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1.  Abstract 
Bio-detergents	are	useful	in	many	markets	because	they	contain	enzymes	that	can	break	

down	proteins	and	in	turn	enhance	stain	removal.	However,	many	of	these	enzymes	

deactivate	at	high	temperatures	so	sterilization	and	stain	removal	must	be	done	in	two	

separate	processes.	This	process	produces	extremozymes,	enzymes	derived	from	

extremophilic	microorganisms	that	have	optimal	activity	and	stability	at	harsh	conditions,	

to	be	used	in	bio-detergents.	The	thermostable	characteristics	of	this	enzyme	allow	it	to	

accomplish	high	levels	of	protein	breakdown	at	temperatures	conducive	to	sterilization.	It	

is	expected	that	this	characteristic	provides	a	15%	price	premium	over	the	leading	

incumbant.	The	extremophilic	biocatalyst	used	for	this	process	is	Natronomonas	pharaonis	

and	the	selected	enzyme	has	optimal	activity	at	60℃	and	pH	10.0.	The	target	production	

rate	is	4,500	MT	per	year	with	the	final	product	being	87%	and	selling	for	$36.00/kg.	

According	to	a	10-year	profitability	analysis,	the	predicted	IRR	is	15%.	In	2021	the	Net	

Present	Value	will	be	$880,900.	In	the	third	year	of	production	the	ROI	will	be	17.36%.	
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2. 	Introduction	

2.1	Background	
Bio-detergent	is	a	term	used	to	refer	to	laundry	detergents	that	contain	enzymes.	

These	enzymes	serve	to	breakdown	proteins	and	in	turn	increase	stain	removal	

capabilities.	Traditionally,	these	detergents	are	promoted	to	busy	homes	who	benefit	from	

running	shorter,	lower	temperature	washes	to	save	time	and	money.		The	purpose	of	this	

project	is	to	develop	a	bio-detergent	that	doesn’t	deactivate	at	high	temperatures	and	can	

therefore	be	used	for	sanitation	and	stain	removal,	simultaneously.	The	market	that	will	be	

targeted	with	this	product	is	medical	hospitals.	

Enzyme	detergents	are	fast	growing	as	alternatives	to	synthetic	detergents	because	

of	their	low	toxicity,	biodegradability,	high	efficiency,	enhanced	cleaning	properties	and	

overall	environmental	friendliness.	More	and	more	bio-detergents	are	being	looked	at	as	

the	green	alternative.	The	first	patent	for	the	use	of	enzymes	in	detergents	was	filed	in	

1913	by	Dr.	Otto	Rohm	but	it	was	not	commercialized	because	the	enzyme	could	not	be	

massed	produced	(Spooner,	n.d.).	The	first	detergent	containing	a	bacterial	enzyme	went	to	

market	in	1956	and	they	have	been	increasing	in	popularity	ever	since.	Every	protease	

currently	used	in	detergent	is	produced	by	the	Bacillus	bacteria	strain	because	of	its	ability	

to	produce	large	amounts	of	extracellular	enzymes.	In	today’s	market	Novozymes	and	

Genencor	International	are	the	companies	that	produce	95%	of	the	world’s	proteases	(D.	

Kumar,	2008).	
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2.2	Project	Goals		
	 The	goal	of	this	project	was	to	design	a	process	that	would	produce	4500	metric	

tons	of	an	extremophilic	enzyme	through	the	growth	of	a	genetically	modified	alkaliphile,	

Natronomonus	pharaonis.	This	particular	strain	was	selected	because	of	its	thermostability	

and	halostability.	These	characteristics	are	not	found	in	the	enzymes	produced	by	the	

Bacillus	genus,	which	is	all	the	cleaning	enzymes	currently	on	the	market	today.	This	is	

believed	to	provide	a	15%	price	premium	over	the	leading	bio-detergent	incumbent.		

2.3	Project	Timeline	
 

	

Figure	2.3.	Gantt	chart	showing	timeline	for	process	design	and	report	preparation	

	

	 The	first	thing	addressed	in	the	design	of	the	process	was	the	bioreactor.	Designing	

that	required	researching	the	bacteria	strain,	identifying	its	optimum	growth	parameters,	

developing	a	medium	that	would	provide	the	necessary	nutrients,	and	working	backward	

from	the	total	production	to	size	the	reactor.	After	these	things	were	determined	a	seed	

train	was	developed,	process	flow	diagram	created,	and	heat	exchangers	and	pumps	
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designed	around	the	process	stages.	Going	into	March,	the	remaining	downstream	

equipment	was	designed,	a	plant	location	was	determined,	and	the	necessary	raw	materials	

were	sourced.	As	April	arrived,	economic	analysis	and	compilation	of	previous	work	was	

completed.		
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3. 	Innovation	Map	
N/A	
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4.  Market	and	Competitive	Assessment	

4.1	Extremophiles	
	 While	enzymes	have	been	used	in	cleaners	for	decades	now,	extremophilic	enzymes,	

referred	to	as	extremophiles,	have	yet	to	be	capitalized	on	in	this	market.	The	commercial	

use	of	the	Taq	Polymerase	brings	in	$80	million	in	sales	each	year,	and	is	the	first	highly	

successful	harvesting	of	an	extremophile.	Genencor	International	was	the	first	company	to	

introduce	a	detergent	additive	in	the	form	of	an	extremophilic	enzyme	to	the	market	and	

they	did	so	in	1997.		

	 A	major	bottleneck	in	the	extremophile	pipeline	was	the	need	for	each	company	

wanting	to	use	one	to	successfully	isolate	it	and	test	it	to	determine	its	ranges	of	activity.	A	

biotech	company	in	San	Diego	California	began	isolating	and	testing	extremophiles	for	

enzymatic	activity	at	many	different	conditions	and	compiled	various	kits	for	purchase	

with	the	enzyme	capabilities.	This	allowed	companies	to	be	able	to	afford	working	with	

extremozymes	since	they	no	longer	had	to	fund	the	initial	research	stages	(Pennisi,	1997).		

	 Because	of	the	promising	future	that	enzymes	offer,	with	a	wide	range	of	

applications	almost	all	providing	an	eco-friendly	alternative	to	a	current	industry	standard,	

the	market	continues	to	grow	and	demand	for	enzymes	comes	from	many	different	

markets.	

4.2	Bio-Detergents	
	 The	advances	in	the	enzyme	market	continued	and	by	2011	proteases	accounted	for	

65%	of	the	global	enzyme	market	because	of	their	popularity	in	detergents	and	dairy.	Of	

this	number,	about	25%	of	the	proteases	are	alkaline.	In	2014	a	market	research	report	on	
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the	world	enzyme	market	predicted	a	compound	annual	growth	rate	of	7.8%	during	the	

years	2015-2020.	By	2020	the	market	would	reach	6.3	Billion	USD,	meaning	the	market	for	

proteases	is	about	4.1	Billion	USD	(Kanupriya	Miglani	Sharmaa,	2017).	All	of	these	

proteases	are	currently	produced	using	Bacillus	strain	of	bacterium	and	nearly	every	

substitution	at	each	amino	acid	position	has	been	patented.	This	makes	further	

development	of	enzymes	in	this	category	extremely	difficult	and	not	very	cost	effective.	The	

search	for	new	extremophilic	enzymes	that	can	break	into	this	market	should	be	conducted	

outside	of	the	Bacillus	subtilis	(D.	Kumar,	2008).		

4.3	This	Product	
	 The	enzyme	produced	in	this	process	uses	a	different	genus	of	bacteria	that	has	not	

been	used	for	detergent	additives	before.	The	enzyme	itself	retains	enzymatic	activity	at	

high	temperatures	and	a	wide	range	of	pH’s,	meeting	the	desired	characteristics	of	

extremophilic	detergent	additives.	This	bacteria	will	be	genetically	modified	to	produce	the	

enzyme	extracellularly,	offering	the	same	convenience	the	Bacillus	subtilis	is	able	to	

provide.	Because	of	the	extremophilic	nature	a	15%	price	premium	over	the	leading	bio-

detergent	can	be	assumed.	However,	due	to	a	lack	of	market	research,	the	price	was	set	to	

$36.00/kg	to	achieve	an	IRR	of	15%.	A	sensitivity	analysis	on	this	price	is	presented	in	

Section	21.1.	The	enzyme	is	not	being	used	in	pharmaceutical	applications	the	percent	

purity	of	the	final	product	is	87%	which	allowed	for	cut	costs	in	the	purification	steps.		
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5. 	Customer	Requirements	
N/A	
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6. 	CTQ	Variables	–	Product	Requirements	
N/A	 	
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7. 	Product	Concepts	
	 There	is	a	possibility	to	modify	the	bacteria	to	produce	other	extracellular	

components	that	can	be	sold	as	well.	While	this	would	allow	one	process	to	offer	multiple	

revenue	streams,	it	would	complicate	the	purifications	and	separation	steps	because	the	

other	component	would	not	be	necessary	in	the	detergent	industry.	Additional	separation	

steps	would	increase	the	cost	of	the	process	and	would	negatively	impact	the	purities	of	

both	final	products.	

	 There	was	also	the	option	to	have	the	enzyme	produced	intracellularly	and	add	cell	

lysis	to	the	process	but	reduce	the	hydraulic	load	downstream.	However,	following	the	

industry	standard	of	using	a	bacterial	strain	that	is	capable	of	secreting	extracellular	

enzymes,	it	was	decided	that	an	extracellular	enzyme	would	lead	to	a	more	efficient	

process.	
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8. 	Superior	Product	Concepts	
	 The	final	product	will	be	an	isolated	extremophilic	enzyme	that	can	be	sold	to	

consumer	goods	manufacturers	for	use	in	detergents.	It	will	have	87%	purity	and	be	the	

only	product	produced	by	the	process.	Focusing	on	isolating	only	one	component	of	the	cell	

allowed	for	a	more	streamlined	and	efficient	process.	Additionally,	the	decision	to	engineer	

the	bacteria	to	secrete	the	enzyme	extracellularly	allowed	for	further	simplification	of	the	

process	by	avoiding	cell	lysis	and	separation.	 	
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9. 	Competitive	Patent	Analysis	
	 The	genetic	modification	of	bacterial	cells	for	the	purpose	of	producing	a	secondary,	

desired	product	is	commonplace.	The	1980	Supreme	Court	case	Diamond	vs.	Chakrabarty,	

ruled	that	such	genetically	modified	organisms	can	be	patented.	However,	because	all	other	

biodetergent	enzymatic	additives	are	produced	through	the	Bacillus	subtilis,	no	patents	

were	found	to	exist	for	the	process	described	in	this	report.		

Leading	enzyme	producers	Genencor	and	Novozymes,	may	be	working	on	a	similar	

product	and	should	patent	lawyers	find	an	existing	patent	that	this	process	may	be	

infringing	on,	10%	of	profits	would	be	offered	to	the	patent	owner.		

Many	patents	were	found	for	detergent	compositions	with	enzymes	and	spray	drying	

techniques	of	the	final	powder	detergent,	but	all	of	these	do	not	pertain	to	this	particular	

process.	It	was	worth	noting	that	many	of	the	formulation	patents	were	held	by	Proctor	

and	Gamble,	who	also	own	the	two	most	popular	detergent	brands	in	the	US,	Tide	and	Gain,	

so	that	solidified	the	decision	to	attempt	to	draft	an	exclusivity	contract	with	P&G	to	avoid	

patent	fees.		

	

	 	



20 
 

10. Preliminary	Process	Synthesis	

10.1	Raw	Materials	
	 The	growth	of	bacteria	is	an	aerobic	process	that	requires	a	sizeable	supply	of	raw	

materials.		The	elemental	composition	of	the	Natronomus	Pharaonis	bacteria	strain	was	

determined	and	scaled	up	to	calculate	the	medium	composition.	Each	element	was	

provided	in	25%	excess,	per	the	recommendation	of	the	project	author.		

10.1.1	Alternative	Carbon	Sources	
The	carbon	sources	considered	for	this	process	were	acetic	acid	and	glucose.	

Glucose	is	more	commonly	produced	in	bulk	and	had	a	significantly	cheaper	price	per	

metric	ton	~$363	per	metric	ton,	compared	to	~$4535	per	metric	ton.	In	previous	

experiments	where	this	bacteria	was	grown	at	lab	scale,	acetate	was	the	most	common	

carbon	source	that	was	used.	However,	it	was	determined	that	the	colonies	of	

extremophiles	that	grew	in	the	presence	of	glucose	could	be	selected	for	during	the	

inoculation	process	which	would	make	glucose	viable	as	a	food	source.	The	inoculation	

process	at	the	beginning	of	plant	operation	could	be	run	repeatedly	until	such	a	colony	was	

available,	or	until	it	is	determined	that	acetate	is	required.	Additionally,	amino	acids	were	

considered	as	the	carbon	source	as	there	were	reports	of	amino	acids	being	used	as	a	

nutrition	source.	This	is	most	likely	due	to	amino	acids	containing	carbon	in	a	carboxyl	

group,	similar	to	acetate.		However,	these	were	extraordinarily	expensive	even	compared	

to	sodium	acetate	(e.g.	price	per	metric	ton	for	sodium	glutamate	was	~$36000).		



21 
 

10.1.2	Alternative	Nitrogen	Source	
	 Rather	than	sparging	ammonia	gas	through	the	reactor,	adding	ammonium	chloride	

as	a	component	of	the	growth	media	was	considered.	This	was	because	references	stated	

the	use	of	ammonium	chloride	in	the	solution	and	also	noted	that	the	organism	in	question	

had	uptake	receptors	for	ammonium.	However,	upon	recommendation	from	the	consultant,	

due	to	standard	practices	and	the	benefit	of	added	agitation	from	the	gas	flow,	it	was	

decided	to	use	ammonia	gas	sparged	into	the	reactor.	

10.1.3	Alternative	Oxygen	Source	
	 The	most	cost	effective	way	to	provide	oxygen	to	the	system	would	be	to	use	pure	

air,	so	this	was	the	first	possibility	that	was	considered.	The	problem	statement	provided	

an	oxygen	uptake	rate	of	250	mMol	O2/Liter/hr,	which	translated	to	162	kg/hr	of	oxygen.	

The	gas	sparge	rate	into	the	reactor	vessel	was	limited	by	a	measurement	of	the	volumetric	

flow	rate	per	working	volume	of	reactor	(VVM).	Upon	recommendations	from	the	

consultant,	the	VVM	was	restricted	to	0.1-0.2.	A	certain	amount	of	this	volumetric	flow	rate	

was	to	be	dedicated	to	ammonia.	If	oxygen	enriched	air	were	to	be	used,	the	amount	

required	would	exceed	to	the	allocated	volumetric	flow	rate	to	meet	the	VVM	requirement.	

Therefore	it	was	decided	that	pure	oxygen	would	be	fed	into	the	reactors.	

10.2	Alternative	Plant	Locations	
	 The	primary	plant	locations	that	were	considered	were	Lima,	Ohio	and	Alexandria,	

Louisiana.	As	mentioned	in	Section	9,	most	of	the	patents	for	bio-detergent	formulation	are	

held	by	Proctor	and	Gamble	so	potential	plant	locations	were	by	their	detergent	production	

sites.	Upon	further	analysis	it	was	decided	to	place	the	plant	near	the	glucose	source	

because	21,000	MT/yr	of	glucose	would	need	to	be	transported	to	the	plant	and	only	4500	
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MT/yr	of	product	would	be	transported	out	of	the	plant.	Discussing	these	limitations	with	

Cargill,	a	starch	supplier	in	the	Midwest,	they	recommended	the	plant	be	placed	in	Dayton,	

Ohio	because	there	is	a	Cargill	distributor	near	there.	In	this	way,	transportation	costs	are	

minimized	into	and	out	of	the	plant.		

10.3	Reactor	Designs	
	 The	total	working	volume	for	the	process	to	maintain	peak	cell	density	was	

calculated	to	be	approximately	32000	L	from	the	cell	doubling	time.	The	use	of	a	single	

reactor	vessel	at	this	volume	was	considered	as	the	price	of	a	single	larger	reactor	vessel	

was	less	than	that	of	two	16000	L	vessel.	However,	if	only	one	production	bioreactor	was	

operating	at	a	time,	any	bioreactor	malfunctioning	or	contamination	would	completely	halt	

production	for	that	campaign.	With	two	16000	L	vessels,	the	flow	rate	to	the	downstream	

process	can	be	halved	in	the	case	of	a	required	shutdown	in	one	of	the	reactors,	leading	to	

half	the	product	loss	than	if	there	was	only	one	32000	L	vessel.	As	such,	the	cost	of	two	

reactors	over	one	reactor	is	justifiable	as	a	precautionary	measure.	

