A	total	dynamic	head	of	20	meters	was	assumed	for	each	plant.	The	wire-to-

water	(WTW)	efficiency	of	the	pumps	was	selected	based	on	the	size	of	each	facility	(large	

η=0.7,	medium	η=0.6,	small	η=0.5).	

 

  6.3.3.8	Flow	Diversion	Strategy	

The	scheduled	load	diversion	of	each	satellite	WRRFs	is	determined	based	on	the	scenarios	

considered	(see	section	§	6.3.5).	A	PI	control	structure	is	used	to	vary	the	split	ratio	of	the	

influent	over	the	diverted	flow	(Qinf	/	Qdiv	)	 in	order	to	maintain	the	desired	influent	flow	

entering	the	satellite	WRRFs.	The	average	of	the	daily	minimum	flows	was	selected	as	a	set	

point	 for	 the	 influent	 flows	 entering	 each	 satellite	 facility	 during	 the	 scheduled	 load	

diversion	(see	Fig.	6.4).	Lower	influent	flow	set	points	were	not	considered,	as	they	would	

drift	outside	of	the	normal	operating	range	of	each	satellite	facility.	A	Boolean	signal	is	used	

for	the	activation	of	the	flow	diversion	strategy	in	the	specified	operating	time-window	(1=	

‘ON’,	0=	‘OFF’).	

 

 6.3.4	Data	acquisition	and	pre-processing	

A	combination	of	site-testing,	operational	data	and	equipment	specifications	were	used	for	

developing	 the	 overall	 hybrid	 WRRFs	 system	 model.	 Table	 6.1	 shows	 the	 equipment	

specification	as	well	as	the	average	daily	operational	data	for	each	of	the	eight	WRRFs.		
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Table	6.1.	Equipment	specification	and	average	operational	data	of	the	individual	WRRFs.	(Satj	=	

satellite	(upstream)	plant	(j=1-8);	Cen	=	central	(downstream)	plant).	

  Water Resource Recovery Facilities 

 Units Sat1 Sat2 Sat3 Sat4 Sat5 Sat6 Sat7 Cen 

Influent Data          

Influent Flow [m3 d-1] 1900 3.9 x104 5.3 x104 2.2 x105 1.4 x105 1.3 x105 7.9 x104 1.1 x106 

Sanitary Peak Flow [–] 1.5† 1.28 1.8 1.48 1.77 1.48 1.77 1.24 

TSS [mg l-1] 290† 267 356 340 340 315 303 496 

BOD [mg l-1] 220† 229 353 295 295 296 274 426 

COD [mg l-1]   558† 567 738 688 688 634 640 758 

Prim. Clarifiers          

Number [ – ] N/A 2 3 8 5 4 4 52 

Configuration [ – ] N/A Rectangular Rectangular Rectangular Rectangular Rectangular Rectangular Rectangular 

Dimensions (L x W x D) [m] N/A 91 x 6 x 3.5 30.5 x 6 x 3 91 x 6 x 3.5 91 x 6 x 3.5 91 x 6 x 3.5 91 x 6 x 3.5 82 x 6 x 3 

TSS Removal [%] N/A 61 66 65 62 60 67 75 

Aeration Tanks          

Number of Trains [ – ] 2 3 3 20 12 12 8 24 

Process Configuration [ – ] CEA MLE MLE SFA SFA SFA SFA HPO 

Dimensions (L x W x D) [m] 9.1 x 7.5 x 
4.5 91.5 x 9 x 4.5 79 x 9 x 4.5 68.5 x 9 x 4.5 68.5 x 9 x 4.5 68.5 x 9 x 4.5 68.5 x 9 x 4.5 76.2 x 17 x 

5.1 

Blowers          

Number [ – ] 3 3 3 5 3 5 4 N/A 

Type [ – ] Positive 
Displacem. Centrifugal Centrifugal Centrifugal Centrifugal Centrifugal Centrifugal N/A 

Capacity (per unit) [m3 h-1] 600 1 @ 9.3 x103 

2 @ 1.9 x104 2.2 x104 2 @ 3.4 x104 

3 @ 7.4 x104 7.4 x104 3 @ 3.4 x104 

2 @ 1 x105 
2 @ 1.7 x104 

3 @ 3.4 x104 N/A 

Sec. Clarifiers          

Number [ – ] 2 6 6 30 18 18 13 208 

Configuration [ – ] Rectangular Rectangular Rectangular Rectangular Rectangular Rectangular Rectangular Rectangular 

Dimensions (L x W x D) [m] 7.8 x 3 x 2.7 45.5 x 5.5 x 3 45.5 x 6 x 3 45.5 x 6 x 3 45.5 x 6 x 3 45.5 x 6 x 3 45.5 x 6 x 3 60 x 6.5 x 4.3 

Other parameters          

Altitude [m asl] 457 64 229 75 72 19 7 11 

Sewer Distance from 
Facility Cen [km] 62 36.7 65 39.6 39.6 21.6 21.6 N/A 

Sewer Trunk Hydraulic 
Delay [h] 8.6† 5.1† 9† 5.5† 5.5† 3† 3† N/A 

† Value subject to assumption. 
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  6.3.4.1	Influent	Data	

Diurnal	influent	flow	e	concentration	profiles	for	two	of	the	eight	facilities	(Sat2	and	Sat4)	

were	obtained	from	facility	records	(see	Fig.	6.3a).	For	the	other	six	facilities	the	circadian	

load	 and	 concentration	 curves	were	 constructed	 consistently	 from	 the	 available	 profiles	

based	on	the	daily	maximum,	minimum	and	average	of	the	influent	variables	for	each	facility.	

Therefore,	 dynamic	 influent	profiles	 for	 flows	 and	 concentrations	were	 reconstructed	by	

using	the	available	dynamic	profiles	of	the	2	facilities	Sat2	and	Sat4	(see	Fig.	6.2).		

 

Figure	6.2.	Illustration	of	the	steps	used	for	the	reconstruction	of	the	influent	signals	of	each	plant	

(except	Sat2	and	Sat4).	
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The	first	step	in	the	reconstruction	of	the	influent	signals	involves	the	normalization	of	the	

available	dataset	with	regards	to	the	signal	average	(see	Fig.	6.2b).	The	following	step	uses	

the	daily	maximum	and	minimum	to	adjust	the	amplitude	of	 the	normalized	signal	of	 the	

facility	with	 the	missing	dynamic	profiles	 (shown	 in	green	and	red	 lines	 in	see	Fig.	6.2c).	

Following	the	amplitude	adjustment	step,	the	absolute	signal	is	reconstructed	by	multiplying	

the	adjusted	normalized	signal	by	the	daily	average	(see	Fig.	6.2d).	

The	characterization	of	the	influent	aggregate	variables,	such	as	chemical	oxygen	demand	

(COD)	and	total	Kjeldahl	nitrogen	(TKN),	was	conducted	by	implementing	daily	average	grab	

sample	measurements.	In	order	to	ensure	that	the	fractional	proportion	of	each	aggregate	

variable	 resided	 in	 the	 typical	 range	 for	municipal	wastewater,	 the	 influent	 fractionation	

toolbox	from	SUMO®	v.20	(Dynamita;	Nyons,	France)	was	utilized.	

 

  6.3.4.2	Tariff	structure	

As	underscored	by	previous	studies	(Aymerich	et	al.,	2015;	Emami	et	al.,	2018;	Reifsnyder	et	

al.,	2020),	it	is	often	the	case	for	energy	costs	to	vary	throughout	the	day,	according	to	a	tier	

structure	 set	 by	 the	 energy	 provider.	 For	 the	 system	 under	 study,	 a	 2-tier	 energy	 tariff	

structure	is	adopted	by	a	local	energy	provider,	with	a	high	energy	cost	between	16:00	and	

21:00	(on-peak)	and	a	lower	energy	cost	during	the	remaining	hours	(off-peak;	Fig.	6.3b).	In	

order	to	estimate	total	cost	deriving	from	each	facility’s	energy	consumption,	the	delivery	

and	the	generation	costs	were	considered	for	both	the	weekdays	and	weekends.	In	addition,	

a	maximum	power	demand	charge	of	5.08	USD	kW-1	is	also	included	in	the	final	energy	costs	

projections	(see	Eq.	6.1).	
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Eq.6.1.	Costs	expression	based	on	energy	use	and	peak	power	demand	of	each	facility	

 

 
where t1 and tfin are the initial and final simulation time, respectively. 
 

  6.3.4.3	Carbon	intensity	of	the	electrical	grid	

To	account	for	the	diurnal	variations	of	indirect	GHG	emissions	associated	with	daily	energy	

consumption,	dynamic	carbon	 intensity	(CI)	profiles	(also	known	as	carbon	output	rates)	

were	retrieved	 from	historical	data	made	available	by	 the	California	 Independent	System	

Operator	 (CAISO)	 (see	Fig.	 6.3c).	The	 cumulative	 carbon	 footprint	 of	 each	 facility	 is	 then	

calculated	by	 computing	 the	 sum	over	 the	entire	 simulation	period	of	 the	product	of	 the	

carbon	output	rate	and	the	energy	consumption	at	each	time	step	(see	Eq.	6.3).	

	

Eq.6.2.	Carbon	footprint	expression	of	each	facility	

,where	

	t1	and	tfin	are	the	initial	and	final	simulation	time,	respectively. 
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Figure	6.3.	Dynamic	measurement	profiles:	(a)	influent	flowrate	of	plant	Sat4,	(b)	time-of-use	energy	

tariff	and	(c)	carbon	intensity	of	the	electrical	grid.	

 

 6.3.5	Scenarios	and	evaluation	metrics	

Three	 different	 scenarios	 are	 considered	 in	 this	 study,	 each	 based	 on	 a	 scheduled	 load	

shifting	of	the	influent	load	of	each	satellite	wastewater	treatment	plant	to	the	centralized	

treatment	facility.	The	underlying	concept	of	such	strategy	relies	on	exploiting	the	hydraulic	

delay	of	the	sewer	system	for	the	deferral	of	the	treatment	intensity	between	hydraulically	

connected	facilities.	The	assessment	of	each	scenarios	is	performed	in	terms	of	indirect	GHG	

emissions,	energy	use	and	operating	costs.	Additional	metrics	such	as	effluent	quality	and	

Time-of-use energy tariff (b)

0.0

0.1

0.2

0.4

0.3

[U
S

D
 k

W
h-1

]
Influent flowrate (Sat4) (a)

[m
3  d

ay
-1

]

0.0
0.5

1.5
1.0

2.0
2.5
3.0 x105

Electrical Grid Carbon Intensity (c)
0.4

0.3

0.2

0.1

0.0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

[k
g C

O
2e

q 
 k

W
h-1

]

[Days]



 

225 
 

equipment	limitation	are	also	taken	into	consideration.	The	dynamic	load	shifting	strategy	

of	 each	 scenario	 are	 illustrated	 in	 Fig.	 6.4	 considering	 a	 single	 satellite	 WRRF	 and	 the	

receiving	 centralized	 WRRF.	 The	 three	 scenarios	 are	 further	 discussed	 in	 the	 following	

sections.		

 

 

Figure	6.4.	Scheduled	load	shifting	strategies.	Scenario	1	focuses	on	shifting	the	flow	during	peak	

energy	cost	times	(grid	ramping	hours	–	16:00	to	21:00);	Scenario	2	attempts	to	equalize	the	flow	of	

the	centralized	plant	by	reducing	the	dip	of	the	flow	profile	(low	loading	hours	–	2:00	to	11:00);	in	

Scenario	3	the	flow	is	shifted	during	the	GHG	emission	peak	of	the	satellite	facilities	(19:00	to	00:00).	

 

  6.3.5.1	Scenario	1:	Demand	Response	

In	 the	 first	 scenario	 the	 scheduled	 load	 shifting	 is	 implemented	 as	 a	 demand	 response	

measure	 towards	 peak	 time-based	 rates	 that	 are	 aimed	 at	 shifting	 the	 user’s	 energy	

consumption	during	the	day.	In	this	study	the	demand	response	strategy	is	based	on	the	2-
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tier	 time-of-use	 (TOU)	 energy	 tariff	 structure	 introduced	 previously	 (see	 subsection	

§6.3.4.2).	 For	 the	 system	 under	 study,	 the	 progressive	 introduction	 of	 renewable	 solar	

energy	 has	 resulted	 in	 the	 manifestation	 of	 the	 well-know	 “duck	 curve”	 phenomenon,	

characterized	by	an	apparent	decrease	of	net	power	demand	of	the	electrical	grid	during	the	

late	 afternoon	 hours.	 As	 such	 energy	 grid	 operators	 are	 confronted	with	 two	 significant	

challenges:	oversupply	of	renewable	energy	during	mid-day	times	and	grid	ramping	during	

loss	of	solar	generation.	These	factors	have	motivated	energy	providers	to	incentivize	energy	

use	during	high	solar	generation	and	to	deter	it	during	ramping	conditions	(“neck”	of	the	

duck),	 often	 by	means	 of	 economic	 incentives.	 As	 such	 a	 2-tier	 energy	 tariff	 structure	 is	

adopted	by	energy	provider	of	the	system	under	study,	with	a	high	energy	cost	between	the	

hours	of	16:00	and	21:00	(on-peak)	and	a	lower	energy	cost	during	the	remaining	hours	(off-

peak).	 Therefore,	 in	 scenario	 1,	 during	 grid	 ramping	 hours	 (16:00-21:00)	 each	 satellite	

WRRFs	 diverts	 the	 incoming	 load	 to	 the	 centralized	 plant,	 while	 still	 maintaining	 their	

diurnal	 minimum	 influent	 flow	 according	 to	 the	 control	 strategy	 outlined	 in	 §6.3.3.8.	

However,	 it	 is	 important	 to	mention	that	 if	 the	hydraulic	delay	of	 the	shifted	 flow	from	a	

satellite	plant	is	shorter	than	the	grid	ramping	hour	time	interval,	a	partial	amount	of	flow	

will	 still	 be	 received	 by	 the	 centralized	 plant	 during	 the	 ramping	 in	 power	 demand.	

Therefore,	 the	 relative	distance	between	 the	 two	 facilities	plays	 an	 important	 role	 in	 the	

relative	success	of	such	strategy.	
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  6.3.5.2	Scenario	2:	Centralized	Flow	Equalization	

The	focus	of	the	second	scenario	is	posed	on	the	equalization	of	the	centralized	plant’s	daily	

influent	flows.	In	general,	a	flow	is	said	to	be	equalized	if	the	flow	is	more	or	less	constant	

with	 time.(LaGrega	 and	 Keenan,	 1974)	 For	 this	 scenario,	 the	 diverted	 flows	 from	 each	

satellite	 WRRFs	 are	 scheduled	 with	 the	 intent	 of	 increasing	 the	 incoming	 loads	 of	 the	

centralized	plant	during	low	loading	hours	(see	Fig.	6.4).	The	centralized	plant	thus	benefits	

from	 having	 a	 lower	 peak-to-peak	 amplitude	 of	 the	 influent	 flow,	 with	 resulting	

improvement	in	process	stability	and	consequent	reduction	of	the	operational	variability	of	

facility	 equipment,	 such	 as	 pumps	 and	 aeration	 equipment.	 The	 Shuffled	 Complex-Self	

Adaptive	Hybrid	 EvoLution	 (SC-SAHEL)	 algorithm,	 also	 implemented	 in	 previous	 studies	

(Rahnamay	Naeini	et	al.,	2018;	Reifsnyder	et	al.,	2020),	was	used	to	minimize	the	variability	

of	the	centralized	influent	flows	during	low	loading	hours	(02:00-11:00).	For	this	scenario,	

three	progressively	decreasing	 influent	 set	points	are	 considered	 for	each	of	 the	 satellite	

plants,	 the	 lowest	 being	 the	 average	 minimum	 daily	 flow	 (see	 Fig.	 6.5).	 Once	 the	 daily	

minimum	influent	flow	time	has	been	set	(t4),	the	time	intervals	of	the	three	setpoints	are	

parameterized	(θ1,	θ2,	θ3,	and	θ4)	and	are	used	as	decision	variables	during	the	optimization	

phase	 (see	 Fig.	 6.5).	 During	 each	 simulation	 the	 four	 parameters	 do	 not	 change	 and	 are	

applied	to	each	day	of	simulation.	
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Figure	6.5.	Example	of	the	parameters	used	to	identify	the	optimal	scheduling	of	the	3-tier	influent	

flow	setpoints	during	the	load	shifting	events	of	Scenario	2	(Sat6).	The	4	parameters	θ1,	θ2,	θ3,	and	

θ4	are	varied	during	the	optimization	phase,	whereas	the	time	of	the	day	when	the	daily	minimum	

typically	occurs	is	fixed	(t4).	

Once	 the	convergence	 to	 the	optimized	set	of	parameters	 is	 reached,	 the	daily	 scheduled	

times	of	the	3-tier	influent	flow	setpoints	are	obtained	for	each	satellite	facility	(t1,	t2	and	t3),	

which	will	remain	fixed	during	the	entire	2-week	simulation	period	of	Scenario	2.		