10.4	Campaign	Schedule	
	 Because	of	the	genetic	modification	to	the	N.	pharaonis	cells	in	this	process,	the	

genetic	stability	over	many	generations	lasts	approximately	8	days.	For	this	reason,	a	

maximum	of	8	days	may	pass	from	initial	inoculation	in	the	2	L	seed	reactor	to	the	end	of	

the	continuous	production	bioreactor	operation.	The	two	production	bioreactors	will	

operate	in	a	slightly	staggered	manor	so	that	plant	operators	have	time	between	reactor	

startups,	while	still	maximizing	the	time	that	the	downstream	process	will	operate	at	

maximum	flowrate.	
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	 The	first	campaign	will	begin	with	inoculation	of	the	2	L	seed	train	reactor	with	a	1	

mL	aliquot	of	cells	from	the	cell	bank.	It	will	take	approximately	16	hours	for	the	2	L	

reactor	to	reach	peak	cell	density,	at	which	point	the	entire	contents	of	the	reactor	will	be	

transferred	to	the	2,000	L	seed	train	reactor,	and	the	2	L	reactor	will	be	re-inoculated	for	a	

second	growth	period.	When	the	2,000	L	reactor	reaches	peak	cell	density	after	15	hours,	

the	contents	will	be	transferred	to	the	first	production	scale	bioreactor	for	5	hours	of	batch	

growth.	During	these	5	hours,	the	second	2,000	L	seed	train	inoculation	will	occur.	After	

the	5	hours	conclude	and	the	first	production	scale	reactor	reaches	peak	cell	density,	it	will	

begin	continuous	operation,	with	outlet	from	the	bioreactor	being	fed	to	a	holding	tank.	

Approximately	10	hours	later,	the	second	2,000	L	run	will	end,	and	the	second	production	

reactor	will	begin	batch	operation.	At	52	hours	after	the	initial	inoculation	of	the	first	2	L	

reactor,	the	second	production	scale	bioreactor	will	enter	continuous	operation	and	the	

downstream	processing	will	begin.	Each	continuous	campaign	production	phase	will	last	

156	hours,	or	the	amount	of	time	to	reach	8	days	since	the	seed	train	for	that	production	

reactor	was	first	inoculated.	After	the	continuous	operation	ends,	a	24	hour	period	of	CIP	

and	maintenance	will	begin	for	the	reactor.	The	downstream	process	will	cease	after	the	

holdup	tank	is	completely	drained	and	will	then	also	begin	CIP	and	maintenance	until	the	

next	campaign	begins.	The	beginning	of	the	next	campaign	for	the	first	production	reactor	

will	begin	with	inoculation	of	the	2	L	seed	train	reactor	8	hours	before	the	continuous	

production	phase	for	the	first	reactor	ends.	This	will	ensure	that	the	2000	L	reactor	will	

reach	peak	cell	density	at	the	same	time	that	the	24	hour	CIP/maintenance	period	ends.	

The	seed	train	schedule	will	match	the	first	seed	train	schedule,	leading	to	inoculation	of	

the	two	production	reactors	at	the	same	offset	each	time.	The	plant	will	operate	for	95%	of	
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the	year,	or	approximately	347	days,	amounting	to	38	production	cycles	for	each	reactor.	

The	campaign	schedule	for	the	first	two	cycles	is	depicted	in	Figure	10.4.	

	

	

	

Figure	10.4.	Campaign	schedule	showing	operation	modes	for	the	Seed	Train,	Production	

Reactor,	and	Downstream	process	steps	for	the	first	two	cycles.	
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25 
 

11. Assembly	of	Data	Base	

11.1	Thermophysical	Properties	and	Toxicity	Data	
	 All	ASPEN	simulations	were	done	assuming	the	properties	of	water,	which	was	a	

reasonable	approximation	as	all	the	fluids	in	this	process	were	either	water	or	water	with	

dissolved	minerals	and	biological	material.	Chemical	safety	requirements	were	determined	

using	the	Material	Safety	Data	Sheets.	All	of	these	MSDS’s	are	included	in	Appendix	C.	Heat	

exchange	calculations	were	done	assuming	the	system	had	the	same	thermophysical	

propertied	as	water.	The	mass	balance	was	done	assuming	elemental	compositions	of	

another	halophilic	bacteria,	Salinibacter	(Aharon	Oren,	2002).	

11.2	Cell	Growth	Kinetics		
	 The	cell	growth	kinetics	for	this	fermentation	process	were	provided	in	the	project	

statement.	The	doubling	time	of	the	cell	is	1.5	hours,	and	the	peak	product	titer	is	55	g/L	

with	a	bone	dry	mass	cell	density	of	30	g/L.	It	was	assumed	that	throughout	the	continuous	

portion	of	the	fermentation	process	the	concentration	of	cells	were	present	at	these	

densities.	Upon	discussion	with	the	author	is	what	decided	that	the	total	biomass	density	

was	85	g/L	and	the	enzyme	was	extracellular,	with	the	product	titer	of	55	g/L.	The	seed	

train	that	was	developed	operates	with	a	fed-batch	structure.	The	peak	oxygen	uptake	rate	

is	250	mMol	O2/Liter/hour	and	the	enthalpy	of	fermentation	is	14,400	KJ/Kg	O2	consumed.	

Each	bioreactor	campaign	can	run	for	8	days	before	re-inoculation	and	there	is	a	95%	

process	uptime.	Finally,	the	dried	biomass	packaged	bulk	density	is	0.7	grams/Liter.			
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11.3	Cost	of	Principle	Chemicals	
	 The	primary	raw	materials	in	this	process	are	glucose,	oxygen,	ammonia	and	the	

bacteria.	Because	the	largest	quantity	to	be	purchased	was	glucose,	Cargill	was	selected	to	

supply	it	and	placed	the	plant	in	Dayton,	Ohio,	in	the	same	city	as	one	of	their	distribution	

centers.	It	will	be	delivered	by	truck	at	$881.85/MT.	Anhydrous	ammonia	will	be	

purchased	as	compressed	gas	from	Nutrien	and	delivered	by	rail	from	their	distribution	

center	in	Northbrook,	Illinois.	Because	of	the	high	oxygen	uptake	rate	of	this	cellular	

growth	process	it	was	decided	to	purchase	an	oxygen	generator	and	supply	oxygen	to	the	

process	that	way.	The	one	time	cost	of	the	bacteria	was	determined	to	be	$376	per	5	mL	of	

cell	broth	as	priced	on	the	American	Type	Culture	Collection	website	for	a	for-profit	

purchase.	Costs	for	the	other	components	outlined	in	Aharon	Oren,	2002	were	determined	

by	searching	Alibaba	for	bulk	quantities	of	each.	The	cost	of	water	and	utilities,	including	

but	not	limited	to,	cooling	water,	steam,	electricity,	and	process	water	were	estimated	

using	the	cost	factors	for	utilities	in	Product	and	Process	Design	Principles,	Fourth	Edition.	

These	costs	are	outlined	in	Section	19.2.		

	 The	final	product	for	sale	is	87%	of	the	desired	enzyme	by	weight.	This	enzyme’s	

extremophilic	properties	offer	it	a	15%	price	premium	over	the	leading	incumbent.	The	

leading	incumbent	is	supplied	by	either	Novozyme,	DSM,	or	Genencor,	the	three	largest	

enzyme	suppliers	in	the	world.	The	prices	at	which	they	sell	to	consumer	goods	companies	

are	not	public	and	thus	were	not	available	for	use	in	determining	the	price	of	this	product.	

The	base	case	for	this	project	appraisal	was	at	a	product	price	point	of	$36.00/kg	to	return	

an	IRR	of	15%.	A	sensitivity	analysis	for	this	price	can	be	found	in	Section	21.1.	The	costs	of	

all	outlined	materials	is	shown	in	Table	11.1.	
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Table	11.1	Costs	of	all	discussed	raw	materials	

Material		 Cost	(USD/MT)	 Minimum	Order	

Glucose	 $881.85	 N/A	

Ammonia	 $473	 N/A	

Sulfur	 $49	 25	MT	

Sodium	Phosphate	 $1000	 N/A	

Sodium	Chloride	 $67.25	 23	MT	

Potassium	Hydroxide	 $900	 25	MT	

Magnesium	Chloride	 $300	 5	MT	

Boric	Acid	 $700		 25	MT	
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12. Process	Flow	Diagrams	and	Material	Balances	

12.1	General	Flow	Sheet	

	

Figure	12.1.	General	flow	sheet	for	the	process	including	all	main	reactants,	process	steps,	

and	final	products.		
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12.2	Seed	Reactor	Process	Flow	Diagram	

	

Figure	12.2.	Process	flow	diagram	for	seed	train	including	all	main	reactants	and	process	

steps.	
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12.3	Seed	Reactor	Material	Balances	
Table	12.3.1	Material	balance	for	2L	seed	train	batch	reactors	

2L	REACTOR	1	

Stream	 S12	 S13	 S14	 S15	 S1	 S8	 S16	 S4	 S20	

Description	
Ammonia	
tank	

Vaporized	
ammonia	

Generated	
oxygen	

Oxygen/a
mmonia	
mix	

From	
aliquot	

Media	
in	

Gases	
in	

Cells	
out	

Waste	
gas	

Temperature	 32.0	 66.0	 66.0	 66.0	 32.0	 32.0	 66.0	 60.0	 60.0	

Pressure	 1.2	 1.4	 1.4	 1.4	 1.0	 1.2	 1.4	 1.2	 1.2	
Total	Mass	
(g/batch)	 5116.9	 5116.9	 242720.8	 247837.6	 1.0	 2126.6	 263.9	

1754.
6	 163.6	

Component	Mass	(g/batch)	

Water	 0.0	 0.0	 0.0	 0.0	 1.0	 1617.5	 0.0	
1618.

5	 0.0	

Glucose	 0.0	 0.0	 0.0	 0.0	 0.0	 151.2	 0.0	 0.0	 0.0	
Carbon	
Waste	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 9.1	 0.0	
Sodium	
Phosphate	 0.0	 0.0	 0.0	 0.0	 0.0	 4.8	 0.0	 1.0	 0.0	

Sulfur	 0.0	 0.0	 0.0	 0.0	 0.0	 0.4	 0.0	 0.1	 0.0	
Sodium	
Chloride	 0.0	 0.0	 0.0	 0.0	 0.0	 328.6	 0.0	 65.7	 0.0	
Potassium	
Hydroxide	 0.0	 0.0	 0.0	 0.0	 0.0	 14.8	 0.0	 3.0	 0.0	
Magnesium	
Chloride	 0.0	 0.0	 0.0	 0.0	 0.0	 0.7	 0.0	 0.1	 0.0	

Boric	Acid	 0.0	 0.0	 0.0	 0.0	 0.0	 8.6	 0.0	 8.6	 0.0	

Oxygen	 0.0	 0.0	 242720.8	 242720.8	 0.0	 0.0	 258.8	 0.0	 51.8	

Ammonia	 5116.9	 5116.9	 0.0	 5116.9	 0.0	 0.0	 5.1	 0.0	 1.0	
Carbon	
Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 110.8	

Cells		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 48.6	 0.0	
Product	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
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2L	REACTOR	2	

Stream	 S2	 S9	 S17	 S5	 S21	

Description	 From	aliquot	 Media	in	 Gases	in	 Cells	out	 Waste	gas	

Temperature	 32.0	 32.0	 66.0	 60.0	 60.0	

Pressure	 1.0	 1.2	 1.4	 1.2	 1.2	
Total	Mass	
(g/batch)	 1.0	 2126.6	 263.9	 1754.6	 163.6	

Component	Mass	(g/batch)	

Water	 1.0	 1617.5	 0.0	 1618.5	 0.0	

Glucose	 0.0	 151.2	 0.0	 0.0	 0.0	

Carbon	Waste	 0.0	 0.0	 0.0	 9.1	 0.0	
Sodium	
Phosphate	 0.0	 4.8	 0.0	 1.0	 0.0	

Sulfur	 0.0	 0.4	 0.0	 0.1	 0.0	
Sodium	
Chloride	 0.0	 328.6	 0.0	 65.7	 0.0	
Potassium	
Hydroxide	 0.0	 14.8	 0.0	 3.0	 0.0	
Magnesium	
Chloride	 0.0	 0.7	 0.0	 0.1	 0.0	

Boric	Acid	 0.0	 8.6	 0.0	 8.6	 0.0	

Oxygen	 0.0	 0.0	 258.8	 0.0	 51.8	

Ammonia	 0.0	 0.0	 5.1	 0.0	 1.0	

Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 110.8	

Cells		 0.0	 0.0	 0.0	 48.6	 0.0	

Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	
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2L	REACTOR	3	

Stream	 S3	 S10	 S18	 S6	 S22	

Description	 From	aliquot	 Media	in	 Gases	in	 Cells	out	 Waste	gas	

Temperature	 32.0	 32.0	 66.0	 60.0	 60.0	

Pressure	 1.0	 1.2	 1.4	 1.2	 1.2	
Total	Mass	
(g/batch)	 1.0	 2126.6	 263.9	 1754.6	 163.6	

Component	Mass	(g/batch)	

Water	 1.0	 1617.5	 0.0	 1618.5	 0.0	

Glucose	 0.0	 151.2	 0.0	 0.0	 0.0	

Carbon	Waste	 0.0	 0.0	 0.0	 9.1	 0.0	
Sodium	
Phosphate	 0.0	 4.8	 0.0	 1.0	 0.0	

Sulfur	 0.0	 0.4	 0.0	 0.1	 0.0	
Sodium	
Chloride	 0.0	 328.6	 0.0	 65.7	 0.0	
Potassium	
Hydroxide	 0.0	 14.8	 0.0	 3.0	 0.0	
Magnesium	
Chloride	 0.0	 0.7	 0.0	 0.1	 0.0	

Boric	Acid	 0.0	 8.6	 0.0	 8.6	 0.0	

Oxygen	 0.0	 0.0	 258.8	 0.0	 51.8	

Ammonia	 0.0	 0.0	 5.1	 0.0	 1.0	

Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 110.8	

Cells		 0.0	 0.0	 0.0	 48.6	 0.0	

Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	
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Table	12.3.2	Material	balance	for	2000L	seed	train	batch	reactor	

2000L	REACTOR	

Stream	 S4/S5/S6	 S11	 S19	 S7	 S23	 S24	 S25	 S26	 S27	

Description	
From	2L	
reactor	

Media	
in	

Gases	
in	

Cells	
out	

Waste	
gas	

Total	
waste	
gas	

To	
heatx	

To	heatx	
pump	

From	
heatx	

Temperature	(C)	 60.0	 60.0	 52.0	 60.0	 60.0	 60.0	 60.0	 60.0	 32.0	

Pressure	(bar)	 1.2	 1.2	 1.4	 1.2	 1.2	 1.2	 1.4	 1.2	 1.2	
Total	Mass	
(kg/batch)	 1865.4	 2125.8	 247.0	 1754.6	 160.1	 207.8	 6347.3	 6347.3	 6347.3	

Component	Mass	(kg/batch)	

Water	 1618.5	 1616.9	 0.0	 1618.5	 0.0	 0.0	 5855.0	 5855.0	 5855.0	

Glucose	 0.0	 151.1	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Carbon	Waste	 9.1	 0.0	 0.0	 9.1	 0.0	 0.0	 32.8	 32.8	 32.8	
Sodium	
Phosphate	 1.0	 4.8	 0.0	 1.0	 0.0	 0.0	 3.5	 3.5	 3.5	

Sulfur	 0.1	 0.4	 0.0	 0.1	 0.0	 0.0	 0.3	 0.3	 0.3	

Sodium	Chloride	 65.7	 328.5	 0.0	 65.7	 0.0	 0.0	 237.7	 237.7	 237.7	
Potassium	
Hydroxide	 3.0	 14.8	 0.0	 3.0	 0.0	 0.0	 10.7	 10.7	 10.7	
Magnesium	
Chloride	 0.1	 0.7	 0.0	 0.1	 0.0	 0.0	 0.5	 0.5	 0.5	

Boric	Acid	 8.6	 8.6	 0.0	 8.6	 0.0	 0.0	 31.1	 31.1	 31.1	

Oxygen	 0.0	 0.0	 241.9	 0.0	 48.4	 203.7	 0.0	 0.0	 0.0	

Ammonia	 0.0	 0.0	 5.1	 0.0	 1.0	 4.1	 0.0	 0.0	 0.0	

Carbon	Dioxide	 110.8	 0.0	 0.0	 0.0	 110.7	 0.0	 0.0	 0.0	 0.0	

Cells		 48.6	 0.0	 0.0	 48.6	 0.0	 0.0	 175.6	 175.6	 175.6	

Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
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12.4	Batch	Process	Flow	Diagram	