The	monotonicity	of	the	three	setpoints	ensures	that	influent	flow	progressively	decreases	

towards	the	diurnal	minimum.	This	decision	is	made	to	avoid	running	the	risk	of	increasing	

the	number	of	on-off	events	of	the	onsite	equipment	of	each	satellite	plant,	such	as	pumps	

and	blowers.	

The	 selection	 of	 three	 tiers	 is	 arbitrary	 and	 originates	 from	 the	 desire	 to	 achieve	 a	

satisfactory	centralized	flow	equalization,	which	would	not	be	possible	in	the	case	of	a	single	

influent	setpoint.	Furthermore,	although	a	greater	number	of	influent	setpoint	tiers	is	likely	

to	 ensure	 better	 downstream	 equalization,	 it	 would	 also	 result	 in	 a	 more	 complex	 load	

Q
in
 [m

3  d
ay

-1
]

x104

23:00
Time [days]

12

6

8

10

4

0

2

�1

t423:00 23:00 23:00t3

t2t1
Q y

min



 

229 
 

shifting	 strategy	 (impractical	 under	 real	 operating	 condition),	which	 also	 leads	 to	 a	 high	

dimensionality	of	the	optimization	problem.		

 

  6.3.5.3	Scenario	3:	Greenhouse	Emissions	Offset	

The	third	scenario	 targets	 the	curtailment	of	 the	overall	daily	GHG	peak	emissions	of	 the	

system	 of	 satellite	 WRRFs.	 For	 this	 scenario	 the	 load-shifting	 operations	 are	 scheduled	

during	the	highest	 indirect	GHG	emission	hours	of	each	satellite	facility,	with	a	maximum	

load	 diversion	 time	 set	 to	 5h.	 The	 GHG	 emission	 rates	 profiles	 of	 the	 satellite	 facilities	

retrieved	by	multiplying	the	power	demand	at	each	time	step	by	the	dynamic	emission	factor	

profile	(see	Fig.	6.3c	in	the	main	manuscript).	Subsequently,	a	five-hour	load	shifting	window	

was	centered	around	the	diurnal	peaks	of	the	calculated	GHG	emission	rates.	Although	the	

peak	 of	 indirect	 GHG	 emissions	 varies	 according	 to	 the	 daily	 energy	 contribution	 from	

renewables,	peak	emission	hours	for	the	considered	system	of	facilities	typically	fall	between	

19:00	and	00:00.		

	

 6.3.6		 Energy	use,	costs	and	GHG	emissions	

The	energy	use,	costs	and	GHG	emission	of	each	facility	are	estimated	separately,	and	then	

added	together	in	order	to	obtain	the	overall	estimates	of	the	hybrid	system	of	plants.	These	

three	performance	metrics	are	estimated	without	the	use	of	customizable	block	diagrams,	

and	are	instead	built	with	a	simple	set	of	operation	blocks	already	available	in	the	Simulink	

default	library	(see	Fig.	6.6).	Since	a	variable	step	solver	(ode23t)	is	used	to	numerically	solve	

the	 various	 differential	 equations,	 the	 variables	 such	 as	 energy	 and	 greenhouse	 gas	

emissions	 are	 computed	 using	 the	 time	 step	 interval	 logged	 at	 each	 time	 step.	 A	 more	
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detailed	mathematical	expression	for	the	costs	and	greenhouse	gas	emissions	are	reported	

in	the	main	manuscript	(Eq.	6.1	and	6.2).	

	

 

Figure	6.6.	Simulink	block	diagrams	used	to	calculate	the	energy	use,	the	GHG	emissions	and	the	

operating	costs.	
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6.4	Results	

 
 6.4.1	Scenario	1:	Demand	Response	

In	the	first	scenario,	the	action	of	shifting	the	influent	load	of	the	satellite	facilities	is	used	as	

demand	response	strategy,	which	allows	to	defer	the	power	required	for	treatment	after	grid	

ramping	hours	(16:00	to	21:00).	It	is	however	important	to	ensure	that	effluent	quality	goals	

of	the	centralized	facility	are	met	throughout	the	receiving	hours	of	the	diverted	flows	from	

the	 upstream	 satellite	 plants.	 The	 centralized	 facility	 primarily	 targets	 the	 abatement	 of	

carbonaceous	constituents	via	an	HPO	process,	which	is	not	uncommon	for	large	plants	in	

the	United	States.	Discharge	effluent	requirements	do	not	require	the	centralized	facility	to	

remove	nitrogenous	compounds,	and	as	such	nitrification	does	not	take	place	in	the	aeration	

tanks.	

Figure	6.7	shows	the	simulated	profiles	for	the	main	variables	of	interest	in	the	centralized	

WRRFs.	An	increase	in	peak	flows	to	the	centralized	facility	 is	observed	as	a	result	of	the	

scheduled	flow	diversion.	Nevertheless,	such	influent	flow	peaks	still	maintain	values	equal	

or	lower	than	the	design	capacity	of	the	facility	(see	Fig.	6.7a).	Furthermore,	an	increase	in	

power	demand	 is	 also	observed	with	 respect	 to	baseline	 conditions	during	 the	 receiving	

hours	of	the	diverted	flows	(see	Fig.	6.7b).	Such	increase	in	power	demand	stems	from	the	

need	 to	 increase	 influent	 pumping	 rates	 and	 also	 the	 need	 to	 maintain	 desired	 oxygen	

concentrations	in	the	HPO	reactors	by	increasing	the	speed	of	the	surface	agitators.	Figure	

6.7c	shows	also	an	increase	in	TSS	effluent	concentrations	during	the	receiving	hours	of	the	

diverted	flows,	yet	still	complying	with	the	discharge	limit	(<30	mgTSS	l-1).	When	considering	

other	effluent	metrics,	such	as	total	nitrogen	(TN)	and	chemical	oxygen	demand	(COD),	no	

significant	changes	are	observed	(see	Fig.	6.7d	and	6.7e).	
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Figure	6.7.	Variables	of	interest	under	Scenario	1	for	the	centralized	WRRF.	(a)	Influent	flow	rate,	

(b)	power	demand,	(c)	effluent	suspended	solids,	(d)	effluent	total	nitrogen	and	(e)	effluent	chemical	

oxygen	demand. 
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Figure	 6.8a	 provides	 a	 view	 of	 the	 simulated	 total	 power	 profile	 of	 the	 entire	 system	 of	

WRRFs	 for	1	week,	under	both	the	baseline	condition	(dashed	black	 line)	and	Scenario	1	

(continuous	line).	The	reduction	in	power	demand	during	grid	ramping	hours	(dashed	grey	

lines)	 is	 highlighted	 in	 yellow.	 Such	 reduction	 is	 followed	 by	 an	 increase	 in	 total	 power	

demand	 as	 a	 result	 of	 the	 shifting	 in	 treatment	 intensity	 to	 the	 centralized	 facility	

(highlighted	 in	 light	 red).	 However,	 the	 increase	 in	 power	 demand	 relative	 to	 baseline	

conditions	 is	 lower	 compared	 to	 the	 achievable	 power	 reduction	 during	 load	 shifting	

operations.	 This	 occurs	 as	 a	 result	 of	 higher	 efficiency	 of	 the	 larger	 centralized	 influent	

pumps,	 as	 well	 as	 of	 the	 typically	 lower	 amplitude	 of	 the	 aeration	 power	 profile	 that	

characterizes	the	HPO	process	in	the	centralized	plant	(Wilcox	and	McWhirter,	1971).	
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Figure	6.8.	Total	power	of	 the	system	of	8	WRRFs.	 (a)	Total	power	demand	profiles	 for	baseline	

conditions	and	for	the	demand	response	load	shifting	strategy	(Scenario	1).	(b)	Box	plots	showing	

the	quartiles	of	the	power	demand	during	the	electrical	grid	ramping	hours	(16:00-21:00)	for	the	

baseline	 and	 Scenario	 1.	 (c)	 Probability	 distribution	 of	 the	 reduction	 in	 power	 demand	 during	

ramping	hours.	

 

The	box	plots	shown	in	Fig.	6.8b	provide	a	comparison	between	the	power	distribution	for	

the	 baseline	 system	 and	 for	 the	 demand	 response	 strategy	 (Scenario	 1)	 during	 the	 grid	

ramping	period.	It	can	be	observed	how	the	flow	diversion	of	the	satellite	facilities	allows	to	
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shift	down	the	operating	power	distribution	of	the	overall	system	of	plants,	with	a	reduction	

in	mean	power	demand	during	grid	ramping	hours	of	3.7	MW.	The	distribution	in	Fig.	6.8c	

illustrates	the	probability	of	achieving	a	specific	reduction	in	power	demand	during	the	load	

shifting	event,	with	an	estimated	maximum	power	reduction	of	5.5	MW	(or	approximately	

25%	of	the	overall	system).	