	

Figure	12.4.	Process	flow	diagram	for	batch	process	including	all	main	reactants,	process	

steps	and	final	products.	
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Table	12.4.1	Material	balances	for	media	tank	during	batch	operation	

MEDIA	TANK	

Stream	 S43	 S44	 S45	 S46	 S47	 S48	 S49	

Description	

From	
component	
tanks	

From	
economizer	

To	
sterilizer	

To	
economizer	

To	
cooler	

From	
cooler	

From	
media	
tank	

Temperature	 25.0	 63.0	 63.0	 140.0	 106.0	 32.0	 32.0	

Pressure	 1.2	 1.2	 3.6	 3.6	 3.6	 1.2	 1.2	
Total	Mass	
(kg/batch)	 38817.2	 38817.2	 38817.2	 38817.2	 38817.2	 38817.2	 38817.2	

Component	Mass	(kg/batch)	

Water	 29133.0	 29133.0	 29133.0	 29133.0	 29133.0	 29133.0	 29133.0	

Glucose	 2723.2	 2723.2	 2723.2	 2723.2	 2723.2	 2723.2	 2723.2	

Carbon	Waste	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Sodium	
Phosphate	 85.1	 85.1	 85.1	 85.1	 85.1	 85.1	 85.1	

Sulfur	 7.8	 7.8	 7.8	 7.8	 7.8	 7.8	 7.8	

Sodium	Chloride	 6439.7	 6439.7	 6439.7	 6439.7	 6439.7	 6439.7	 6439.7	
Potassium	
Hydroxide	 260.0	 260.0	 260.0	 260.0	 260.0	 260.0	 260.0	
Magnesium	
Chloride	 12.7	 12.7	 12.7	 12.7	 12.7	 12.7	 12.7	

Boric	Acid	 155.8	 155.8	 155.8	 155.8	 155.8	 155.8	 155.8	

Oxygen	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Ammonia	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Cells		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
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Table	12.4.2	Material	balances	for	20,000	L	reactors	in	batch	operation	

REACTOR	1	

Stream	 S7	 S28	 S12	 S13	 S14	 S15	

Description	
From	
seed	train	

Cells	
in	

Ammonia	
tank	

Vaporized	
ammonia	

Generated	
oxygen	

Oxygen/ammonia	
mix	

Temperature	 60.0	 60.0	 32.0	 66.0	 66.0	 66.0	

Pressure	 1.2	 1.2	 1.2	 1.4	 1.4	 1.4	
Total	Mass	
(kg/batch)	 3509.2	 1754.6	 102.0	 102.0	 1613.0	 1715.0	

Component	Mass	(kg/batch)	

Water	 3237.0	 1618.5	 0.0	 0.0	 0.0	 0.0	

Glucose	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Carbon	Waste	 18.1	 9.1	 0.0	 0.0	 0.0	 0.0	

Sodium	Phosphate	 1.9	 1.0	 0.0	 0.0	 0.0	 0.0	

Sulfur	 0.2	 0.1	 0.0	 0.0	 0.0	 0.0	

Sodium	Chloride	 131.4	 65.7	 0.0	 0.0	 0.0	 0.0	
Potassium	
Hydroxide	 5.9	 3.0	 0.0	 0.0	 0.0	 0.0	
Magnesium	
Chloride	 0.3	 0.1	 0.0	 0.0	 0.0	 0.0	

Boric	Acid	 17.2	 8.6	 0.0	 0.0	 0.0	 0.0	

Oxygen	 0.0	 0.0	 0.0	 0.0	 1613.0	 1613.0	

Ammonia	 0.0	 0.0	 102.0	 102.0	 0.0	 102.0	

Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Cells		 97.1	 48.6	 0.0	 0.0	 0.0	 0.0	

Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
	

	

	

	

	



37 
 

	
REACTOR	1	(CONT.)	

Stream	 S30	 S32	 S40	 S34	 S35	 S36	

Description	 Gases	in	 Media	in	 Waste	gas	 To	heatx	
To	heatx	
pump	 From	heatx	

Temperature	 66.0	 32.0	 60.0	 60.0	 32.0	 32.0	

Pressure	 1.4	 1.2	 1.2	 1.2	 1.2	 1.2	
Total	Mass	
(kg/batch)	 857.5	 19408.6	 1169.1	 17542.2	 17542.2	 17542.2	

Component	Mass	(kg/batch)	

Water	 0.0	 14566.5	 0.0	 16185.0	 16185.0	 16185.0	

Glucose	 0.0	 1361.6	 0.0	 0.0	 0.0	 0.0	
Carbon	
Waste	 0.0	 0.0	 0.0	 90.7	 90.7	 90.7	
Sodium	
Phosphate	 0.0	 42.5	 0.0	 8.7	 8.7	 8.7	

Sulfur	 0.0	 3.9	 0.0	 0.8	 0.8	 0.8	
Sodium	
Chloride	 0.0	 3219.8	 0.0	 657.1	 657.1	 657.1	
Potassium	
Hydroxide	 0.0	 130.0	 0.0	 26.6	 26.6	 26.6	
Magnesium	
Chloride	 0.0	 6.4	 0.0	 1.3	 1.3	 1.3	

Boric	Acid	 0.0	 77.9	 0.0	 86.5	 86.5	 86.5	

Oxygen	 806.5	 0.0	 161.3	 0.0	 0.0	 0.0	

Ammonia	 51.0	 0.0	 10.2	 0.0	 0.0	 0.0	
Carbon	
Dioxide	 0.0	 0.0	 997.6	 0.0	 0.0	 0.0	

Cells		 0.0	 0.0	 0.0	 485.6	 485.6	 485.6	
Product	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
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REACTOR	2	

Stream	 S29	 S31	 S33	 S41	 S42	 S37	 S38	 S39	

Description	
Cells	
in	

Gases	
in	

Media	
in	

Waste	
gas	

Total	
waste	gas	

To	
heatx	

To	heatx	
pump	

From	
heatx	

Temperature	 60.0	 66.0	 32.0	 60.0	 60.0	 60.0	 32.0	 32.0	

Pressure	 1.2	 1.4	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	
Total	Mass	
(kg/batch)	 1754.6	 857.5	 19408.6	 1169.1	 2338.3	 17542.2	 17542.2	 17542.2	

Component	Mass	(kg/batch)	

Water	 1618.5	 0.0	 14566.5	 0.0	 0.0	 16185.0	 16185.0	 16185.0	

Glucose	 0.0	 0.0	 1361.6	 0.0	 0.0	 0.0	 0.0	 0.0	

Carbon	Waste	 9.1	 0.0	 0.0	 0.0	 0.0	 90.7	 90.7	 90.7	

Sodium	Phosphate	 1.0	 0.0	 42.5	 0.0	 0.0	 8.7	 8.7	 8.7	

Sulfur	 0.1	 0.0	 3.9	 0.0	 0.0	 0.8	 0.8	 0.8	

Sodium	Chloride	 65.7	 0.0	 3219.8	 0.0	 0.0	 657.1	 657.1	 657.1	
Potassium	
Hydroxide	 3.0	 0.0	 130.0	 0.0	 0.0	 26.6	 26.6	 26.6	

Magnesium	Chloride	 0.1	 0.0	 6.4	 0.0	 0.0	 1.3	 1.3	 1.3	

Boric	Acid	 8.6	 0.0	 77.9	 0.0	 0.0	 86.5	 86.5	 86.5	

Oxygen	 0.0	 806.5	 0.0	 161.3	 322.6	 0.0	 0.0	 0.0	

Ammonia	 0.0	 51.0	 0.0	 10.2	 20.4	 0.0	 0.0	 0.0	

Carbon	Dioxide	 0.0	 0.0	 0.0	 997.6	 1995.3	 0.0	 0.0	 0.0	

Cells		 48.6	 0.0	 0.0	 0.0	 0.0	 485.6	 485.6	 485.6	

Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	Extracellular	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
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12.6	Continuous	Process	Flow	Diagram	
	

	

Figure	12.6.	Process	flow	diagram	for	batch	process	including	all	main	reactants,	process	

steps	and	final	products.	
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12.7	Continuous	Process	Material	Balance	
Table	12.7.1	Material	Balance	for	Media	Tank	in	Continuous	Operation	

MEDIA	TANK	

Stream	 S43	 S44	 S45	 S46	 S47	 S48	 S49	 S50	

Description	

From	
component	
tanks	

From	
economizer	

To	
sterilizer	

To	
economizer	

To	
cooler	

From	
cooler	

From	
media	
tank	

To	
reactors	

Temperature	 25.0	 63.0	 63.0	 140.0	 106.0	 32.0	 32.0	 32.0	

Pressure	 1.2	 1.2	 3.6	 3.6	 3.6	 1.2	 1.2	 1.2	
Total	Mass	
(kg/hr)	 21788.2	 21788.2	 21788.2	 21788.2	 21788.2	 21788.2	 21788.2	 21788.2	

Component	Mass	(kg/hr)	

Water	 14958.1	 14958.1	 14958.1	 14958.1	 14958.1	 14958.1	 14958.1	 14958.1	

Glucose	 3507.9	 3507.9	 3507.9	 3507.9	 3507.9	 3507.9	 3507.9	 3507.9	

Carbon	Waste	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Sodium	
Phosphate	 42.6	 42.6	 42.6	 42.6	 42.6	 42.6	 42.6	 42.6	

Sulfur	 19.9	 19.9	 19.9	 19.9	 19.9	 19.9	 19.9	 19.9	
Sodium	
Chloride	 3036.5	 3036.5	 3036.5	 3036.5	 3036.5	 3036.5	 3036.5	 3036.5	
Potassium	
Hydroxide	 136.5	 136.5	 136.5	 136.5	 136.5	 136.5	 136.5	 136.5	
Magnesium	
Chloride	 6.7	 6.7	 6.7	 6.7	 6.7	 6.7	 6.7	 6.7	

Boric	Acid	 80.0	 80.0	 80.0	 80.0	 80.0	 80.0	 80.0	 80.0	

Oxygen	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Ammonia	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	
Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Cells		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Product	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
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Table	12.7.2	Material	Balance	on	Bioreactor	in	Continuous	Operation	
	

REACTOR	1	

Stream	 S12	 S13	 S14	 S15	 S30	

Description	
Ammonia	
tank	

Vaporized	
ammonia	

Generated	
oxygen	

Oxygen/ammonia	
mix	 Gases	in	

Temperature	 32.0	 66.0	 66.0	 66.0	 66.0	

Pressure	 1.2	 1.4	 1.4	 1.4	 1.4	

Total	Mass	(kg/hr)	 53.4	 53.4	 323.7	 377.1	 188.6	

Component	Mass	(kg/hr)	

Water	 0.0	 0.0	 0.0	 0.0	 0.0	

Glucose	 0.0	 0.0	 0.0	 0.0	 0.0	

Carbon	Waste	 0.0	 0.0	 0.0	 0.0	 0.0	

Sodium	Phosphate	 0.0	 0.0	 0.0	 0.0	 0.0	

Sulfur	 0.0	 0.0	 0.0	 0.0	 0.0	

Sodium	Chloride	 0.0	 0.0	 0.0	 0.0	 0.0	

Potassium	Hydroxide	 0.0	 0.0	 0.0	 0.0	 0.0	

Magnesium	Chloride	 0.0	 0.0	 0.0	 0.0	 0.0	

Boric	Acid	 0.0	 0.0	 0.0	 0.0	 0.0	

Oxygen	 0.0	 0.0	 323.7	 323.7	 161.9	

Ammonia	 53.4	 53.4	 0.0	 53.4	 26.7	

Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	

Cells		 0.0	 0.0	 0.0	 0.0	 0.0	

Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	
Other	Extracellular	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	
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REACTOR	1	(CONT.)	

Stream	 S32	 S40	 S34	 S35	 S36	 S51	

Description	 Media	in	 Waste	gas	 To	heatx	
To	heatx	
pump	 From	heatx	 From	reactor	

Temperature	 32.0	 60.0	 60.0	 32.0	 32.0	 60.0	

Pressure	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	
Total	Mass	

(kg/hr)	 10894.1	 1522.2	 7820.3	 7820.3	 7820.3	 8546.6	

Component	Mass	(kg/hr)	

Water	 7479.1	 0.0	 6843.5	 6843.5	 6843.5	 7479.1	

Glucose	 1754.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	
Waste	 0.0	 0.0	 51.8	 51.8	 51.8	 56.6	
Sodium	

Phosphate	 21.3	 0.0	 3.9	 3.9	 3.9	 4.3	

Sulfur	 9.9	 0.0	 1.8	 1.8	 1.8	 2.0	
Sodium	
Chloride	 1518.2	 0.0	 277.8	 277.8	 277.8	 303.6	

Potassium	
Hydroxide	 68.3	 0.0	 12.5	 12.5	 12.5	 13.7	
Magnesium	

Chloride	 3.3	 0.0	 0.6	 0.6	 0.6	 0.7	

Boric	Acid	 40.0	 0.0	 36.6	 36.6	 36.6	 40.0	

Oxygen	 0.0	 32.4	 0.0	 0.0	 0.0	 0.0	

Ammonia	 0.0	 26.7	 0.0	 0.0	 0.0	 0.0	
Carbon	
Dioxide	 0.0	 1463.2	 0.0	 0.0	 0.0	 0.0	

Cells		 0.0	 0.0	 205.3	 205.3	 205.3	 224.4	
Product	
Protein		 0.0	 0.0	 376.4	 376.4	 376.4	 411.3	
Other	

Extracellular	
Protein		 0.0	 0.0	 10.0	 10.0	 10.0	 11.0	
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REACTOR	2	

Stream	 S31	 S33	 S41	 S42	 S37	 S38	 S39	 S52	

Description	
Gases	
in	

Media	
in	

Waste	
gas	

Total	
waste	gas	

To	
heatx	

To	heatx	
pump	

From	
heatx	

From	
reactor	

Temperature	 66.0	 32.0	 60.0	 60.0	 60.0	 32.0	 32.0	 60.0	

Pressure	 1.4	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	

Total	Mass	(kg/hr)	 188.6	 10894.1	 1522.2	 3044.5	 7820.3	 7820.3	 7820.3	 8546.6	

Component	Mass	(kg/hr)	

Water	 0.0	 7479.1	 0.0	 0.0	 6843.5	 6843.5	 6843.5	 7479.1	

Glucose	 0.0	 1754.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Carbon	Waste	 0.0	 0.0	 0.0	 0.0	 51.8	 51.8	 51.8	 56.6	

Sodium	Phosphate	 0.0	 21.3	 0.0	 0.0	 3.9	 3.9	 3.9	 4.3	

Sulfur	 0.0	 9.9	 0.0	 0.0	 1.8	 1.8	 1.8	 2.0	

Sodium	Chloride	 0.0	 1518.2	 0.0	 0.0	 277.8	 277.8	 277.8	 303.6	
Potassium	
Hydroxide	 0.0	 68.3	 0.0	 0.0	 12.5	 12.5	 12.5	 13.7	
Magnesium	
Chloride	 0.0	 3.3	 0.0	 0.0	 0.6	 0.6	 0.6	 0.7	

Boric	Acid	 0.0	 40.0	 0.0	 0.0	 36.6	 36.6	 36.6	 40.0	

Oxygen	 161.9	 0.0	 32.4	 64.7	 0.0	 0.0	 0.0	 0.0	

Ammonia	 26.7	 0.0	 26.7	 53.4	 0.0	 0.0	 0.0	 0.0	

Carbon	Dioxide	 0.0	 0.0	 1463.2	 2926.3	 0.0	 0.0	 0.0	 0.0	

Cells		 0.0	 0.0	 0.0	 0.0	 205.3	 205.3	 205.3	 224.4	

Product	Protein		 0.0	 0.0	 0.0	 0.0	 376.4	 376.4	 376.4	 411.3	
Other	Extracellular	
Protein		 0.0	 0.0	 0.0	 0.0	 10.0	 10.0	 10.0	 11.0	
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Table	12.7.3	Material	Balance	on	Holding	Tank	TN-03	in	Continuous	Operation	

HOLDING	TANK	

Stream	 S53	 S54	 S55	 S56	

Description	
Total	from	
reactors	 To	heatx	 To	holding	tank	 From	holding	tank	

Temperature	 60.0	 60.0	 32.0	 32.0	

Pressure	 1.2	 1.2	 1.2	 1.2	

Total	Mass	(kg/hr)	 17093.1	 17093.1	 17093.1	 17093.1	

Component	Mass	(kg/hr)	