 

 6.4.2	Scenario	2:	Centralized	Flow	Equalization	

In	 Scenario	 2	 the	 equalization	 of	 the	 influent	 flow	 entering	 the	 centralized	 plant	 is	

prioritized.	 An	 approximate	 104	 simulations	 were	 required	 in	 order	 to	 satisfy	 the	

convergence	 criteria	 of	 the	 SC-SAHEL	 optimization	 method.	 Following	 the	 optimization	

phase,	 the	 scheduling	 parameters	 of	 the	 3-tier	 flow	 diversions	 (θ1,	 θ2,	 θ3,	 and	 θ4)	 of	 the	

satellite	 plants	 are	 identified	 and	 saved	 (see	 Table	 6.2).	 These	 parameters	 also	 provide	

information	on	the	time	of	the	day	when	each	influent	setpoint	tier	(t1,	t2	and	t3)	is	triggered	

for	each	satellite	facility.	The	optimized	3-tier	scheduling	time	are	used	to	trigger	the	flow	

divergence	event	of	each	satellite	facility	for	each	day	of	the	entire	simulation. 	
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Table	6.2.	Optimized	3-tier	scheduling	parameters	(θ1,	θ2,	θ3,	and	θ4)	for	each	satellite	facility.	The	

times	of	the	day	at	which	each	tier	is	scheduled	are	also	shown	(t1,	t2,	t3	and	t4).	

Satellite 
WRRFs θ1 θ2 θ3 θ4 

3-tier scheduling time (hour 
of the day) 

t1 t2 t3 t4 
Sat 1 0h, 0min 0h, 0min 0h, 0min 0h, 0min – – – – 

Sat 2 8h, 6min 3h, 0min 2h, 10min 2h, 56min 22:20 01:20 03:30 06:26 
Sat 3 0h, 0min 0h, 0min 0h, 0min 0h, 0min – – – – 
Sat 4 10h, 6min 1h, 50min 8h, 0min 0h, 16min 21:10 23:00 07:00 07:16 
Sat 5 9h, 16min 2h, 40min 6h,0min 0h, 36min 22:00 00:40 06:40 07:16 

Sat 6 6h, 26min 1h, 30min 1h, 50min 3h, 6min 00:50 02:20 04:10 07:16 

Sat 7 7h, 56min 2h, 0min 2h, 40min 3h, 16min 23:20 01:20 04:00 07:16 

 

Figure	6.9	shows	the	first	three	days	of	simulations	of	the	resulting	influent	flows	for	each	

satellite	 facility.	 It	 is	 worth	 mentioning	 that	 for	 both	 Sat1	 and	 Sat3	 (Fig.	 6.9a	 and	 6.9c	

respectively),	no	scheduled	flow	diversion	occurs.	Such	finding	can	find	an	explanation	in	the	

relatively	long	distance	that	separated	these	satellite	facilities	from	the	centralized	plant	(62	

and	65	km	respectively).	In	fact,	if	a	flow	diversion	were	to	take	place	for	either	Sat	1	or	Sat3,	

the	diverted	flow	would	reach	the	centralized	plant	at	the	time	when	the	centralized	plant	is	

experiencing	its	first	daily	peak	(past	10:00-11:00).	As	such,	the	constraints	imposed	on	the	

optimizer	 prevent	 the	 triggering	 of	 the	 satellite	 flow	 diversion	 that	 would	 undesirably	

increase	the	flow	outside	of	the	hours	when	the	dip	in	centralized	influent	occurs.	In	the	case	

of	Sat4	and	Sat5,	the	optimized	solution	results	in	the	third	influent	setpoint	to	occur	at	a	

time	when	the	diurnal	flow	is	almost	at	minimum.	Therefore,	almost	entirely	avoiding	a	third	

influent	setpoint	flow	diversion	to	the	centralized	plant.	When	considering	Sat2,	Sat6	and	Sat	

7	all	of	the	3-tier	setpoints	flow	diversion	take	place,	although	each	at	slightly	different	times	

(see	Table	6.2).	
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Figure	6.9.	Influent	flow	profiles	of	the	first	3	days	of	simulation	for	each	satellite	WRRFs	under	

Scenario	2. 
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In	Fig.	6.10a	and	6.	10b	the	3-tier	influent	set	points	of	the	plants	Sat2	and	Sat4,	respectively,	

are	illustrated	for	the	first	3	days	of	simulation.	The	scheduling	times	of	the	3-tier	influent	

setpoints	are	different	for	each	satellite	plant	and	are	mainly	dependent	on	their	size	and	on	

the	 relative	 distance	 of	 the	 sewer	 line	 that	 links	 the	 plant	 to	 the	 centralized	 facility.	 By	

correctly	 timing	 the	 influent	 set	 point	 according	 to	 a	 3-tier	 strategy,	 the	 compounded	

diverted	flows	of	all	the	satellite	plants	(Fig.	6.	10c)	allow	to	reduce	significantly	the	drop	in	

influent	flow	of	the	centralized	plant	during	low	loading	hours,	as	seen	in	Fig.	6.	10d.		

From	 Fig.	 6.	 10d	 it	 can	 be	 observed	 that,	 although	 a	 perfect	 flow	 equalization	 is	 not	

achievable	for	each	of	the	simulated	days,	a	significant	reduction	in	the	centralized	influent	

flow	variability	is	achieved,	especially	during	weekdays.		
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Figure	6.10.	Flow	profiles.	3-day	influent	flow	profiles	of	baseline	conditions	and	Scenario	2	for	(a)	

Sat2	and	(b)	Sat4.	(c)	Time	evolution	of	the	flows	diverted	from	the	satellite	WRRFs	at	the	receiving	

end	of	the	centralized	facility.	(d)	Baseline	and	Scenario	2	flow	profiles	for	the	centralized	(Cen)	plant.	

 

 6.4.3	Scenario	3:	Greenhouse	Emissions	Offset	

For	 Scenario	 3,	 the	 scheduled	 flow	 diversion	 is	 deliberately	 selected	 to	 lower	 the	 total	

indirect	GHG	emissions	by	targeting	the	daily	peak	emission	hours	of	each	facility.	Similarly	
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to	Scenario	1,	 the	 influent	 flow	rates	of	each	satellite	WRRFs	are	shifted	during	a	5-hour	

timeslot	(19:00-00:00).	Figure	6.11	shows	the	equivalent	CO2	emission	rates	expressed	in	

megagrams	 (or	 metric	 tons)	 per	 hour	 for	 the	 baseline	 system	 (dashed	 black	 line)	 and	

scenario	3	(continuous	line)	during	the	first	week	of	simulation.	The	avoided	GHG	emissions	

during	the	load	shifting	(dashed	grey	lines)	are	highlighted	in	yellow.	An	approximate	17%	

reduction	in	GHG	emission	is	achievable	during	the	load	shifting	event.	

 

 

Figure	6.11.	Total	GHG	emissions	profiles	for	baseline	conditions	and	for	the	GHG	offset	strategy	

(scenario	3).	For	such	strategy	the	flow	is	shifted	during	the	peak	GHG	emissions	hours	(19:00	to	

00:00).	

 

 6.4.4	Overall	System	Performance	

When	 considering	 different	 scenarios	 based	 on	 inter-facility	 load	 shifting	 strategies,	 it	 is	

important	 to	 also	 track	 the	 volumes	 of	 water	 displaced.	 In	 fact,	 as	 oftentimes	 satellite	

facilities	emerge	from	the	need	to	reclaim	the	locally	generated	wastewater,	scheduled	load	

diversions	can	be	in	conflict	with	recycled	water	targets	of	the	individual	satellite	facility.	To	
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address	 this	 consideration,	 Fig.	 6.12a,	 6.	 12b	 and	 6.	 12c	 provide	 a	 bubble-pie	 chart	

illustration	of	the	monthly	cumulate	volumes	of	water	displaced	for	each	scenario.	The	color-

coded	slices	of	each	pie	chart	exhibit	 the	water	volumes	shifted	 from	each	satellite	plant.	