Water	 14958.1	 14958.1	 14958.1	 14958.1	

Glucose	 0.0	 0.0	 0.0	 0.0	

Carbon	Waste	 113.2	 113.2	 113.2	 113.2	

Sodium	Phosphate	 8.5	 8.5	 8.5	 8.5	

Sulfur	 4.0	 4.0	 4.0	 4.0	

Sodium	Chloride	 607.3	 607.3	 607.3	 607.3	

Potassium	Hydroxide	 27.3	 27.3	 27.3	 27.3	

Magnesium	Chloride	 1.3	 1.3	 1.3	 1.3	

Boric	Acid	 80.0	 80.0	 80.0	 80.0	

Oxygen	 0.0	 0.0	 0.0	 0.0	

Ammonia	 0.0	 0.0	 0.0	 0.0	

Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	

Cells		 448.7	 448.7	 448.7	 448.7	

Product	Protein		 822.7	 822.7	 822.7	 822.7	

Other	Extracellular	Protein		 21.9	 21.9	 21.9	 21.9	
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Table	12.8.3	Material	Balance	on	Centrifuge	in	Continuous	Operation	

CENTRIFUGE	

Stream	 S57	 S58	 S59	

Description	 To	centrifuge	 Cell	waste	 From	centrifuge	

Temperature	 32.0	 32.0	 32.0	

Pressure	 1.2	 1.2	 1.2	

Total	Mass	(kg/hr)	 17093.1	 1332.8	 15760.3	

Component	Mass	(kg/hr)	

Water	 14958.1	 798.5	 14159.6	

Glucose	 0.0	 0.0	 0.0	

Carbon	Waste	 113.2	 6.0	 107.1	

Sodium	Phosphate	 8.5	 0.5	 8.1	

Sulfur	 4.0	 0.2	 3.8	

Sodium	Chloride	 607.3	 32.4	 574.9	

Potassium	Hydroxide	 27.3	 1.5	 25.8	

Magnesium	Chloride	 1.3	 0.1	 1.3	

Boric	Acid	 80.0	 4.3	 75.7	

Oxygen	 0.0	 0.0	 0.0	

Ammonia	 0.0	 0.0	 0.0	

Carbon	Dioxide	 0.0	 0.0	 0.0	

Cells		 448.7	 444.3	 4.5	

Product	Protein		 822.7	 43.9	 778.8	
Other	Extracellular	
Protein		 21.9	 1.2	 20.8	
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Table	12.7.4	Material	Balance	on	Filtration	Steps	in	Continuous	Operation	
	

45	kDa	ULTRAFILTRATION	

Stream	 S60	 S61	 S62	 S63	 S64	

Description	
To	polishing	
filter	

Crossflow	
water	

Retentate	
waste	

To	waste	
tank	

Permeate	
product	

Temperature	 32.0	 32.0	 32.0	 32.0	 32.0	

Pressure	 1.2	 1.2	 1.2	 1.2	 1.2	

Total	Mass	(kg/hr)	 15760.3	 25200.0	 14331.9	 14331.9	 26628.4	

Component	Mass	(kg/hr)	

Water	 14159.6	 25200.0	 14159.6	 14159.6	 25200.0	

Glucose	 0.0	 0.0	 0.0	 0.0	 0.0	

Carbon	Waste	 107.1	 0.0	 10.7	 10.7	 96.4	

Sodium	Phosphate	 8.1	 0.0	 0.8	 0.8	 7.3	

Sulfur	 3.8	 0.0	 0.4	 0.4	 3.4	

Sodium	Chloride	 574.9	 0.0	 57.5	 57.5	 517.4	

Potassium	Hydroxide	 25.8	 0.0	 2.6	 2.6	 23.3	

Magnesium	Chloride	 1.3	 0.0	 0.1	 0.1	 1.1	

Boric	Acid	 75.7	 0.0	 7.6	 7.6	 68.2	

Oxygen	 0.0	 0.0	 0.0	 0.0	 0.0	

Ammonia	 0.0	 0.0	 0.0	 0.0	 0.0	

Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	

Cells		 4.5	 0.0	 4.5	 4.5	 0.0	

Product	Protein		 778.8	 0.0	 77.9	 77.9	 700.9	
Other	Extracellular	
Protein		 20.8	 0.0	 10.3	 10.3	 10.5	
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8	kDa	TANGENTIAL	FLOW	FILTRATION	

Stream	 S65	 S66	 S67	 S68	 S69	 S70	 S71	 S72	

Description	

To	
product	
filter	

Crossflow	
water	

Permeate	
media	

To	
sterilization	
loop	 Purge	

From	
purge	

Media	
components	

Retentate	
product	

Temperature	 32.0	 32.0	 32.0	 32.0	 32.0	 32.0	 32.0	 32.0	

Pressure	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	
Total	Mass	
(kg/hr)	 26628.4	 25200.0	 25855.8	 25855.8	 10508.4	 15347.4	 6517.0	 25962.4	

Component	Mass	(kg/hr)	

Water	 25200.0	 25200.0	 25200.0	 25200.0	 10241.9	 14958.1	 0.0	 25200.0	

Glucose	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 3507.9	 0.0	
Carbon	
Waste	 96.4	 0.0	 82.0	 82.0	 33.3	 48.7	 0.0	 14.5	
Sodium	
Phosphate	 7.3	 0.0	 6.2	 6.2	 2.5	 3.7	 38.9	 1.1	

Sulfur	 3.4	 0.0	 2.9	 2.9	 1.2	 1.7	 18.2	 0.5	
Sodium	
Chloride	 517.4	 0.0	 439.8	 439.8	 178.7	 261.0	 2775.5	 77.6	
Potassium	
Hydroxide	 23.3	 0.0	 19.8	 19.8	 8.0	 11.7	 124.8	 3.5	
Magnesium	
Chloride	 1.1	 0.0	 1.0	 1.0	 0.4	 0.6	 6.1	 0.2	

Boric	Acid	 68.2	 0.0	 57.9	 57.9	 23.5	 34.4	 45.6	 0.0	

Oxygen	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Ammonia	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	
Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Cells		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Product	
Protein		 700.9	 0.0	 37.4	 37.4	 15.2	 22.2	 0.0	 663.5	
Other	
Extracellular	
Protein		 10.5	 0.0	 8.9	 8.9	 3.6	 5.3	 0.0	 1.6	
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Table	12.7.5	Material	Balance	on	Evaporator	in	Continuous	Operation	
	

EVAPORATOR	

Stream	 S73	 S74	 S75	 S76	

Description	 To	evaporator	 To	steam	generator	 From	waste	gas	tank	 To	spray	dryer	

Temperature	 32.0	 100.0	 60.0	 32.0	

Pressure	 1.2	 1.2	 1.2	 1.2	

Total	Mass	(kg/hr)	 25962.4	 24880.0	 3044.5	 512.7	

Component	Mass	(kg/hr)	

Water	 25200.0	 24880.0	 0.0	 320.0	

Glucose	 0.0	 0.0	 0.0	 0.0	

Carbon	Waste	 14.5	 0.0	 0.0	 14.5	

Sodium	Phosphate	 1.1	 0.0	 0.0	 1.1	

Sulfur	 0.5	 0.0	 0.0	 0.5	

Sodium	Chloride	 77.6	 0.0	 0.0	 77.6	

Potassium	Hydroxide	 3.5	 0.0	 0.0	 3.5	

Magnesium	Chloride	 0.2	 0.0	 0.0	 0.2	

Boric	Acid	 0.0	 0.0	 0.0	 0.0	

Oxygen	 0.0	 0.0	 64.7	 57.9	

Ammonia	 0.0	 0.0	 53.4	 0.0	

Carbon	Dioxide	 0.0	 0.0	 2926.3	 0.0	

Cells		 0.0	 0.0	 0.0	 0.0	

Product	Protein		 663.5	 0.0	 0.0	 0.0	

Other	Extracellular	Protein		 1.6	 0.0	 0.0	 37.4	
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Table	12.7.6	Material	Balance	on	Spray	Dryer/Product	Bin	in	Continuous	Operation	
	

SPRAY	DRYER/PRODUCT	BIN	

Stream	 S76	 S77	 S78	 S79	 S80	 S81	 S82	

Description	
To	spray	
dryer	 Air	

Compressed	
air	

Heated	
air	

Exhaust	
air	

To	product	
bin	 Product	

Temperature	 32.0	 28.9	 76.0	 160.0	 80.0	 32.0	 32.0	

Pressure	(bar)	 1.2	 1.0	 1.5	 1.5	 1.5	 1.4	 1.0	

Total	Mass	(kg/hr)	 1082.4	 1012.8	 1012.8	 1012.8	 1332.8	 762.4	 762.4	

Component	Mass	(kg/hr)	

Water	 320.0	 12.8	 12.8	 12.8	 332.8	 0.0	 0.0	

Glucose	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Carbon	Waste	 14.5	 0.0	 0.0	 0.0	 0.0	 14.5	 14.5	

Sodium	Phosphate	 1.1	 0.0	 0.0	 0.0	 0.0	 1.1	 1.1	

Sulfur	 0.5	 0.0	 0.0	 0.0	 0.0	 0.5	 0.5	

Sodium	Chloride	 77.6	 0.0	 0.0	 0.0	 0.0	 77.6	 77.6	

Potassium	Hydroxide	 3.5	 0.0	 0.0	 0.0	 0.0	 3.5	 3.5	

Magnesium	Chloride	 0.2	 0.0	 0.0	 0.0	 0.0	 0.2	 0.2	

Boric	Acid	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Air	 0.0	 1000.0	 1000.0	 1000.0	 1000.0	 0.0	 0.0	

Oxygen	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Ammonia	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Cells		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

Product	Protein		 663.5	 0.0	 0.0	 0.0	 0.0	 663.5	 663.5	
Other	Extracellular	
Protein		 1.6	 0.0	 0.0	 0.0	 0.0	 1.6	 1.6	
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13. Process	Descriptions	

				13.1	Seed	Train	
	 To	successfully	run	this	process	with	a	continuous	fermenter	the	cells	must	be	

grown	starting	from	lab	scale	to	manufacturing	scale.	This	process	will	be	started	with	a	1	

mL	test	tube	with	a	cell	density	of	30	g/L	and	eventually	grown	to	two	20,000	L	bioreactors	

with	an	equivalent	cell	density,	as	well	as	55	g/L	of	extracellular	product	protein.	The	seed	

train	is	comprised	of	2	L	bioreactors	in	triplicate	and	a	2000	L	bio-reactor.		

	 Incrementally	growing	the	cells	through	a	seed	train	is	an	important	factor	in	

quality	control.	The	small	bioreactors	being	grown	in	triplicate	help	with	this	subject,	the	

lab	staff	will	check	the	contents	of	the	bioreactor	before	moving	the	contents	to	the	next	

reactor	and,	should	there	be	an	issue,	they	will	use	one	of	the	other	2L	reactors	to	inoculate	

the	larger	one.	

13.1.1	Biobank	
	 In	order	to	ensure	that	new	cells	are	always	ready	to	inoculate	batches	whenever	

necessary,	a	cell	bank	will	be	created.	Biobanking	helps	preserve	cell	lines	for	further	use	

and	keep	operating	costs	lows	(Cryopreservation	Guide:	The	basics	of	cellular	

cryopreservation	for	research	&	clinical	use,	2017).	The	cell	colonies	grown	on	the	agar	

plate	will	undergo	extensive	testing	to	ensure	they	are	not	contaminated	and	then	will	be	

used	to	fill	1	mL	test	tubes.	Each	of	these	will	be	frozen	at	-80°C	to	stop	growth	until	they	

are	needed	to	inoculate	a	new	batch.	When	the	cell	bank	is	near	empty,	one	sample	from	

the	master	cell	bank	will	be	used	to	generate	more	samples	in	the	working	cell	bank.		
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13.1.2.	2	L	Bioreactors	
	 A	triplicate	of	2L	bioreactors	will	be	used	as	the	first	step	in	the	seed	train.	1	mL	

samples	of	the	cells	will	be	used	to	inoculate	the	bioreactors	and	all	raw	materials	will	be	

fed	to	the	bioreactors	at	the	start	of	fermentation.	It	will	take	16	hours	for	the	contents	of	

the	reactor	to	reach	peak	cell	density.	The	reactors	have	a	total	working	volume	of	80%	

which	is	1.6	liters	each.	The	final	concentration	of	biomass	in	the	reactor	will	be	85	g/L,	

resulting	in	136	grams	of	biomass.	A	gas	vent	will	be	used	to	prevent	pressure	buildup	and	

all	gas	will	be	sent	to	a	scrubber	to	collect	any	cell	debris	before	releasing	to	the	

atmosphere.	The	cells	will	be	tested	for	contamination	and	then	the	contents	from	the	most	

ideal	reactor	will	be	used	to	inoculate	the	2000	L	reactor.		

13.1.3.	2000	L	Bioreactor	
	 A	2000	L	bioreactor	will	be	the	second	step	in	the	seed	train.	The	contents	from	one	

of	the	2	L	bioreactors	will	be	used	to	initiate	cell	growth	and	all	raw	materials	will	be	fed	to	

the	bioreactors	at	the	start	of	fermentation.	It	will	take	15	hours	for	the	reactor	contents	to	

reach	peak	cell	density.	The	reactor	will	have	a	total	working	volume	of	80%	which	is	1600	

liters.	The	final	concentration	of	biomass	in	the	reactor	will	be	85	g/L,	resulting	in	136	kg	of	

biomass.	A	gas	vent	will	be	used	to	prevent	pressure	buildup	and	all	gas	will	be	sent	to	a	

scrubber	to	collect	any	cell	debris	before	releasing	to	the	atmosphere.	An	external	heat	

exchanger	will	be	used	to	ensure	the	bioreactor	temperature	remains	at	60°C.	The	cells	will	

be	tested	for	contamination	and	then	entirety	of	the	contents	will	be	fed	to	the	continuous	

reactor.		
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13.2	Feed	Material	Storage	
	 Many	various	feed	materials	will	need	to	be	introduced	to	the	process	to	promote	

cell	growth,	enable	enzyme	creation,	regulate	pH	and	provide	foam	management.	All	of	

these	materials	must	be	stored	safely	to	ensure	safe	operation	of	all	process	components	

and	no	delays	in	operations.	The	storage	tank	design	specifications	are	outlined	in	Section	

15.1.	

13.2.1	Glucose	Storage	
	 Glucose	will	be	delivered	every	3	days	to	the	plant	from	Dayton,	Ohio	via	truck	at	a	

price	of	$881.85/MT.	Glucose	is	the	only	source	of	carbon	for	the	process	and	is	fed	to	the	

large	bioreactors	at	a	rate	of	84	MT/day.	Running	out	of	glucose,	due	to	delays	in	delivery	

or	any	other	types	of	accidents,	would	result	in	having	to	shut	down	and	restart	the	8	day	

campaign	which	would	interfere	with	downstream	processes.	Because	of	this	glucose	will	

be	stored	in	two	350,000	L	storage	tanks,	each	one	holding	enough	dextrose	to	supply	one	

bioreactor	for	6	days.		

13.2.2	Ammonia	Storage	
	 Anhydrous	ammonia	will	be	delivered	via	rail	from	the	Nutrien	distribution	center	

in	Northbrook,	Illinois.	It	will	be	delivered	once	a	week	in	the	form	of	compressed	liquefied	

gas.	A	2	week	supply	of	the	anhydrous	ammonia	will	be	stored	in	a	100	L	tank,	providing	

30%	for	evaporation.	According	to	the	SDS	provided	in	Appendix	C,	the	ammonia	can	be	

safely	stored	up	to	120°F,	so	the	expected	range	of	this	system	will	be	between	0°F	and	

100°F.	This	corresponds	to	a	pressure	range	of	1.1	bar	to	13.7	bar,	respectively	(Properties	

of	Ammonia,	n.d.).	The	tank	will	have	a	floating	roof	to	comply	with	EPA	regulations	
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requiring	a	floating	roof	when	the	vapor	pressure	of	the	liquid	exceeds	0.27	bar	at	

maximum	temperature.		

13.2.3	Media	Storage	
Media	will	be	introduced	to	the	system	through	a	sterilization	process	then	proceed	

to	a	storage	tank	to	be	held	and	fed	to	the	bioreactors.	This	tank	will	be	made	of	316L	

stainless	steel	and	will	be	a	horizontal	pressure	vessel	of	volume	11000	gallons	maintained	

at	1.2	bar	and	32	°C.		There	will	be	a	control	loop	purging	the	recycled	media	when	

necessary	to	ensure	the	tank	does	not	overflow	curing	the	24	hour	period	one	bioreactor	is	

undergoing	CIP	and	to	prevent	carbon	buildup.		

13.3	Gas	Feed	Generation	
	 For	cell	growth,	sources	of	oxygen	and	nitrogen	are	required	in	a	form	that	cells	can	

easily	uptake.	As	such,	gaseous	oxygen	and	ammonia	must	be	sparged	into	the	bioreactors	

at	every	stage	of	cell	growth	and	production	in	order	to	ensure	cells	can	grow	to	and	

maintain	peak	cell	density.	In	order	to	produce	these	gases,	process	units	are	required.		 	

13.3.1	Oxygen	Generator		
Due	to	the	high	oxygen	uptake	rate	needed	for	cell	growth	pure	oxygen	will	be	used	

as	the	oxygen	source	for	the	cell	growth.	7.8	MT/day	of	pure	oxygen	gas	is	required	when	

the	process	is	running	continuously,	and	as	such,	it	was	determined	that	instead	of	

purchasing	oxygen	from	a	supplier,	it	would	be	more	economically	feasible	to	generate	

oxygen	on	site	using	an	oxygen	generation	skid.	An	oxygen	generator	operates	by	

separating	air	into	its	primary	constituents	of	oxygen	and	nitrogen	by	capturing	and	

expelling	the	nitrogen,	while	allowing	the	oxygen	gas	to	continuing	to	the	rest	of	the	
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process.	Furthermore,	the	oxygen	generator	will	pressurize	the	oxygen	gas	before	sending	

it	to	the	bioreactors.	In	order	to	sparge	the	oxygen	through	the	bottom	of	the	reactor,	the	

pressure	of	the	gas	must	be	greater	than	the	sum	of	the	operation	pressure	of	1.0	bar,	and	

the	hydrostatic	pressure	of	0.42	bar	caused	by	a	liquid	height	of	4.27	m	in	the	reactor.	Thus,	

the	oxygen	gas	will	be	pressurized	to	1.43	bar	by	the	oxygen	generation	skid.				

13.3.2	Ammonia	Vaporizer	
	 Because	the	ammonia	will	be	delivered	and	stored	in	a	liquid,	anhydrous	form,	a	

vaporizer	is	required	in	order	to	vaporize	the	anhydrous	ammonia	and	produce	the	

required	flow	rate	of	ammonia	gas	into	the	reactor	at	the	required	pressure.	1.3	MT/day	of	

ammonia	gas	will	be	required	at	a	pressure	of	1.43	bar	by	the	same	calculation	as	to	

determine	the	oxygen	gas	pressure.	An	ammonia	vaporizer	that	can	process	the	required	

flow	rate	and	pressure	will	be	installed	directly	following	the	ammonia	storage	tank.	

13.4	Batch	Bioreactor	Growth	
Following	the	seed	train	growth,	the	two	20,000	L	production	scale	bioreactors	will	

be	inoculated	with	the	contents	of	the	2000	L	bioreactor,	with	staggered	schedules	which	

are	outlined	in	Section	10.4.	Cell	growth	will	take	approximately	5	hours,	at	which	point	the	

cells	will	reach	peak	cell	density	of	30	g/L	and	produce	extracellular	product	protein	at	a	

concentration	of	55	g/L.		

13.5	Continuous	Bioreactor	Production	
Once	peak	cell	density	and	peak	product	titer	are	reached,	the	continuous	process	

will	then	begin,	consisting	of	constant	flow	rates	in	and	out	of	the	bioreactor.	Flowing	in	

will	be	a	gaseous	ammonia	mixed	with	oxygen,	a	cooled	recycle	stream,	and	a	media	
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stream.	The	outlets	will	consist	of	a	gas	stream	which	contains	excess	air,	oxygen,	ammonia	

and	carbon	dioxide,	and	a	liquid	product	stream	which	will	be	fed	to	a	centrifuge.	Each	

bioreactor	has	a	campaign	period	of	8	days	after	which	it	will	be	emptied	of	all	its	contents	

and	they	too	will	continue	downstream.	The	bioreactor	will	then	undergo	a	clean	in	place	

process	and	start	a	new	growth	period.	Because	of	the	staggered	schedules	a	new	campaign	

is	started	every	4	days.	

13.5.1	20,000	L	Bioreactors	
	 Two	20,000	L	bioreactors	will	be	used	semi-continuously	to	meet	the	production	

goal	specified	in	the	project	statement.	They	will	have	80%	working	volume,	equating	to	

approximately	16,000	L	each.	They	will	be	kept	at	1.22	bar	which	is	slightly	above	

atmospheric	pressure	to	ensure	that,	should	a	leak	occur,	components	from	the	

surrounding	air	will	not	enter	the	bioreactors.		An	external	heat	exchanger	will	be	used	to	

ensure	the	bioreactors	remain	at	60°C	and	the	peak	cell	density	of	30	g/L	will	be	conserved	

throughout	the	campaign.	The	bioreactor	will	require	12.6	kW	of	agitation.		

13.5.2	Cooling	Recycle	Stream	Heat	Exchangers	
	 Because	this	fermentation	process	is	highly	exothermic,	producing	512	kW	of	heat	

will	be	created	in	each	bioreactor	and	cooling	will	be	necessary	to	ensure	the	bioreactors	

remain	at	60°C.	This	will	be	accomplished	with	the	use	of	external	countercurrent	shell	and	

tube	heat	exchangers	which	will	cool	a	portion	of	the	bioreactor	contents	to	32°C	and	then	

return	them	to	the	bioreactors.	A	valve	at	the	bottom	of	the	reactor	will	vent	the	pressure	

of	the	liquid	and	the	piping	length	will	be	adjusted	such	that	the	liquid	is	delivered	to	the	

exchanger	at	approximately	1.2	bar.	The	hot	fluid	is	located	on	the	shell	side	and	is	entering	

at	140	°F	(60	°C)	and	is	leaving	at	77	°F	(25	°C)	with	negligible	pressure	drop.	The	hot	fluid	
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is	entering	at	a	flow	rate	of	7821	kg/hr.	Cooling	water	is	entering	on	the	tube	side	at	80	°F	

and	leaving	at	120	°F.	The	cooling	water	has	flow	rate	9854	kg/hr.	The	heat	exchanger	is	

built	assuming	0.0005	ft2	hr	°F	btu-1.	The	product	of	the	overall	heat	transfer	coefficient	and	

area	was	found	to	be	62298.7	btu	hr-1	°F-1.	The	heat	exchanger	will	be	constructed	out	of	

316L	stainless	steel	to	withstand	the	high	pH	of	the	media	being	cooled.	The	shell’s	inside	

and	outside	diameter	are	8.407	in	and	8.625	in	respectively.	There	are	44	tubes	with	2	

passes,	and	the	tubes	have	length	183.1	in	with	outside	diameter	and	pitch	0.75	in	and	

0.9375	respectively.	The	tube	pattern	is	30-triangular,	and	they	are	located	in	the	baffle	

window.	There	are	22	baffles	that	are	spaced	7.67	in	apart	center	to	center.	The	baffles	are	

single	segmental	and	cut	horizontally.	There	are	3	shells	in	series.		

13.6	Holding	Tank	System	

13.6.1	Holding	Tank	
	 A	holding	tank	catches	the	effluent	coming	from	the	bioreactors	to	maintain	

consistency	for	the	downstream	processing	equipment.	It	is	a	horizontal	pressure	vessel	

with	agitation	designed	to	hold	a	volume	greater	than	that	of	the	working	volumes	of	the	

two	bioreactors,	and	it	delivers	fluid	to	the	downstream	at	a	constant	flow	rate.		

13.6.2	Holding	Tank	Heat	Exchangers	
	 The	suspension	containing	the	product	must	be	cooled	from	60	°C	in	order	to	

remain	compatible	with	the	downstream	processes.	This	heat	exchanger	is	placed	in	order	

to	deliver	the	suspension	at	25	°C	to	the	holding	tank	TN-03.	The	hot	fluid	is	entering	on	

the	shell	side	at	a	flow	rate	of	40807	lb/hr	(18318	kg/hr).	It	is	entering	at	140	°F	(60	°C)	

and	leaving	at	77	°F	(25	°C).	The	inlet	pressure	is	1.2	bar	and	the	pressure	drops	to	1.09	
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bar.	Chilled	water	enters	at	45	°F	on	the	tube	side	and	leaves	at	90	°F.	The	chilled	water	

flow	rate	is	57119	lb/hr	(25437	kg/hr).	This	heat	exchanger	is	also	built	with	0.0005	ft2	hr	

°F	btu-1.	The	product	of	the	overall	heat	transfer	coefficient	and	the	area	was	found	to	be	

6.45�107	btu	hr-1	°F-1.	The	heat	exchanger	will	be	constructed	out	of	316L	stainless	steel	to	

withstand	the	high	pH	of	the	media	being	cooled.	The	shell’s	inside	and	outside	diameter	

are	8.407	in	and	8.625	in	respectively.	There	are	118	tubes	with	1	pass,	and	the	tubes	have	

length	195	in	with	outside	diameter	and	pitch	0.5	in	and	0.625	respectively.	The	tube	

pattern	is	30-triangular,	and	they	are	located	in	the	baffle	window.	There	are	24	baffles	that	

are	spaced	7.7	in	apart	center	to	center.	The	baffles	are	single	segmental	and	cut	

horizontally.		

13.7	Centrifugation	
	 In	order	to	separate	the	live	cell	mass	from	the	liquid	suspension	containing	the	

product	protein,	a	centrifuge	is	required.	It	was	decided	that	a	disc	stack	centrifuge	will	be	

used	as	disc	stack	centrifuges	can	be	run	continuously	to	process	large	volumetric	flow	

rates,	and	they	are	commonly	used	to	separate	biomass	from	fermentation	broths	

(Thomas,	2014).	Disc	stack	centrifuges	contain	multiple	conical	discs	in	the	bowl	of	the	

device	and	as	the	suspension	is	fed	to	the	bottom	of	the	bowl,	the	centrifugal	force	pushes	

solids	outward	and	down	the	discs	as	the	liquid	suspension	rises	and	exits	the	top	of	the	

centrifuge.		

	 Approximately	15,000	L/h	of	cell	suspension	will	be	fed	to	the	centrifuge	from	the	

holding	tank	containing	450	kg/hr	of	live	cells	that	need	to	be	removed	before	the	liquid	

containing	the	product	protein	can	undergo	further	purification.	Based	on	consultant	

recommendation,	it	is	assumed	that	the	centrifuge	will	remove	99%	by	mass	of	cells,	and	
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the	resulting	waste	slurry	will	contain	1/3	cells	by	mass	and	2/3	water,	protein,	and	media	

constituents	by	mass.		

13.8	Ultrafiltration	
	 After	99%	of	the	cell	mass	is	removed	in	with	the	centrifuge,	the	liquid	product	will	

continue	to	a	series	of	ultrafiltration	steps.	The	first	step	will	remove	the	remaining	cell	

debris	and	most	extracellular	components	larger	than	the	desired	enzyme.	This	will	

improve	the	purity	of	the	final	product	and	also	help	protect	the	following	tangential	flow	

filtration	step	from	large	particles	that	can	clog	the	membrane	and	lead	to	membrane	

fouling.	The	tangential	flow	filtration	step	will	be	optimized	to	ensure	87%	and	the	

retentate	of	this	step	will	be	sent	to	the	spray	dryer.	

13.7.1	45kDa	Ultrafiltration	
	 The	first	filtration	step	will	consist	of	45	kDa	membranes	in	with	a	total	membrane	

area	of	30	m2.	The	system	used	for	this	process	will	be	the	ProStak	tangential	flow	filtration	

unit	which	allows	for	high	product	recovery	and	low	hold	up	volume.	The	membranes	are	

hydrophilic	polyvinylidene	difluoride	which	allows	them	to	have	lower	protein	binding	and	

therefore	better	separation.	They	are	also	functional	in	the	pH	range	2-11,	which	will	offer	

maximum	functionality	in	this	system.	The	cross	flow	rate,	area,	and	transmembrane	

pressure	will	be	optimized	at	lab	scale	using	the	MilliporeSigma	Single	Pass	Tangential	

Flow	Filtration	system	and	scaled	up	to	ensure	90%	separation.	The	permeate	of	this	step	

will	be	sent	on	to	the	second	filtration	unit.	
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13.7.2	8	kDa	Tangential	Flow	Filtration	
	 The	second	filtration	step	will	consist	of	8	kDa	Biomax	membranes	which	are	

engineered	for	high	flux,	high	yield	and	high	reliability.	With	functionality	over	pH	1-14	and	

low	protein	binding,	these	membranes	will	offer	sufficient	separation	in	this	process.	The	

system	is	linearly	scalable	so	the	cross	flow	rate,	area,	and	transmembrane	pressure	will	be	

optimized	at	lab	scale	to	reach	87%	separation.	It	will	then	be	scaled	up	to	manufacturing	

scale.	The	lab	scale	system	used	will	be	the	Pellicon	2	Mini.	The	Biomax	membranes	will	be	

used	in	these	Pellicon	2	cassettes	and	scaled	up	in	a	Cogent	Process	Scale	Tangential	Flow	

Filtration	System.	All	brochures	for	these	systems	can	be	found	in	Appendix	D.	

13.8	Recycle	Sterilization	
	 In	order	to	maintain	proper	cell	growth	in	the	bioreactors	the	recycle	streams	

returning	to	them	must	be	sterilized.	Upon	consultant	recommendation,	a	loop	containing	

an	economizer,	sterilizer	and	cooler	will	be	used	to	complete	this	task.	The	recycle	streams	

will	consist	of	the	permeate	from	the	tangential	flow	filtration	process	unit	and	the	water	

crossflow	from	the	gas	scrubber.		

13.8.1	Economizer	
	 The	economizer	is	a	heat	exchanger	designed	to	utilize	the	heat	from	the	sterilized	

stream	(i.e.	fluid	leaving	the	sterilizer	heat	exchanger)	to	heat	up	the	incoming	media	

stream	which	is	to	be	recycled.	Fluid	will	enter	at	25	°C	and	leave	at	63	°C.	This	will	be	a	

shell	and	tube	heat	exchanger	constructed	out	of	316L	stainless	steel.	The	tubes	will	be	

0.75	in	in	outer	diameter	and	will	have	pitch	0.9375.	The	tube	pattern	will	be	30-triangular	

and	they	will	be	located	in	the	baffle	windows.	The	baffle	type	will	be	single	segmental	and	

they	will	be	cut	horizontally.	The	shell	inside	and	outside	diameter	respectively	will	be	



60 
 

6.407	in	and	6.625	in.	They	will	be	153.5	in	long	and	there	will	be	27	tubes	and	only	1	pass.	

The	baffles	will	be	spaced	11.6	in	apart	center	to	center	and	there	will	be	12	baffles.		

13.8.2	Sterilizer	
	 The	fluid	leaving	the	economizer	will	be	pressurized	to	3.62	bar	before	entering	a	

second	shell	and	tube	heat	exchanger.	This	fluid	will	then	be	heated	to	140	°C	using	150	

psig	steam.	The	exchanger	will	be	constructed	out	of	316L	stainless	steel.	The	tubes	will	be	

0.5	in	in	outer	diameter	and	will	have	pitch	0.625.	The	tube	pattern	will	be	30-triangular	

and	they	will	be	located	in	the	baffle	windows.	The	baffle	type	will	be	single	segmental	and	

they	will	be	cut	horizontally.	The	shell	inside	and	outside	diameter	respectively	will	be	

29.53	in	and	30.08	in.	They	will	be	59.1	in	long	and	there	will	be	1870	tubes	and	only	1	

pass.	The	baffles	will	be	spaced	6.5	in	apart	center	to	center	and	there	will	be	6	baffles.	

13.8.3	Cooler	
	 The	cooler	will	be	designed	to	cool	the	fluid	leaving	the	economizer	down	to	a	low	

temperature	so	that	it	may	be	stored	in	a	holding	tank.	The	fluid	will	enter	the	cooler	at	106	

°C	and	will	be	cooled	to	32	°C	using	cooling	water.	The	exchanger	will	be	constructed	out	of	

316L	stainless	steel.	The	tubes	will	be	0.75	in	in	outer	diameter	and	will	have	pitch	0.9375.	