Scenario	1	results	in	the	highest	volume	of	water	diverted	to	the	centralized	plant,	with	an	

approximate	2.4x106	m3	mo-1	of	diverted	water	(or	12.7%	of	the	overall	satellite	influent,	

Fig.	 6.12a).	 Scenario	 3,	 although	 assuming	 a	 different	 strategy,	 diverts	 an	 equally	

commensurate	 volume	 of	 water	 (2.4x106	 m3	 mo-1	 or	 12.3%,	 Fig.	 6.12c).	 Conversely,	 the	

strategy	 that	 prioritizes	 centralized	 flow	 equalization	 (Scenario	 2),	 displays	 the	 lowest	

amount	of	diverted	water	(1.3x106	m3	mo-1	or	6.8%,	Fig.	6.12b).		
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Figure	6.12.	Water	volumes	for	the	7	satellite	WRRFs.	The	monthly	diverted	volumes	of	water	are	

displayed	 for	 (a)	 Scenario	 1,	 (b)	 Scenario	 2	 and	 (c)	 Scenario	 3.	 Each	 coloured	 slice	 shows	 the	

contribution	of	diverted	volumes	of	water	of	each	satellite	plant.	The	percentage	of	water	treated	by	

each	satellite	plant	is	shown	for	(d)	Scenario	1,	(e)	Scenario	2	and	(f)	Scenario	3.	
 

Figures	6.12d,	6.12e	and	6.12f	show	the	remaining	water	volumes	available	for	reuse	at	each	

satellite	 plant	 location.	 For	 Scenario	 1	 (demand	 response)	 between	 83%	 (Sat3)	 and	

89%(Sat4)	of	 the	original	 influent	 flows	of	each	 individual	satellite	plant	are	retained	 for	

Scenario 1
(Demand Response)

Scenario 2
(Flow Equalization)

Scenario 3
(GHG Offset)
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possible	reclamation.	In	Scenario	3	an	analogous	range	(83%	(Sat3)	and	90%(Sat4))	is	also	

observed	(see	Fig.	6.12e).	The	attempt	to	equalize	the	centralized	flow	(Scenario	2)	instead	

leads	 to	 a	 solution	 that	 forsakes	 diversion	 of	 the	 farthest	 satellite	WRRFs	 (100%	 of	 the	

original	volumes	for	Sat1	and	Sat3).	Furthermore,	when	compared	to	the	other	Scenarios,	

the	satellite	plants	that	do	participate	in	the	load	shifting	strategy	of	Scenario	2	still	retain	

between	88%	(Sat2)	and	96%(Sat6)	or	the	baseline	influent	flows,	thus	available	for	local	

reclamation	(see	Fig.	6.12e).	

The	overall	performance	of	the	system	of	eight	plants	in	terms	of	total	costs,	energy	use	and	

GHG	emissions	is	presented	in	Fig	6.13d.	As	a	result	of	prioritizing	load	shifting	operations	

during	hours	of	high	energy	cost,	Scenario	1	provides	the	most	cost-effective	option	with	

monthly	savings	of	138,000	USD	mo-1	with	respect	to	baseline	conditions.	Scenario	1	also	

yields	 the	 highest	 saving	 in	 terms	 of	 energy	 use	 (490	 MWh	 mo-1),	 although	 still	

commensurate	to	energy	savings	presented	in	Scenario	3	(480	MWh	mo-1).	Scenario	3	curbs	

GHG	 emissions	 to	 the	 lowest	 value	 among	 the	 three	 scenarios	 (150	Mg	 CO2eq	mo-1)	 by	

lowering	 the	 power	 demand	 during	 the	 peak	 indirect	 emission	 hours.	 More	 contained	

reductions	for	each	performance	metric	are	observed	for	Scenario	2.		
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Figure	6.13.	Summary	of	the	performance	metrics.	Radar	charts	illustrate	the	performance	metrics	

in	percent	reduction	(positive	sign)	of	each	plant	for	(a)	Scenario	1;	(b)	Scenario	2;	(c)	Scenario	3.	(d)	

Bar	plot	of	the	showing	the	hybrid	system’s	total	percent	reduction	of	the	performance	metrics	for	
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each	of	 the	 three	scenarios	considered.	The	continuous	black	 line	 in	 the	center	of	 the	radar	plots	

denotes	a	0%	improvement	of	the	performance	metrics.	
 

In	addition,	for	the	three	scenarios	an	individualized	view	of	the	performance	of	each	of	the	

8	plants	 is	shown	by	use	of	radar	plots	(Fig.	6.13a,	6.13b	and	6.13c).	For	scenario	1	(Fig.	

6.13a),	 the	 smaller	 facilities	 (i.e.	 Sat1,	 Sat2	and	Sat3)	display	higher	percent	 reduction	 in	

terms	 of	 each	 of	 the	 three	 metrics	 (26-28%	 costs,	 17-18%	 energy	 and	 17-18%	 GHG)	

compared	 to	 the	 larger	 plants	 (20-24%	 costs,	 12-15%	 energy	 and	 12-15%	 GHG).	 Such	

difference	 comes	 as	 a	 result	 of	 the	 higher	 equipment	 inefficacies	 (pumps,	 blowers,	 etc.)	

found	in	smaller	facilities,	which	consequently	result	in	higher	percent	savings	per	mass	of	

load	diverted.	Similar	considerations	are	also	observed	when	viewing	the	individual	plant	

performance	under	scenario	3	(Fig.	6.13c).	Compared	to	the	aforementioned	scenarios,	the	

individual	facilities	in	scenario	2	show	a	lower	percent	reduction,	with	the	exception	of	Sat	

1	and	Sat	3	that	do	not	display	any	change	since	they	do	not	divert	any	flow	(black	continuous	

line	in	the	center	represents	a	0%	reduction,	Fig.	6.13b).	
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6.5	Discussion	

The	 results	 obtained	 from	 our	 analysis	 provide	 a	 new	 facet	 to	 the	 ongoing	 dialog	 on	

sustainable	urban	water	management.	Differently	from	previous	work,	the	dynamic	analysis	

of	 hybrid	wastewater	 treatment	 systems	 presented	 here	 provides	 the	 ability	 to	 access	 a	

holistic	 set	 of	 operational	 strategies,	 which	 would	 not	 be	 otherwise	 achievable	 via	 a	

conventional	time-invariant	analysis.	Through	each	of	the	three	scenarios	we	illustrate	the	

ability	 to	 use	 an	 inter-facility	 influent	 load	 shifting	 strategy	 that	 appeals	 to	 different	

stakeholders.	

In	the	 first	scenario	we	employ	a	demand	response	strategy	as	a	reactive	measure	to	the	

ramping	up	of	the	electrical	grid	in	the	late	afternoon	hours.	The	pronounced	electrical	grid	

ramping	phenomenon	originates	from	the	progressive	incorporation	of	renewable	systems	

into	the	power	generation	portfolio	of	a	specific	region.	This	condition,	also	known	as	“duck	

curve”,	 has	 become	 an	 increasingly	 observed	 trend	 for	 several	 cities	 worldwide	 as	 they	

transition	towards	greener	sources	of	energy.	Therefore,	the	evolution	of	the	urban	electrical	

grids	 towards	 a	more	 sustainable	 state	 bears	 the	 challenge	 of	 dynamically	matching	 the	

rapid	increase	in	net	power	demand	in	the	late	afternoon	hours.	To	address	this	emerging	

challenge,	 in	 the	 first	scenario	we	adopt	a	demand	response	strategy	 to	 lower	 the	power	

required	for	wastewater	treatment	during	grid	ramping	hours	by	taking	advantage	of	the	

interconnected	nature	of	a	hybrid	system	of	wastewater	treatment	plants.	Differently	from	

other	demand	response	studies	that	propose	the	suspension	of	the	treatment	operations	of	

a	single	facility(Kirchem	et	al.,	2020;	Schäfer,	2020;	Schäfer	et	al.,	2017),	the	integrated	multi-

plant	approach	proposed	here	allows	wastewater	utilities	to	partake	in	demand	response	

programs	 without	 the	 need	 to	 shutdown	 treatment	 operations.	 For	 the	 case	 study	
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considered,	a	maximum	reduction	of	25%	(5.5	MW)	in	total	power	demand	was	estimated.	

Such	finding	informs	the	potential	for	hybrid	WRRF	systems	to	introduce	flexibility	into	the	

power	markets,	and	consequently	promotes	the	opportunity	for	the	wastewater	utilities	to	

enter	 incentive-based	 energy	 programs,	 such	 as	 demand	 response	 or	 time-of-use	 (ToU)	

energy	 tariff	 structures.	 Thus,	 the	 prime	 stakeholders	 involved	 in	 this	 scenario	 are	 the	

electric	grid	operators	and	the	sanitation	district,	both	of	which	respectively	gain	benefits	in	

terms	of	operational	flexibility	and	economic	incentives.	