The	tube	pattern	will	be	30-triangular	and	they	will	be	located	in	the	baffle	windows.	The	

baffle	type	will	be	single	segmental	and	they	will	be	cut	horizontally.	The	shell	inside	and	

outside	diameter	respectively	will	be	16.73	in	and	17.13	in.	They	will	be	230.3	in	long	and	

there	will	be	247	tubes	and	only	1	pass.	The	baffles	will	be	spaced	4.2	in	apart	center	to	

center	and	there	will	be	52	baffles.	
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13.9	Drying	
	 Following	the	ultrafiltration	step,	the	purity	of	the	solution	is	high	enough	at	87%	

product	protein	by	mass	that	liquid	stream	will	undergo	two	drying	steps	to	produce	a	

solid	powder	product.	The	goal	of	these	two	drying	steps	is	to	remove	all	water	from	the	

product	stream	and	granulize	the	product.	

13.9.1	Evaporator	
	 As	the	product	stream	from	the	8	kDa	tangential	flow	filtration	step	contains	25,200	

kg/hr	of	water,	the	majority	of	this	water	must	first	be	evaporated	off	using	a	multiple	

effect	evaporator	before	a	spray	dryer	can	be	used	to	produce	a	product	powder.	The	

multiple	effect	evaporator	functions	as	a	series	of	evaporator	bodies,	where	in	the	first	

effect,	steam	is	used	to	evaporate	a	portion	of	the	water	in	the	feed	stream,	thus	

concentrating	the	feed	and	condensing	the	steam.	The	vapor	from	the	first	effect	is	then	

used	to	evaporate	more	water	in	a	second	effect	held	at	a	lower	pressure.	By	using	effects	

at	progressively	lower	pressures,	externally	heated	steam	is	only	required	to	evaporate	

liquid	in	the	first	effect	and	all	subsequent	effect	rely	on	vapor	from	the	previous.	Through	

this	method,	latent	heat	is	conserved	and	the	amount	of	steam	required	to	vaporize	a	given	

amount	of	water	is	equal.	A	three	effect	evaporator	is	most	common	in	industrial	multiple	

effect	evaporator	processes	as	a	balance	between	space	costs	and	efficiency	and	will	be	

used	in	this	process.	The	evaporator	will	be	used	to	concentrate	the	product	stream	to	

contain	320	kg/hr	of	water,	equal	to	the	evaporative	capacity	of	the	spray	dryer.	

13.9.2	Spray	Dryer	
	 Once	the	product	stream,	which	will	at	this	point	in	the	process	be	a	slurry	due	to	

the	high	ratio	of	protein	to	water,	exits	the	evaporator	with	the	desired	water	content,	it	
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will	be	sent	to	a	spray	dryer.	As	the	product	slurry	is	fed	through	an	atomizer	to	produce	

small	droplets	of	product,	heated	compressed	air	will	be	fed	co-current	to	the	atomized	

droplets	in	order	to	vaporize	the	remaining	water	leaving	solid	granules	of	protein.	The	

spray	dryer	will	function	in	a	co-current	manner	so	that	the	air	at	the	highest	temperature	

will	come	into	contact	with	the	droplets	containing	the	most	liquid	as	not	to	denature	the	

protein.	As	per	US	Patent	4,233,405,	the	inlet	air	will	be	heated	to	the	recommended	

temperature	of	160°C	and	the	outlet	temperature	of	the	exhaust	air	will	be	at	80°C	(United	

States	of	America	Patent	No.	4,233,405,	1979).	The	water	content	of	the	inlet	air	is	

estimated	at	50%	relative	humidity	at	the	average	high	temperature	in	the	summer	in	the	

plant	location	of	Dayton,	Ohio,	that	is	0.0128	kg	water/kg	air.	The	flow	rate	of	inlet	air	will	

be	1000	kg/hr,	which	was	determined	as	approximately	125%	of	the	air	required	to	

remove	all	water	if	the	outlet	air	were	at	100%	relative	humidity	at	the	outlet	temperature.	

Once	the	water	is	removed,	762	kg/hr	of	product	powder	will	produced	at	a	purity	of	87%	

desired	protein.		

13.10	Final	Packaging	
	 Following	the	spray	dryer,	the	product	protein	will	need	to	be	collected	and	

packaged	for	shipment.	The	product	powder	will	be	collected	in	a	carbon	steel	vertical	

holding	bin	with	a	bin	activator	to	ensure	a	constant	flow	of	product	powder	out	of	the	

vessel.	The	bin	activator	accomplishes	this	by	vibrating	the	powder	throughout	the	vessel	

to	ensure	a	steady	mass	flow	of	product.	The	product	powder	will	be	collected	in	super	

sacks	that	will	be	filled	and	sealed	for	distribution.	The	bulk	density	of	the	dried	protein	

product	is	0.7	kg/L	and	762.4	kg/hr	of	product	will	be	produced,	so	product	will	need	to	be	

packaged	at	a	rate	of	1089	L/hr.	
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14. Energy Balance and Utility Requirements 

14.1 Annual Utility Requirements 
 
Table	14.1	Annual	utility	costs	for	this	process.	

Utility	 Annual	Demand	 Annual	Cost	

Cooling	Water	 149,590,153	kg	 $4,051	

Chilled	Water	 162,267,706	kg	 $81,134	

Process	Water	 341,830,404	kg	 $92,572	

150	psig	Steam	 1,254,039,855	kg	 $19,186,810	

Electricity	 13,210,702	kg	 $924,729	
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14.2	Utility	Requirements	for	Equipment	
Table	14.2	Annual	energy	requirements	and	associated	costs	for	process	units.	

Equipment	
Code	

Cooling	
Water	
(kg/hr)	

Chilled	
Water	
(kg/hr)	

Process	
Water	
(kg/hr)	

Medium	
Pressure	Steam	
(kg/hr)	

Electricity	
(kW)	

Hours	
Uptime	per	
Year	

TN-01	 0.0	 0.0	 0.0	 0.0	 0.0	 8322.0	

TN-02	 0.0	 0.0	 14958.1	 0.0	 8.8	 8322.0	

B-01	 0.0	 0.0	 0.0	 0.0	 20.0	 8322.0	

GEN-01	 0.0	 0.0	 0.0	 0.0	 74.6	 8322.0	

SBR-01	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

SBR-03	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

SBR-05	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	

SBR-02	 0.0	 0.0	 0.0	 0.0	 0.3	 1847.5	

SBR-04	 0.0	 0.0	 0.0	 0.0	 0.3	 1847.5	

SBR-06	 0.0	 0.0	 0.0	 0.0	 0.3	 1847.5	

SBR-07	 0.0	 0.0	 0.0	 0.0	 0.6	 1344.5	

HX-01	 20.0	 0.0	 0.0	 0.0	 0.0	 1344.5	

CMP-01	 0.0	 0.0	 0.0	 0.0	 13.4	 6782.3	

BR-01	 0.0	 0.0	 0.0	 0.0	 12.6	 7242.7	

BR-02	 0.0	 0.0	 0.0	 0.0	 12.6	 7242.7	

P-02	 0.0	 0.0	 0.0	 0.0	 0.4	 7242.7	

P-03	 0.0	 0.0	 0.0	 0.0	 0.4	 7242.7	

HX-02	 9854.0	 0.0	 0.0	 0.0	 0.0	 7242.7	

HX-03	 9854.0	 0.0	 0.0	 0.0	 0.0	 7242.7	

GTN-01	 0.0	 0.0	 0.0	 0.0	 0.0	 8322.0	

P-05	 0.0	 0.0	 0.0	 0.0	 0.0	 6782.3	

HX-07	 0.0	 23925.0	 0.0	 0.0	 0.0	 6782.3	

TN-03	 0.0	 0.0	 0.0	 0.0	 8.8	 6782.3	

P-06	 0.0	 0.0	 0.0	 0.0	 1.7	 6782.3	

CNT-01	 1010.0	 0.0	 0.0	 0.0	 22.0	 6782.3	

TN-04	 0.0	 0.0	 0.0	 0.0	 962.0	 6782.3	

P-07	 0.0	 0.0	 0.0	 0.0	 1.5	 6782.3	

TFF-01	 0.0	 0.0	 25200.0	 0.0	 22.0	 6782.3	
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P-08	 0.0	 0.0	 0.0	 0.0	 1.3	 6782.3	

P-09	 0.0	 0.0	 0.0	 0.0	 2.5	 6782.3	

TFF-02	 0.0	 0.0	 25200.0	 0.0	 22.0	 6782.3	

P-10	 0.0	 0.0	 0.0	 0.0	 2.4	 6782.3	

HX-04	 0.0	 0.0	 0.0	 0.0	 0.0	 7242.7	

P-12	 0.0	 0.0	 0.0	 0.0	 2.4	 7242.7	

HX-05	 0.0	 0.0	 0.0	 158718.0	 0.0	 7242.7	

HX-06	 0.0	 0.0	 0.0	 0.0	 0.0	 7242.7	

P-11	 0.0	 0.0	 0.0	 0.0	 43.6	 6782.3	

EVP-01	 0.0	 0.0	 0.0	 13482.6	 37.3	 6782.3	

SD-01	 0.0	 0.0	 0.0	 0.0	 5.0	 6782.3	

PB-01	 0.0	 0.0	 0.0	 0.0	 7.5	 6782.3	

HX-08	 0.0	 0.0	 0.0	 1923.0	 0.0	 6782.3	

TN-05	 0.0	 0.0	 0.0	 0.0	 653.0	 8322.0	

CIP	System	 0.0	 0.0	 0.0	 0.0	 14.9	 1711.1	
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15. Equipment	List	and	Unit	Descriptions	
Below	are	descriptions	and	designs	of	all	major	equipment	used	in	the	process.	For	the	

equipment	that	was	to	be	ordered	from	a	particular	vendor,	the	vendor	and	the	price	

quoted	are	given.	All	other	equipment	was	costed	using	the	equipment	costing	spreadsheet	

or	the	price	was	quoted	by	advice	from	consultants,	with	the	exception	of	heat	exchangers.	

Except	for	HX-01,	all	heat	exchangers	were	designed	and	costed	in	ASPEN	and	in	the	design	

of	the	exchangers,	the	property	changes	due	to	dissolved	contents	were	neglected.		

15.1	Feed	Process	Units	

15.1.1	Glucose	Storage	
	 Two	350,000	L	stainless	steel	storage	tanks	with	a	cone	roof	will	be	used	to	store	a	

supply	of	dextrose.	The	tanks	will	be	kept	at	room	temperature	and	atmospheric	pressure.	

Each	tank	will	be	able	to	supply	dextrose	to	a	bioreactor	for	6	days.	The	tanks	were	costed	

using	the	Equipment	Costing	Spreadsheet	and	are	estimated	to	cost	$395,739	each.	

Because	liquid	methanol	is	highly	flammable	and	the	resulting	vapor	can	be	toxic,	the	

storage	tank	will	comply	with	storage	safety	regulations.	

15.1.2	Ammonia	Storage	(TN-01)	
	 A	100	L	stainless	steel	storage	tank	with	a	floating	roof	will	be	used	to	store	a	2	

week	supply	of	anhydrous	ammonia	in	the	form	of	compressed	liquefied	gas.	The	tank	will	

be	able	to	operate	from	0°F	to	100°F	with	pressures	ranging	from	1.1	bar	to	13.7	bar,	

respectively.	The	tanks	were	costed	using	the	Equipment	Costing	Spreadsheet	and	came	

out	to	$10,573.	The	tank	is	significantly	smaller	than	the	range	covered	by	the	correlation	

provided	so	this	value	was	extrapolated.	The	tank	will	have	30%	head	space	to	account	for	
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expansion	during	the	hotter	months.	The	tank	will	also	comply	with	ammonia	storage	

safety	regulations	since	it	is	a	highly	toxic	substance.	

15.1.3	Media	Tank	(TN-02)	
	 A	44,480	L	pressure	vessel	made	from	316L	stainless	steel	will	be	used	to	store	

media	before	it	is	fed	to	the	two	bioreactors.	It	will	be	a	horizontal	pressure	vessel	

maintained	at	1.2	bar	and	25	°C.	It	will	have	a	diameter	of	𝐷 = 10	𝑓𝑡	and	length	of	𝐿 =

20	𝑓𝑡.	It	will	be	built	with	earthquake	and	weather	maintenance	and	have	an	elasticity	𝐸 =

30 × 10!𝑝𝑠𝑖.	It	will	a	corrosion	thickness	of	0.125	in	and	have	a	density	of	490	lb/ft3.	From	

the	equipment	costing	spreadsheet,	the	purchase	cost	of	the	vessel	is	$102427	and	the	bare	

module	cost	is	$426097.	There	will	be	a	control	loop	prior	to	the	sterilization	unit	that	

feeds	the	tank.	The	function	of	the	control	loop	is	to	measure	the	media	level	in	the	tank	

and	ensure	it	does	not	overflow	during	the	24	hour	windows	in	which	one	bioreactor	is	

undergoing	CIP	and	the	tank	is	only	feeding	one	reactor.	The	loop	will	trigger	a	purge	

stream	of	media	during	this	time,	which	will	also	help	mitigate	carbon	buildup.	The	vessel	

will	have	agitation	at	a	rate	of	8.76	kW	and	the	agitation	system	will	cost	$6240.	

15.1.4	Ammonia	Vaporizer	(B-01)	
	 For	ammonia	vaporization,	a	PowerXP-120AA	unit	from	Algas-SDI	will	be	used.	The	

required	ammonia	vaporization	load	during	continuous	operation	is	53	kg/hr,	and	the	

vaporization	capacity	for	the	120AA	model	is	54	kg/hr.	Because	of	the	relatively	small	

vaporization	rate,	the	vaporizer	is	electrically	powered	at	20	kW.	The	vaporizer	contains	a	

finned	aluminum	heat	exchanger	that	is	electronically	supplied	thermal	energy.	The	vessel	

that	contains	the	vaporized	ammonia	is	pressurized	to	approximately	18	bar,	allowing	for	
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the	pressure	to	be	dropped	to	the	required	1.4	bar	before	the	ammonia	gas	reaches	the	

bioreactors.	The	ammonia	vaporizer	will	cost	$20,000.	

15.1.5	Oxygen	Generator	(GEN-01)	
	 A	PRISM	T-Series	VSA	Oxygen	Generator	will	be	used	for	production	of	pure	oxygen	

gas	from	air.	The	T-Series	has	a	maximum	generation	of	rate	of	23	MT/day,	so	the	system	

will	easily	be	able	to	provide	for	the	7.8	MT/day	oxygen	requirement	during	continuous	

bioreactor	operation.	The	T-Series	is	a	vacuum	swing	adsorption	(VSA)	oxygen	generator,	

meaning	that	the	system	separates	oxygen	from	nitrogen	in	air	through	a	molecular	sieve	

that	adsorbs	nitrogen	gas,	allowing	pure	oxygen	to	continue	forward.	The	VSA	functions	

differently	from	other	adsorbent	generators	as	it	operates	by	drawing	the	air	in	through	an	

internal	vacuum,	removing	the	need	for	a	pressurized	gas	feed.	The	modular	design	of	the	

skid	allows	for	significant	flexibility	in	installation.	The	skid	also	is	capable	of	completely	

continuous	operation	by	drawing	from	a	product	buffer	tank	during	points	in	the	

generation	cycle	where	the	adsorbent	must	be	regenerated.	The	T-Series	skid	will	cost	

$1,300,000	and	require	74.6	kW	of	power	for	operation.	

15.2	Seed	Train	Process	Units	

15.2.1	1	mL	Test	Tubes	(SBR-01,	SBR-03,	SBR-05)	
Fisherbrand	Sterile	Plastic	Culture	Tubes	will	be	used	to	store	the	genetically	

modified	cells	in	the	cell	bank.	They	are	tested	for	sterility	and	claim	no	chance	of	

contamination.	They	are	made	of	clear	polysterine,	will	have	screw	on	caps,	and	will	be	

stored	in	a	freezer	at	-80°C.	They	will	be	purchased	in	bulk	with	a	case	of	1000	in	total	

costing	$521.50.			
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15.2.2	2	L	Bioreactors	(SBR-02,	SBR-04,	SBR-06)	
	 The	2	L	bioreactors	operating	in	triplicate	are	the	first	step	in	the	seed	train.	These	

reactors	will	be	Biostat	A	units	from	Sartorius	Stedim.	The	bioreactor	has	automatic	

aeration	system	and	pH	monitoring.	It	also	has	an	integrated	chiller,	eliminating	the	need	

for	external	cooling	water.	This	reactor	is	optimized	for	fed-batch	processes,	allowing	you	

to	insert	substrate	profiles	and	automate	external	pumps	with	a	PID	controller.	The	

purchase	cost	is	$25,000	and	the	power	requirement	is	300	W	for	each	reactor.	

15.2.3	2000	L	Bioreactor	(SBR-07)	
	 The	next	step	in	the	seed	train	scale	up	is	the	2000	L	bioreactor.	This	model	will	be	

the	Biostat	STR	also	from	Sartorius	Stedim.	This	bioreactor	comes	with	automated	raw	

material	feed	and	cell	bleed	controls	that	respond	to	changes	in	pH,	foam	levels,	and	oxygen	

and	carbon	dioxide	concentrations.	The	Flexsafe	STR	bags	have	a	resin	formulation	that	leads	

to	cell	viability	and	higher	cell	densities.	The	cost	for	the	reactor	is	$560,000	and	each	bag	is	an	

additional	$3000.	

15.2.4	Seed	Train	Heat	Exchanger	(HX-01)	
	 For	the	2000	L	bioreactor	an	external	heat	exchanger	is	necessary	to	maintain	the	

internal	temperature	at	60°C	throughout	the	fermentation	process.	This	heat	exchanger	

will	be	a	double	pipe	heat	exchanger	due	to	the	small	amount	of	liquid	flowing	through	it.	

The	hot	fluid,	i.e.	the	media	from	the	2000	L	bioreactor,	will	enter	at	60	°C	and	1.2	bar	and	

leave	at	28	°C.	The	cool	fluid	will	be	cooling	water	which	enters	at	26.66	°C	and	1	bar	and	

leaves	at	48.88	°C.	The	pressure	drop	across	both	ends	is	negligible.	It	will	be	constructed	

out	of	stainless	steel	and	have	a	heat	transfer	area	of	2.02	ft2.	The	purchase	cost	is	$5113.	
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15.3	Continuous	Process	Units	

15.3.1	20,000	L	Bioreactors	(BR-01,	BR-02)	
	 Two	20,000	L	bioreactors	will	be	used	for	the	continuous	fermentation	portion	of	

the	process.	The	reactors	have	a	working	volume	of	a	little	more	than	80%	the	total	

volume,	totaling	in	16185	L,	and	are	made	of	Stainless	Steel	316L.	The	reactors	have	a	gas	

inlet	stream	at	the	base	and	a	gas	vent	stream	at	the	top	that	will	feed	to	the	on-site	boiler.	

A	porous	metal	sparger	will	be	used	to	help	oxygenate	the	contents	of	the	bioreactor.	A	

pitch	blade	impeller	will	be	used	to	provide	12.6	kW	of	power	to	sufficiently	mix	the	

components	in	the	bioreactor	and	maximize	cell	growth.	There	is	an	external	heat	

exchanger	that	is	used	to	maintain	the	internal	bioreactor	temperature	at	60°C.	The	system	

will	be	kept	at	1.2	bar	to	prevent	any	leaks	to	the	surrounding	environment.	They	will	be	

run	on	staggered	8	day	campaigns	and	each	have	24	hours	designated	for	a	clean	in	place	

process.	Each	reactor	will	cost	$285,000	and	each	agitator	will	cost	$125,000.	They	will	be	

supplied	by	Paul	Mueller	Company.	A	proportional	integral	controller	will	measure	the	

temperature	inside	the	bioreactor	and	adjust	the	flowrate	of	liquid	heading	into	the	cooling	

heat	exchanger.	This	will	also	control	the	flow	rate	during	the	batch	stage	of	the	process.		

15.3.2	Heat	Exchanger	Pumps	(P-02,	P-03)	
	 Pumps	will	follow	each	heat	exchanger	in	the	cooling	loop	to	flow	the	liquid	back	

into	each	reactor	vessel	at	a	pressure	of	1.2	bar.	These	are	designed	assuming	100	ft	head	

loss	before	entering	the	heat	exchanger.	These	will	be	centrifugal	pumps	constructed	out	of	

stainless	steel	and	will	be	designed	to	accommodate	100	ft	of	head	loss,	delivering	the	fluid	

at	1.2	bar.	It	is	assumed	to	have	an	efficiency	of	0.9	and	has	a	power	requirement	of	0.38	

kW.	Each	pump	will	cost	$15641,	leading	to	a	bare	module	cost	for	each	pump	of	$51616.	
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15.3.3	Heat	Exchangers	(HX-02,	HX-03)	
	 A	shell	and	tube	heat	exchanger	will	be	used	externally	to	each	bioreactor	in	order	

to	cool	the	contents	down	at	such	a	rate	that	the	heat	duty	exchanged	will	maintain	the	

bioreactors	at	60	°C.	Furthermore,	there	will	be	a	control	loop	regulating	the	flow	rate	of	

media	through	the	heat	exchanger	to	ensure	that	the	reactor	temperature	is	maintained.	

Media	will	be	entering	the	shell	side	at	a	pressure	of	1.2	bar	and	temperature	of	60	°C	with	

flow	rate	7821	kg/hr.	It	will	be	leaving	the	exchanger	at	32	°C.	Cooling	water	at	26.66	°C	

(80	°F)	will	enter	the	tube	side	at	a	flow	rate	of	9854	kg/hr	and	will	leave	the	heat	

exchanger	at	48.88	°C	(120	°F).	The	pressure	drop	across	both	sides	of	the	exchanger	was	

negligible.	The	exchanger	was	designed	with	0.0005	ft2	hr	°F/btu	and	the	product	of	the	

overall	heat	transfer	coefficient	and	the	heat	transfer	area	was	62299	btu	hr-1	°F-1.	The	

exchanger	will	be	constructed	out	of	316L	stainless	steel.	The	tubes	will	be	0.75	in	in	outer	

diameter	and	will	have	pitch	0.9375.	The	tube	pattern	will	be	30-triangular	and	they	will	be	

located	in	the	baffle	windows.	The	baffle	type	will	be	single	segmental	and	they	will	be	cut	

horizontally.	The	shell	inside	and	outside	diameter	respectively	will	be	8.407	in	and	8.625	

in.	They	will	be	183.1	in	long	and	there	will	be	44	tubes	and	2	passes.	The	baffles	will	be	

spaced	7.67	in	apart	center	to	center	and	there	will	be	22	baffles.	There	are	3	shells	in	

series.	Each	exchanger	will	cost	$47769.	The	cooling	water	is	available	at	$0.027/m3.	

15.3.4	Waste	Gas	Tank	(GNT-02)	
	 This	waste	gas	tank	will	house	the	waste	gases	from	the	bioreactors	before	the	gas	

mixtures	are	sent	to	the	steam	generator	and	then	ultimately	the	gas	outlet.	It	is	designed	

to	hold	one	batch	cycle’s	worth	of	material.	It	will	be	a	large	storage	vessel	with	inlet	



72 
 

flowrate	3045	kg/hr.	The	volume	of	the	storage	vessel	is	422000	gallons	and	it	will	have	a	

floating	roof.	The	purchase	cost	is	$357516.		

15.3.5	Pump	to	Holding	Tank	(P-05)	
	 This	pump	is	designed	to	deliver	the	effluent	from	each	bioreactor,	after	the	streams	

have	merged,	to	a	heat	exchanger	and	subsequently	a	holding	tank.	The	pump	will	be	

designed	to	accommodate	100	ft	of	head	loss	and	deliver	the	liquid	to	the	holding	tank	at	

1.2	bar.	It	will	be	a	centrifugal	pump	constructed	out	of	stainless	steel.	The	purchase	cost	

will	be	$9085	and	the	bare	module	cost	will	be	$29981.	The	power	requirement	will	be	

1.65	kW	with	an	efficiency	of	0.9.			

15.3.6	Holding	Tank	Heat	Exchanger	(HX-07)	
	 A	shell	and	tube	heat	exchanger	will	be	used	to	cool	the	effluent	of	the	bioreactors	

down	to	25	°C.	Media	will	be	entering	the	shell	side	at	a	pressure	of	1.2	bar	and	

temperature	of	60	°C	with	flow	rate	17093	kg/hr.	It	will	be	leaving	the	exchanger	at	25	°C.	

Chilled	water	at	7.22	°C	(45	°F)	will	enter	the	tube	side	at	a	flow	rate	of	23925	kg/hr	and	

will	leave	the	heat	exchanger	at	32.22	°C	(90	°F).	The	pressure	drop	across	both	sides	of	the	

exchanger	was	negligible.	The	exchanger	was	designed	with	0.0005	ft2	hr	°F/btu	and	the	

product	of	the	overall	heat	transfer	coefficient	and	the	heat	transfer	area	was	59611	btu	hr-

1	°F-1.	The	exchanger	will	be	constructed	out	of	316L	stainless	steel.	The	tubes	will	be	0.5	in	

in	outer	diameter	and	will	have	pitch	0.625.	The	tube	pattern	will	be	30-triangular	and	they	

will	be	located	in	the	baffle	windows.	The	baffle	type	will	be	single	segmental	and	they	will	

be	cut	horizontally.	The	shell	inside	and	outside	diameter	respectively	will	be	8.41	in	and	

8.625	in.	They	will	be	189.0	in	long	and	there	will	be	118	tubes	and	only	1	pass.	The	baffles	
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will	be	spaced	7.7	in	apart	center	to	center	and	there	will	be	22	baffles.	Each	exchanger	will	

cost	$16940.	Chilled	water	is	available	at	$1.50/ton-day.	

15.3.7	Holding	Tank	(TN-03)	
	 This	holding	tank	will	have	the	same	specifications	as	that	of	the	media	holding	

tank.	It	will	be	a	44,480	L	pressure	vessel	made	from	316L	stainless	steel	designed	to	hold	

the	effluent	coming	from	the	two	bioreactors	before	being	sent	to	the	downstream	process.	

It	will	be	a	horizontal	pressure	vessel	maintained	at	1.2	bar	and	25	°C.	It	will	have	a	

diameter	of	𝐷 = 10	𝑓𝑡	and	length	of	𝐿 = 20	𝑓𝑡.	It	will	be	built	with	earthquake	and	weather	

maintenance	and	have	an	elasticity	𝐸 = 30 × 10!	psi.	It	will	a	corrosion	thickness	of	0.125	

in	and	have	a	density	of	490	lb/ft3.	From	the	equipment	costing	spreadsheet,	the	purchase	

cost	of	the	vessel	is	$102427	and	the	bare	module	cost	is	$426097.	The	vessel	will	have	

agitation	at	a	rate	of	8.76	kW	and	the	agitation	system	will	cost	$6240.	

15.3.8	Pump	to	Centrifuge	(P-06)	
	 This	pump	is	designed	to	deliver	the	liquid	from	the	holding	tank	to	the	centrifuge	

for	separation.	The	pump	will	be	designed	to	accommodate	100	ft	of	head	loss	and	deliver	

the	liquid	to	the	centrifuge	at	1.2	bar.	It	will	be	a	centrifugal	pump	constructed	out	of	

stainless	steel.	The	purchase	cost	will	be	$9085	and	the	bare	module	cost	will	be	$29981.	

The	power	requirement	will	be	1.65	kW	with	an	efficiency	of	0.9.			

15.3.9	Centrifuge	(CNT-01)	
	 In	order	to	remove	the	live	cells	from	the	cell	suspension	coming	off	of	the	

bioreactors,	a	Culturefuge	400	system	from	Alfa	Laval	will	be	used.	The	Culturefuge	400	is	

a	solids-ejecting	hermetic	disc	stack	centrifuge	capable	of	processing	high	throughputs	up	
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to	20,000	L/hr,	meaning	that	it	is	capable	of	processing	the	15,000	L/hr	of	cell	suspension	

produced	by	the	two	production	bioreactors.	The	centrifuge	continuously	outputs	

separated	liquid	phase	at	the	top	of	the	bowl	and	intermittently	discharges	solids	from	the	

bottom	of	the	bowl.	In	order	to	reduce	the	need	for	further	purification	steps	downstream,	

a	centrifuge	was	required	that	would	not	lyse	the	cells.	Because	of	a	hollow	spindle	design	

that	gradually	accelerates	the	liquid	entering	the	centrifuge,	the	sheer	force	in	the	

Culturefuge	400	is	low	enough	that	it	will	not	lyse	cells.	The	Culturefuge	400	is	also	

compatible	with	the	CIP	system	that	will	be	used	for	cleaning	across	all	process	units.	The	

unit	requires	22	kW	of	power	for	the	installed	motor	and	1,010	L/hr	of	cooling	water	for	

the	frame	parts,	oil	cooler,	and	seals,	and	it	has	a	footprint	of	2.95	m	by	1.55	m.	2	units	will	

be	purchased	in	order	to	have	a	backup	system	that	the	flow	will	be	routed	to	during	

maintenance	on	the	primary	system.	The	cost	for	each	system	will	be	$400,000.	

15.3.10	Cell	Waste	(TN-04)	
	 The	cell	waste	and	media	that	is	removed	by	the	centrifuge	will	be	sent	to	a	holding	

tank	at	a	rate	of	2478809	kg/campaign.	It	will	be	sent	from	the	holding	tank	to	the	

biowaste	disposal	process	but	a	holdup	tank	of	645000	gallons	will	be	used	to	help	mitigate	

the	flow	downstream	should	there	be	any	complications.	The	size	of	this	tank	is	such	that	it	

is	designed	to	hold	an	entire	8	day	campaigns	worth	of	waste.	It	is	in	this	holding	tank	that	

the	waste	will	be	neutralized	and	digested	before	being	sent	to	municipal	waste.	The	tank	

will	be	made	of	stainless	steel	and	have	a	floating	roof,	costing	$2659866	according	to	the	

Equipment	Costing	Spreadsheet.	It	will	have	agitation	at	a	rate	of	962	kW.	
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15.3.11	Pump	to	Filtration	1	(P-07)	
	 This	pump	is	designed	to	deliver	the	liquid	exiting	the	centrifuge	to	the	first	

ultrafiltration	system.	The	pump	will	be	designed	to	accommodate	100	ft	of	head	loss	and	

deliver	the	liquid	to	the	ultrafiltration	at	1.2	bar.	It	will	be	a	centrifugal	pump	constructed	

out	of	stainless	steel.	The	purchase	cost	will	be	$9092	and	the	bare	module	cost	will	be	

$30005.	The	power	requirement	will	be	1.47	kW	with	an	efficiency	of	0.9.			

15.3.12	45kDa	Ultrafiltration	(TFF-01)	
	 A	tangential	flow	ultrafiltration	system	with	the	45kDa	membranes	will	be	used	to	

separate	the	larger	extracellular	proteins	and	any	cell	remnants	after	the	centrifuge.	The	

Prostak	tangential	flow	filtration	unit	from	MilliporeSigma	will	be	used	for	this	process.	

This	unit	allows	for	high	product	recovery	and	low	hold	up	volume.	The	membranes	that	

will	be	used	are	hydrophilic	polyvinylidene	difluoride	which	allows	them	to	have	lower	

protein	binding	and	therefore	better	separation.	They	are	also	functional	in	the	pH	range	2-

11,	which	will	offer	maximum	functionality	in	this	system.	The	cross	flow	rate,	area,	and	

transmembrane	pressure	will	be	optimized	at	lab	scale	using	the	MilliporeSigma	Single	

Pass	Tangential	Flow	Filtration	system	and	scaled	up	to	ensure	90%	separation.	The	

estimated	membrane	area	is	30	m2	and	the	estimated	cross	flow	is	25,200	L/hr.	The	system	

will	measure	the	pressure	at	on	the	feed,	retentate	and	permeate	because	the	driving	force	

for	the	separation	comes	from	the	transmembrane	pressure.	Two	units	will	need	to	be	

purchased	because	after	processing	1	hour’s	worth	of	material	the	system	will	need	to	

undergo	a	CIP.	The	cost	of	the	each	unit	will	be	$11M	for	the	tank,	cassette	holders,	and	

associated	pumps.	There	will	be	an	additional	cost	of	$58,588	for	the	desired	membranes.	
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The	power	needed	by	each	unit	will	be	22	kW.	The	price	of	the	process	water	in	the	cross	

flow	stream	is	accounted	for	in	the	utilities	of	the	plant.		

15.3.13	Pump	to	Cell	Waste	(P-08)	
	 This	pump	is	for	the	purpose	of	delivering	the	waste	from	the	first	ultrafiltration	to	

the	cell	waste	tank.	The	pump	will	be	designed	to	accommodate	100	ft	of	head	loss	and	

deliver	the	liquid	to	the	cell	waste	bin	at	1.2	bar.	It	will	be	a	centrifugal	pump	constructed	

out	of	stainless	steel.	The	purchase	cost	will	be	$9114	and	the	bare	module	cost	will	be	

$30077.	The	power	requirement	will	be	1.34	kW	with	an	efficiency	of	0.9.			