In	the	second	scenario	the	equalization	of	the	centralized	facility	takes	priority	over	other	

operational	 schemes.	The	 load	shifting	of	each	satellite	 facility	was	optimized	 to	obtain	a	

satisfactory	downstream	equalization	while	also	preventing	an	 increase	 in	the	number	of	

on/off	 switching	 events	 of	 equipment	 at	 the	 satellite	 plants.	 The	 equalization	 of	 the	

centralized	 influent	 flow	 via	 the	 dynamic	 load	 shifting	 of	 each	 satellite	 plant	 provides	 a	

resourceful	tool	for	centralized	facilities	that	do	not	have	access	to	neighboring	land	for	the	

construction	of	equalization	tanks.	As	such,	flow	equalization	can	still	be	achieved	without	

the	 need	 to	 undertake	 expensive	 equalization	 projects.	 Notable	 benefits	 come	 with	 the	

ability	to	equalize	the	influent	flows.	A	few	noteworthy	are:	i)	the	overall	improvement	in	

performance	 of	 the	 sedimentation	 tanks	 by	 preventing	 sudden	 changes	 in	 hydraulic	

flows;(Foess	et	al.,	1977)	ii)	the	simplification	of	the	controls	associated	with	pumping	of	the	

recirculated	 activated	 sludge	 (RAS),	 and	 therefore	 improved	 control	 over	 the	 solids	

concentrations	in	the	aeration	tanks;(Foess	et	al.,	1977)	iii)	improved	operation	of	tertiary	

processes	such	as	disinfection	and	membrane	separation;(Foess	et	al.,	1977;	Krzeminski	et	

al.,	2017;	Ueda	and	Hata,	1999)	iv)	overall	reduction	of	operational	variability	of	equipment,	

which	leads	to	reduced	equipment	wear,	extension	of	equipment	life-time	and	consequent	
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savings	in	terms	of	maintenance	costs.(E.	Lansey	and	Awumah,	1994;	Fernández	et	al.,	2011;	

Khatavkar	 and	 Mays,	 2017)	 Although	 savings	 in	 terms	 of	 energy	 use,	 greenhouse	 gas	

emissions	 and	 costs	 are	 lower	 compared	 to	 the	 first	 and	 third	 scenario,	 in	 the	 second	

scenario	the	sanitation	district	(the	main	stakeholder	here)	gains	benefits	in	terms	of	process	

stability	and	improved	asset	management	at	the	centralized	facility.	

The	third	scenario	centers	its	attention	on	reducing	the	indirect	GHG	emissions	linked	to	the	

energy	use	required	for	treating	the	wastewater.	Here,	the	load	of	each	satellite	facility	is	

shifted	 downstream	 to	 the	 centralized	 plant	 during	 peak	 emission	 hours	 (19:00-00:00).	

Hence,	differently	from	isolated	decentralized	treatment	facilities,	hydraulically	connected	

hybrid	systems	have	the	ability	to	curtail	their	indirect	carbon	emissions	by	shifting	their	

electricity	 use	 to	 periods	 when	 the	 power	 supplied	 has	 a	 lower	 carbon	 intensity.	 Such	

capability	allows	to	reduce	synergistically	the	carbon	footprint	of	the	system	as	a	whole,	and	

therefore	expands	 the	ability	of	 local	sanitation	districts	 to	enter	climate	change	solution	

initiatives.	Furthermore,	energy	markets	that	include	technologies	with	different	emission	

factors	provide	the	intriguing	ability	of	hybrid	WRRFs	systems	to	partake	in	emission-based	

demand	 response	 programs.	 In	 an	 emission-based	 demand	 management	 program	 the	

customer’s	 normal	 energy	 consumption	 pattern	 is	 changed	 in	 order	 to	 avoid	 emission-

intensive	 hours.(Kopsakangas-Savolainen	 et	 al.,	 2017)	 Emission-based	 demand	 response	

programs	would	also	provide	ancillary	benefits,	 such	as	 the	reduction	of	emissions	of	air	

pollutants	linked	to	power	generation,	which	were	not	considered	in	this	study	but	deserve	

future	 research.	 It	 is	 foreseeable	 that	 the	enrolment	 in	emission-based	demand	response	

programs	would	involve	a	set	of	different	stakeholders	such	as	the	electric	grid	operators,	

the	air	emissions	regulatory	agencies	and	the	sanitation	districts.	
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When	considering	the	implementation	of	inter-facility	influent	load	shifting	strategies	it	is	

however	 important	 to	 perform	 an	 analysis	 of	 the	 volumes	 of	water	 displaced.	 In	 fact,	 as	

satellite	systems	often	stem	from	the	need	to	provide	locally	reclaimed	water,	the	diversion	

of	influent	flows	toward	the	centralize	facility	may	conflict	with	the	reclamation	targets	of	

the	 individual	 satellite	 plant.	 In	 our	 study	 we	 demonstrated	 the	 potential	 to	 achieve	 a	

reduction	in	each	of	the	performance	metrics	considered	(GHG	emissions,	energy	and	costs),	

while	avoiding	an	excessive	withdrawal	of	water	from	the	satellite	plants	(6.8-12.7%	of	the	

total	 influent	 flow	of	 the	satellite	plants).	However,	 it	 is	noteworthy	 to	point	out	 that	 the	

constraints	posed	by	water	reclamation	 targets	will	also	vary	seasonally,	with	 the	winter	

months	 usually	 defined	 by	 a	 lower	 demand	 for	 reclaimed	water	 when	 compared	 to	 the	

summer	months.	Therefore,	inter-facility	load	shifting	strategies	are	expected	to	also	vary	

according	 to	 the	 seasonal	 water	 reclamation	 constraints	 of	 the	 region.	 This	 analysis,	

although	not	considered	here,	should	be	informed	by	future	studies.		

6.5	Conclusions	

The	increased	pressure	for	sustainable	water	is	likely	to	result	in	the	further	implementation	

of	satellite	WRRFs,	which	will	drive	the	gradual	hybridization	of	several	urban	water	systems	

worldwide.	 As	 such,	 the	 search	 for	 engineered	 solutions	 that	 provide	 a	 harmonious	

integration	with	pre-existing	water	infrastructure	is	expected	to	continue.	The	challenge	of	

synergistically	 integrating	 satellite	 systems	 together	 with	 centralized	 wastewater	

infrastructure	has	been	addressed	by	previous	studies	mainly	in	terms	spatial	optimization.	

Herein,	we	have	further	extended	such	analysis	to	the	temporal	domain	and	have	illustrated	

a	novel	conceptual	framework	for	the	dynamic	management	of	hybrid	wastewater	treatment	

systems.	 In	addition,	we	 introduce	 for	 the	 first	 time	the	analysis	of	dynamic	 load	shifting	
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strategies	for	a	hybrid	system	of	8	WRRFs,	using	site-specific	data	and	wastewater	treatment	

process	models.	 Our	 analysis	 reveals	 an	 untapped	 opportunity	 to	 lower	 greenhouse	 gas	

emissions,	power	demand,	energy	use	and	costs	by	dynamically	shifting	the	influent	loads	

among	hydraulically	connected	facilities.	Three	load	scheduling	strategies	are	considered	for	

the	dynamic	analysis:	demand	response,	centralized	flow	equalization	and	greenhouse	gas	

emission	offset.		

For	the	demand	response	scenario,	a	maximum	of	5.5	MW	reduction	in	power	demand	was	

estimated,	accounting	for	approximately	25%	of	the	entire	system’s	power	demand	during	

grid	ramping	hours.	Such	reduction	is	achieved	while	still	maintaining	effluent	compliance	

of	the	centralized	facility	receiving	the	diverted	flows.	This	result	informs	the	potential	of	

hybrid	 wastewater	 treatment	 systems	 to	 partake	 in	 demand	 response	 programs,	 thus	

providing	further	demand-side	elasticity	to	the	power	grid.	Co-benefits	in	terms	of	operating	

costs	 are	 also	 achieved	by	 the	 sanitation	district,	with	monthly	 savings	of	 approximately	

138,000	USD	(or	8.5%	of	the	total	system’s	costs).	

For	 the	 second	 scenario,	 a	 global	optimization	algorithm	 is	used	 to	minimize	 the	diurnal	

influent	flow	fluctuations	of	the	centralized	facility.	This	strategy	provides	the	ability	for	the	

sanitation	 district	 to	 improve	 the	 stability	 of	 downstream	 treatment	 processes,	 while	

requiring	the	diversion	of	less	than	7%	of	the	influent	flows	of	the	satellite	plants.		

For	 the	 third	 scenario,	 the	ability	 to	 curtail	 the	 indirect	GHG	emissions	via	dynamic	 load	

shifting	 opens	 up	 the	 potential	 for	 sanitation	 districts	 to	 participate	 in	 emission-based	

demand	response	programs.	A	potential	150	MgCO2eq	(4.5%	of	the	overall	hybrid	system)	in	
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monthly	indirect	emissions	reduction	is	projected	compared	to	the	baseline	configuration,	

while	requiring	the	diversion	of	less	than	13%	of	the	satellite	influent	flows.	

The	 load	 shifting	 strategy	used	 to	 improve	 the	performance	metrics	 in	 each	of	 the	 three	

scenarios	(i.e.	GHG	emissions,	energy	and	costs),	constitutes	a	relatively	simple	approach,	

which	 is	 based	 on	 a	 scheduled	 influent	 flow	 setpoint	 control	 operation.	 The	 intrinsic	

simplicity	of	the	proposed	approach	offers	an	appealing	feature,	as	it	can	be	easily	applied	to	

real	systems	without	the	need	for	complex	operations	or	infrastructure	upgrades.		

Still,	 several	 aspects	 surrounding	 the	 dynamic	 analysis	 of	 hybrid	 wastewater	 treatment	

systems	have	not	been	investigated	in	this	paper,	and	thus	require	further	examination.		

Firstly,	the	herein	analysis	incorporates	specific	process	models	that	are	characteristic	of	the	

case	study	considered.	Hence,	future	studies	on	dynamic	load	strategies	of	hybrid	systems	

should	 investigate	 the	 improvements	 that	 can	be	 achieved	 in	 terms	of	 carbon	emissions,	

energy	and	costs	under	different	combinations	of	process	configurations	at	each	facility.	

Secondly,	 this	 study	 considered	 a	 gravity	 driven	 non-reactive	 sewer	 trunk	model,	which	

allows	 to	 simplify	 significantly	 the	 overall	 model	 complexity.	 However,	 in	 reality,	

biochemical	transformations	taking	place	in	the	sewer	system	will	influence	the	composition	

of	 the	 wastewater	 during	 its	 transit	 in	 the	 sewer	 lines.	 Future	 studies	 can	 provide	 a	

complementary	contribution	to	this	work	by	also	incorporating	in-sewer	process	models.	In	

addition,	 for	pressurized	sewer	systems,	 the	pumping	stations	will	 also	contribute	 to	 the	

overall	power	exerted	by	the	hybrid	system	of	WRRFs.	Therefore,	subsequent	studies	should	
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also	examine	the	aforementioned	influent	load	shifting	strategies	for	sewer	systems	that	are	

predominantly	pressurized.	

Finally,	although	the	herein	study	 is	based	on	the	analysis	of	a	pre-existing	hybrid	WRRF	

system,	 it	also	 initiates	a	new	discussion	on	how	to	plan	 for	 future	satellite	systems.	The	

system	dynamics	need	be	granted	a	central	role	in	the	infrastructural	planning.	Therefore,	

the	selection	of	factors	such	as	site	location,	plant	capacity	and	process	design	should	also	be	

informed	 by	 the	 ability	 of	 the	 plant	 to	 interact	 dynamically	 with	 other	 hydraulically	

connected	facilities.	

This	paper	invites	wastewater	treatment	facilities	that	would	normally	operate	in	isolation,	

to	 pursue	 integrated	 dynamic	 strategies	 that	 align	 with	 commonly	 shared	 goals,	 which	

benefit	the	system	as	a	whole.	Therefore,	analogously	to	smart	energy	grids,	 the	dynamic	

interaction	 between	 connected	 wastewater	 treatment	 facilities	 presented	 here	 would	

provide	an	important	step	towards	the	achievement	of	a	corresponding	smart	water	grid.	
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Chapter	7	

	

Conclusions	and	Future	Directions	
	
The	exploitation	of	water	resources	in	urbanized	regions	worldwide	has	posed	the	challenge	

of	finding	alternative,	yet	sustainable,	water	sources.	Among	the	potential	water	resource	

alternatives,	water	 reclamation	 represents	 an	 attractive	 solution	as	 it	 provides	 a	 reliable	

source	of	water	near	point	of	generation,	while	still	requiring	lower	energy	and	operating	

costs	 compared	 to	 imported	 water	 or	 costal	 desalination.	 As	 water	 stressed	 cities	 are	

increasingly	relying	on	recycled	water,	treated	wastewater	effluent	standards	are	becoming	

progressively	stricter	due	 to	 the	concern	associated	with	both	 indirect	and	direct	human	

exposure.	Therefore,	significant	efforts	have	been	devoted	towards	the	optimization	of	the	

conventional	 and	 advanced	 wastewater	 treatment	 processes	 in	 order	 to	 improve	 the	

sustainability	of	their	operations	in	terms	of	energy	use,	greenhouse	gas	emissions	and	costs.		

Dynamic	modeling	continues	to	be	a	powerful	tool	for	the	evaluation	of	novel	optimization	

strategies	in	the	field	of	municipal	and	industrial	wastewater	treatment.		

In	 this	 dissertation,	 three	 different	 systems	 have	 been	 carefully	 analyzed	 due	 to	 their	

growing	interest	in	the	field	of	wastewater	treatment	and	reclamation.	The	work	presented	

herein	 has	 aimed	 at	 optimizing	 these	 systems	 through	 the	 implementation	 of	 dynamic	

process	models,	which	were	informed	by	on-site	testing,	sample	collections	and	operational	

datasets.	The	topics	considered	are:	i)	optimization	of	air	supply	system	in	municipal	WRRFs,	
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ii)	optimization	of	produced	water	clarifiers	in	PWTFs	and	iii)	optimization	of	hybrid	WRRFs	

systems.		

The	following	paragraphs	summarize	the	key	findings	from	each	of	the	three	optimization	

topics,	along	with	a	brief	discussion	on	their	future	research	outlooks.	

	
	
Air	supply	systems	in	municipal	WRRFs	

Proper	 airflow	distribution	 in	 air	 supply	 systems	play	 an	 important	 role	 in	 the	 ability	 of	

WRRFs	 to	 effectively	 remove	 dissolved	 contaminants	 such	 as	 nitrate	 and	 ammonium.	

Furthermore,	 the	operational	state	of	 the	various	air	supply	components,	such	as	manual	

valve	positions,	also	impact	the	overall	energy	footprint	of	the	blower	units.	An	in-situ	off-

gas	testing	campaign	at	a	partnering	facility	has	highlighted	the	detrimental	impact	that	an	

imbalanced	airflow	can	have	on	performance	metrics	such	as	oxygen	transfer	efficiency	and	

dissolved	 oxygen	 concentrations,	 with	 a	 consequent	 impact	 on	 respiration	 rates	 and	

treatment	capacity.		

The	use	of	 site-specific	 dynamic	 air	 supply	models	provides	 the	 ability	 to	 simulate	more	

realistically	the	operational	constraints	of	equipment	such	as	blower	turndown,	minimum	

and	maximum	diffuser	operating	boundaries	and	manual	valve	openings.	In	particular,	as	

suggested	by	the	in-situ	audit,	the	airflow	distribution	govern	by	the	positions	of	the	various	

manual	valves	of	the	air	supply	system	hold	an	important	role	in	establishing	different	trade-

offs	between	effluent	quality,	energy	use	and	operating	costs.	In	fact,	once	a	manual	valve	

configuration	has	been	fixed	a	trade-off	is	established	between	ammonium,	nitrite/nitrate	

and	 energy/costs.	 In	 this	 regard,	 implementing	 dynamic	 air	 supply	models	 coupled	with	

multi-optimization	search	methods	can	provide	a	useful	tool	for	the	analysis	and	tuning	of	
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manual	valve	positions.	In	particular,	a	proper	tuning	of	the	isolation	and	main	header	valves	

plays	an	important	role	in	defining	the	overall	performance	of	the	WRRF	under	study	and	

should	therefore	always	be	included	in	optimization	analysis	of	air	supply	systems.	

Future	 studies	 should	 address	 the	 impact	 that	 of	prior	manual	 valve	optimization	would	

have	on	an	ensemble	of	different	aeration	control	structures.	Results	from	such	study	would	

provide	further	insight	on	selection	of	the	appropriate	fix	manual	valve	configuration	based	

on	the	specific	aeration	control	strategy	adopted.		

	
	

Produced	water	clarifiers	in	PWTFs	

Inspired	by	 the	well-established	dynamic	models	 for	municipal	 settling	 tanks,	 a	 novel	 1-

dimensionsal	produced	clarifier	model	has	been	proposed	for	the	dynamic	description	of	bi-

phasic	dispersions	such	as	solids	and	oils.		

Through	 batch	 settling	 tests	 of	 samples	 collected	 from	 a	 PWTF	 in	 China,	 the	 gravity	

separation	of	oils	and	solids	in	the	produced	water	analyzed	behaves	according	to	discrete	

particle	dynamics.	This	finding	has	informed	the	selection	of	Stokesian	particle	separation	

model	based	on	particle	size	distribution.	The	new	produced	clarifier	model	based	on	PSVD	

curves	provides	the	means	to	estimate	the	dynamic	settling/rising	behaviour	of	both	solids	

and	solids	present	in	flowback	and	produced	wastewaters.	The	model	also	allows	to	predict	

the	effluent	constituents	in	each	of	the	three	discharge	streams:	oil	recovery,	sludge	waste	

and	water	 effluent.	 Furthermore,	 the	 produced	 clarifier	model	 provides	 the	 basis	 to	 the	

further	investigate	and	assess	potential	operational	strategies	that	can	optimize	the	removal	

of	both	oils	and	solids.	Thus,	the	clarifier	model	presented	here	provides	the	quantitative	
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basis	 for	 operational	 strategies	 that	 can	 balance	 oil	 recovery	 and	 effluent	water	 quality.	

Through	an	ensemble	of	Montecarlo	simulations	is	was	possible	to	analyze	the	separation	

performance	of	various	flow	configurations	of	the	underflow	and	water	effluent	streams.	It	

was	 in	 general	 possible	 to	 observe	 a	 marked	 trade-off	 between	 the	 competing	 goals	 of	

thickening	both	the	oils	and	the	solids.	This	finding	should	inform	process	operators	that	the	

selection	of	a	specific	underflow	and	water	effluent	flow	will	result	in	an	inevitable	tradeoff	

between	these	two	competing	objectives.	This	consideration	raises	the	question	on	whether	

the	 thickening	 of	 the	 solids	 should	 be	 prioritized	 over	 higher	 concentrations	 of	 oiled	

recovered,	 or	 vice	 versa.	 Therefore,	 future	 research	 should	 aim	 at	 conducting	 a	 more	

comprehensive	analysis	on	the	cost	implications	of	prioritizing	one	option	over	the	other.	In	

addition,	future	contributions	that	are	integral	to	this	work	should	focus	on	the	integration	

of	 process	 clarifier	models	with	 the	 other	 processes	 found	 in	 petrochemical	wastewater	

treatment	 facilities.	 Such	 analysis	 can	 provide	 further	 insight	 into	 in	 integrated	 process	

optimization	strategies	that	account	for	all	the	treatment	units	included	in	PWTFs.	

	

Hybrid	municipal	WRRF	systems	

The	increased	pressure	for	sustainable	water	is	likely	to	result	in	the	further	implementation	

of	satellite	WRRFs,	which	will	drive	the	gradual	hybridization	of	several	urban	water	systems	

worldwide.	Therefore,	the	progressive	implementation	of	decentralized	water	solutions	will	

require	 the	 careful	 integration	 with	 pre-existing	 urban	 infrastructure	 and	 services.	 The	

challenge	 of	 synergistically	 integrating	 satellite	 systems	 together	 with	 centralized	

wastewater	infrastructure	has	been	addressed	by	previous	studies	mainly	in	terms	spatial	

optimization.	However,	by	shifting	 the	attention	 to	 the	 temporal	domain,	 the	potential	 to	
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study	innovative	control	strategies	in	hybrid	WRRF	systems	is	unlocked.	For	the	case-study	

considered	 an	 analysis	 is	 presented,	 showing	 the	 potential	 to	 lower	 greenhouse	 gas	

emissions,	power	demand,	energy	use,	and	costs	by	dynamically	shifting	the	diurnal	influent	

wastewater	 loads	 between	 hydraulically	 connected	 treatment	 facilities.	 Three	 load	

scheduling	strategies	are	considered	for	the	dynamic	analysis:	demand	response,	centralized	

flow	equalization	and	greenhouse	gas	emission	offset.		

For	the	demand	response	scenario,	reductions	in	power	demand	of	the	entire	system	can	be	

achieved	during	grid	ramping	hours.	Such	 finding	 informs	the	potential	 for	hybrid	WRRF	

systems	 to	 introduce	 flexibility	 into	 the	 power	markets,	 and	 consequently	 promotes	 the	

opportunity	 for	 the	 wastewater	 utilities	 to	 enter	 incentive-based	 energy	 programs.	 The	

prime	 stakeholders	 involved	 in	 this	 scenario	 are	 the	 electric	 grid	 operators	 and	 the	

sanitation	district,	both	of	which	respectively	gain	benefits	in	terms	of	operational	flexibility	

and	economic	incentives.	

For	 the	centralized	 flow	equalization	scenario,	 a	global	optimization	algorithm	 is	used	 to	

minimize	 the	 diurnal	 influent	 flow	 fluctuations	 of	 the	 centralized	 facility.	 This	 strategy	

provides	 the	 ability	 for	 the	 sanitation	 district	 to	 improve	 the	 stability	 of	 downstream	

treatment	processes,	while	requiring	the	of	 least	amount	of	diverted	influent	 flows	of	the	

satellite	plants.	The	equalization	of	the	centralized	influent	flow	via	the	dynamic	load	shifting	

of	each	satellite	plant	provides	a	resourceful	tool	for	centralized	facilities	that	do	not	have	

access	 to	 neighboring	 land	 for	 the	 construction	 of	 equalization	 tanks.	 As	 such,	 flow	

equalization	 can	 still	 be	 achieved	without	 the	 need	 to	 undertake	 expensive	 equalization	

projects.		
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For	 the	 third	 scenario,	 the	ability	 to	 curtail	 the	 indirect	GHG	emissions	via	dynamic	 load	

shifting	 opens	 up	 the	 potential	 for	 sanitation	 districts	 to	 participate	 in	 emission-based	

demand	response	programs.	Such	finding	expands	the	ability	of	local	sanitation	districts	to	

enter	climate	change	solution	initiatives.	Emission-based	demand	response	programs	would	

also	provide	ancillary	benefits,	such	as	the	reduction	of	emissions	of	air	pollutants	linked	to	

power	generation,	which	were	not	considered	in	this	study	but	deserve	future	research.	It	is	

foreseeable	 that	 the	 enrolment	 in	 emission-based	 demand	 response	 programs	 would	

involve	a	set	of	different	stakeholders	such	as	the	electric	grid	operators,	the	air	emissions	

regulatory	agencies	and	the	sanitation	districts.	

The	 load	 shifting	 strategy	used	 to	 improve	 the	performance	metrics	 in	 each	of	 the	 three	

scenarios	(i.e.	GHG	emissions,	energy	and	costs),	constitutes	a	relatively	simple	approach,	

which	 is	 based	 on	 a	 scheduled	 influent	 flow	 setpoint	 control	 operation.	 The	 intrinsic	

simplicity	of	the	proposed	approach	offers	an	appealing	feature,	as	it	can	be	easily	applied	to	

real	systems	without	the	need	for	complex	operations	or	infrastructure	upgrades.		

Still,	 several	 aspects	 surrounding	 the	 dynamic	 analysis	 of	 hybrid	 wastewater	 treatment	

systems	 have	 not	 been	 investigated	 in	 this	 paper,	 and	 thus	 require	 further	 examination.	

Future	 studies	 on	 dynamic	 load	 strategies	 of	 hybrid	 systems	 should	 investigate	 the	

improvements	that	can	be	achieved	in	terms	of	carbon	emissions,	energy	and	costs	under	

different	combinations	of	process	configurations	at	each	facility,	since	the	process	models	

used	 in	 this	work	were	based	on	a	 specific	 case	 study.	Furthermore,	 future	 research	 can	

should	also	incorporate	in-sewer	process	models,	which	were	not	included	in	the	analysis	

presented	 herein.	 An	 extension	 of	 this	 analysis	 should	 also	 examine	 the	 aforementioned	
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influent	 load	 shifting	 strategies	 for	 sewer	 systems	 that	 are	 predominantly	 pressurized.	

Finally,	as	water	reclamation	targets	vary	seasonally,	 inter-facility	 load	shifting	strategies	

are	 expected	 to	 also	vary	 according	 to	 the	 seasonal	water	 reclamation	 constraints	of	 the	

region.	This	analysis,	although	not	considered	here,	should	be	informed	by	future	studies.		
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