15.3.14	Pump	to	Filtration	2	(P-09)	
	 This	pump	will	deliver	the	extract	from	the	first	filtration	step	to	the	second	

filtration	system.	The	pump	will	be	designed	to	accommodate	100	ft	of	head	loss	and	

deliver	the	liquid	to	the	cell	waste	bin	at	1.2	bar.	It	will	be	a	centrifugal	pump	constructed	

out	of	stainless	steel.	The	purchase	cost	will	be	$9228	and	the	bare	module	cost	will	be	

$30454.	The	power	requirement	will	be	2.48	kW	with	an	efficiency	of	0.9.			

15.3.15	8kDa	Tangential	Flow	Filtration	(TFF-02)	
	 The	second	tangential	flow	filtration	step	will	consist	of	8kDa	membranes	to	capture	

the	desired	enzyme	and	the	retentate	from	this	step	will	be	sent	to	the	spray	dryer.	Biomax	

membranes	will	be	used	for	this	step	because	they	are	engineered	for	high	flux,	high	yield	

and	high	reliability.	They	have	the	ability	to	operate	with	in	pH	of	1-14	and	have	low	

protein	binding	because	they	are	hydrophilic.	The	MilliporeSigma	systems	are	linearly	

scalable	so	the	cross	flow	rate,	area,	and	transmembrane	pressure	will	be	optimized	at	lab	

scale	to	reach	87%	separation.	It	will	then	be	scaled	up	to	manufacturing	scale.	The	
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estimated	membrane	area	is	60	m2	and	the	estimated	crossflow	is	25,200	L/hr.	The	system	

will	measure	the	pressure	at	on	the	feed,	retentate	and	permeate	because	the	driving	force	

for	the	separation	comes	from	the	transmembrane	pressure.	Two	units	will	need	to	be	

purchased	because	after	processing	1	hour’s	worth	of	material	the	system	will	need	to	

undergo	a	CIP	process.	The	cost	of	each	unit	will	be	$2307920	for	the	tank,	cassette	

holders,	and	associated	pumps.		There	will	be	an	additional	cost	of	$307,920	for	the	Biomax	

filters.	The	power	needed	by	each	unit	will	be	22	kW.	The	price	of	the	process	water	in	the	

cross	flow	stream	is	accounted	for	in	the	utilities	of	the	plant.	

15.3.16	Pump	to	Sterilization	(P-10)	
	 This	pump	will	deliver	the	waste	media	from	the	second	filtration	step	to	the	

sterlization	process	so	that	the	media	may	be	recycled.	The	pump	will	be	designed	to	

accommodate	100	ft	of	head	loss	and	deliver	the	liquid	to	the	cell	waste	bin	at	1.2	bar.	It	

will	be	a	centrifugal	pump	constructed	out	of	stainless	steel.	The	purchase	cost	will	be	

$9209	and	the	bare	module	cost	will	be	$30390.	The	power	requirement	will	be	2.41	kW	

with	an	efficiency	of	0.9.			

15.3.17	Purge	Waste	Tank	(TN-05)	
The	cell	waste	and	media	that	is	removed	by	the	centrifuge	will	be	sent	to	a	holding	

tank	at	a	rate	of	1662870	kg/campaign.	It	will	be	sent	from	the	holding	tank	to	the	

biowaste	disposal	process	but	a	holdup	tank	of	438000	gallons	will	be	used	to	help	mitigate	

the	flow	downstream	should	there	be	any	complications.	The	size	of	this	tank	is	such	that	it	

is	designed	to	hold	an	entire	8	day	campaigns	worth	of	waste.	It	is	in	this	holding	tank	that	

the	waste	will	be	neutralized	before	being	sent	to	municipal	waste.	It	will	have	2	h.p./	1000	

gallons	of	agitation.	The	tank	will	be	made	of	stainless	steel	and	have	a	floating	roof,	costing	
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$364325	according	to	the	Equipment	Costing	Spreadsheet.	It	will	require	653	kW	of	

agitation.	

15.3.18	Economizer	(HX-04)	
	 The	economizer	is	the	first	in	a	set	of	three	heat	exchangers	designed	to	sterilize	the	

media	at	140	°C.	This	exchanger	will	use	the	media	exiting	the	sterilizer	(the	second	

exchanger)	to	heat	the	media	before	it	enters	the	sterilizer.	The	hot	stream,	i.e.	the	media	

exiting	the	sterilizer,	will	be	cooled	down	in	the	economizer	before	entering	the	cooler.	

Cool	media	will	be	entering	the	tube	side	at	a	pressure	of	1.2	bar	and	temperature	of	25	°C	

with	flow	rate	21788	kg/hr.	It	will	be	leaving	the	exchanger	at	63	°C.	Hot	media	at	140	°C	

will	enter	the	shell	side	at	a	flow	rate	of	21788	kg/hr	and	a	pressure	of	3.62	bar	and	will	

leave	the	heat	exchanger	at	106	°C.	The	pressure	drop	across	both	sides	of	the	exchanger	

was	negligible.	The	exchanger	was	designed	with	0.0005	ft2	hr	°F/btu	and	the	product	of	

the	overall	heat	transfer	coefficient	and	the	heat	transfer	area	was	23111.4	btu	hr-1	°F-1.	

The	exchanger	will	be	constructed	out	of	316L	stainless	steel.	The	tubes	will	be	0.75	in	in	

outer	diameter	and	will	have	pitch	0.9375.	The	tube	pattern	will	be	30-triangular	and	they	

will	be	located	in	the	baffle	windows.	The	baffle	type	will	be	single	segmental	and	they	will	

be	cut	horizontally.	The	shell	inside	and	outside	diameter	respectively	will	be	6.407	in	and	

6.625	in.	They	will	be	153.5	in	long	and	there	will	be	27	tubes	and	only	1	pass.	The	baffles	

will	be	spaced	11.6	in	apart	center	to	center	and	there	will	be	12	baffles.	Each	exchanger	

will	cost	$12000.	

15.3.19	Pump	to	Sterilizer	(P-12)	
	 A	pump	will	be	used	to	raise	the	pressure	of	the	liquid	stream	exiting	the	

economizer	and	entering	the	sterilizer.	This	pressure	increase	is	to	prevent	vaporization	in	
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the	sterilizer.	It	will	be	a	centrifugal	pump	constructed	out	of	stainless	steel.	The	purchase	

cost	will	be	$9125	and	the	bare	module	cost	will	be	$30112.	The	power	requirement	will	

be	2.41	kW	with	an	efficiency	of	0.9.			

15.3.20	Sterilizer	(HX-05)	
	 The	sterilizer	is	a	heat	exchanger	that	heats	up	the	liquid	media	stream	to	140	°C	so	

that	any	biological	contaminants	may	be	destroyed.	The	media,	i.e.	the	cool	stream,	enters	

on	the	tube	side	at	a	pressure	of	3.62	bar	and	a	temperature	of	63	°C.	The	flow	rate	of	the	

media	is	21788	kg/hr	and	it	exits	the	exchanger	at	140	°C.	Steam	at	a	pressure	of	10.34	bar	

and	a	temperature	of	185	°C	enters	the	shell	side	of	the	exchanger	at	a	flow	rate	of	158718	

kg/hr.	The	steam	exits	the	exchanger	at	181	°C,	with	a	vapor	fraction	of	0.97.	The	pressure	

drop	across	both	ends	was	negligible.	The	exchanger	was	designed	with	0.0005	ft2	hr	

°F/btu	and	the	product	of	the	overall	heat	transfer	coefficient	and	the	heat	transfer	area	

was	54986	btu	hr-1	°F-1.	The	exchanger	will	be	constructed	out	of	316L	stainless	steel.	The	

tubes	will	be	0.5	in	in	outer	diameter	and	will	have	pitch	0.625.	The	tube	pattern	will	be	30-

triangular	and	they	will	be	located	in	the	baffle	windows.	The	baffle	type	will	be	single	

segmental	and	they	will	be	cut	horizontally.	The	shell	inside	and	outside	diameter	

respectively	will	be	29.53	in	and	30.08	in.	They	will	be	59.1	in	long	and	there	will	be	1870	

tubes	and	only	1	pass.	The	baffles	will	be	spaced	6.5	in	apart	center	to	center	and	there	will	

be	6	baffles.	Each	exchanger	will	cost	$80485.	Steam	is	available	at	a	price	of	$15.30	/	1000	

kg.	

15.3.21	Cooler	(HX-06)	
	 The	cooler	will	be	cooling	the	liquid	media	exiting	the	economizer-sterilizer	loop.	

The	media,	i.e.	the	hot	stream	in	the	cooler,	enters	the	exchanger	on	the	shell	side	at	106	°C	
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and	3.62	bar.	The	flow	rate	of	the	media	is	is	21788	kg/hr.	It	then	exits	at	32	°C.	Cooling	

water	enters	the	exchanger	on	the	tube	side	at	1	bar,	26.66	°C	and	at	a	flow	rate	of	68633	

kg/hr.	It	exits	the	exchanger	at	51.1	°C.	The	pressure	drop	across	both	ends	was	negligible.	

The	exchanger	was	designed	with	0.0005	ft2	hr	°F/btu	and	the	product	of	the	overall	heat	

transfer	coefficient	and	the	heat	transfer	area	was	173666	btu	hr-1	°F-1.	The	exchanger	will	

be	constructed	out	of	316L	stainless	steel.	The	tubes	will	be	0.75	in	in	outer	diameter	and	

will	have	pitch	0.9375.	The	tube	pattern	will	be	30-triangular	and	they	will	be	located	in	

the	baffle	windows.	The	baffle	type	will	be	single	segmental	and	they	will	be	cut	

horizontally.	The	shell	inside	and	outside	diameter	respectively	will	be	16.73	in	and	17.13	

in.	They	will	be	230.3	in	long	and	there	will	be	247	tubes	and	only	1	pass.	The	baffles	will	

be	spaced	4.2	in	apart	center	to	center	and	there	will	be	52	baffles.	Each	exchanger	will	cost	

$40257.	Cooling	water	is	available	at	$0.027	/	m3.	Following	the	sterilizer,	the	piping	to	the	

media	holding	tank	will	be	such	that	the	head	loss	will	be	calibrated	to	ensure	delivery	of	

fluid	at	1.2	bar	to	the	holding	tank.		

15.3.22	Pump	to	Evaporator	(P-11)	
	 A	pump	will	be	used	to	deliver	the	product	stream	from	the	second	filtration	step	to	

the	evaporator.	The	pump	will	be	designed	to	accommodate	100	ft	of	head	loss	and	deliver	

the	liquid	to	the	evaporator	at	1.2	bar.	It	will	be	a	centrifugal	pump	constructed	out	of	

stainless	steel.	The	purchase	cost	will	be	$9212	and	the	bare	module	cost	will	be	$30399.	

The	power	requirement	will	be	43.57	kW	with	an	efficiency	of	0.9.	

15.3.23	Air	Compressor	(CMP-01)	
	 In	order	to	pressurize	the	air	to	be	used	as	the	drying	air	in	the	spray	dryer,	an	air	

compressor	will	be	used.	1000	kg/hr	of	air	will	be	compressed	to	1.471	bar	by	the	
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compressor.	The	unit	will	be	a	carbon	steel	centrifugal	compressor	powered	electrically	

with	an	18.03	hp	motor.	The	compressor	will	cost	$61,936.	

15.3.24	Heat	Exchanger	for	Air	Heating	(HX-08)	
	 This	heat	exchanger	will	be	used	to	heat	the	air	before	it	is	utilized	in	the	spray	

dryer	unit.	The	air	will	be	the	cool	stream,	entering	the	tube	side	at	a	flow	rate	of	1000	

kg/hr,	with	13	kg/hr	of	water	vapor	entering	alongside	due	to	the	air	having	nonzero	

humidity.	The	air	enters	at	1.47	bar	76	°C	and	will	be	heated	to	160	°C.	Steam	enters	the	

shell	side	at	a	flow	rate	of	1923	kg/hr,	with	inlet	temperature	186	°C	and	pressure	10.34	

bar.	The	steam	exits	at	181	°C.	The	pressure	drop	across	both	ends	is	negligible.	The	

exchanger	was	designed	with	0.0005	ft2	hr	°F/btu	and	the	product	of	the	overall	heat	

transfer	coefficient	and	the	heat	transfer	area	was	839	btu	hr-1	°F-1.	The	exchanger	will	be	

constructed	out	of	316L	stainless	steel.	The	tubes	will	be	0.75	in	in	outer	diameter	and	will	

have	pitch	0.9375.	The	tube	pattern	will	be	30-triangular	and	they	will	be	located	in	the	

baffle	windows.	The	baffle	type	will	be	single	segmental	and	they	will	be	cut	horizontally.	

The	shell	inside	and	outside	diameter	respectively	will	be	6.407	in	and	6.625	in.	They	will	

be	47.3	in	long	and	there	will	be	27	tubes	and	only	1	pass.	The	baffles	will	be	spaced	4.4	in	

apart	center	to	center	and	there	will	be	6	baffles.	Each	exchanger	will	cost	$10514.	

15.3.25	Evaporator	(EVP-01)	
	 The	evaporator	will	be	a	skid-mounted	triple-effect	operator	which	can	be	modeled	

as	a	heat	exchanger	to	heat	up	the	incoming	liquid	to	100	°C	followed	by	three	heat	

exchangers	in	series	(denoted	as	evaporators).	In	each	of	the	evaporators,	a	third	of	the	

required	amount	of	vaporization	occurs,	i.e.	approximately	8300	kg/hr	of	water	is	
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vaporized	in	each	of	the	evaporators.	The	approximation	that	each	of	the	evaporators	has	

the	same	heat	duty	is	used.	The	heat	transfer	coefficient	is	150	btu	hr-1	ft-2	°F-1,	

15.3.26	Spray	Dryer	(SD-01)	
	 The	spray	dryer	used	in	this	process	will	be	a	VERSATILE-SD	unit	from	GEA,	

specifically	the	VSD-80	model	for	its	high	water	evaporation	capacity	of	320	kg/hr.	The	

evaporator	previous	to	this	step	will	have	been	tuned	to	remove	enough	water	for	the	

protein	slurry	to	contain	the	correct	amount	of	water	for	the	VSD-80	to	handle,	producing	

762.4	kg/hr	of	dry	product	protein.	The	VERSATILE-SD	system	offers	a	variety	of	standard	

operating	conditions	that	can	be	experimentally	determined	to	ensure	a	setup	that	

produces	product	at	the	desired	quality.	Compressed	air	heated	to	160°C	will	be	used	as	

the	inlet	gas	in	co-current	flow	operation,	and	the	air	containing	water	vapor	will	be	

exhausted	from	the	dryer	at	80°C.	The	spray	dryer	will	require	142.5	m2	of	space,	14.9	kW	

of	power,	and	will	be	CIP	compatible.	The	system	will	cost	$500,000.	

15.3.27	Product	Bin	(PB-01)	
	 Dried	product	powder	from	the	spray	dryer	will	be	fed	to	a	5,000L	carbon	steel	

vertical	holding	tank	with	a	Wamgroup	BA150	bin	activator	attached	to	the	bottom	of	the	

tank.	Wamgroup	will	provide	a	full	assembly	kit	including	plasma	cut	flange	for	

straightforward	assembly	and	attachment	of	the	bin	activator	system.	The	bin	activator	has	

a	323	mm	standard	outlet	with	a	carbon	steel	inner	cone	that	is	vibrated	through	electric	

motor-vibrators	to	ensure	constant,	smooth	flow	of	product	powder.	Suspensions	within	

the	bin	activator	ensure	that	the	cone	is	the	only	piece	of	the	structure	that	vibrates,	

protecting	the	structural	integrity	of	the	bin.	Vibration	induced	mass	flow	of	the	product	

will	ensure	that	the	required	flow	rate	of	762.4	kg/hr	of	product	to	final	packaging	during	
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continuous	operation	is	met.	The	bin	activator	motors	require	7.5	kW	of	power	for	

operation,	and	the	bin	will	cost	$19,240	and	the	activator	will	cost	$35,000.	

15.4	Other	Units	

15.4.1	Mixers	and	Splitters	
There	are	many	different	points	in	the	process	where	mixing	and	splitting	is	

required	such	as	sending	the	media	from	the	holding	tank	to	the	bioreactors,	sending	the	

two	bioreactor	outlets	to	a	single	holding	tank	and	mixing	the	ammonia	and	oxygen	gas	

streams,	to	name	a	few.	The	easiest	way	for	these	streams	to	be	mixed	or	split	is	by	

introducing	a	tee	to	the	pipeline	at	that	point.	The	controls	and	valves	for	these	tee’s	are	

considered	to	be	covered	by	the	bare	module	cost	of	the	other	process	elements	and	have	

not	been	costed	individually.	

15.4.2	Clean	In	Place	(CIP)		
	 The	Clean-In-Place	(CIP)	system	will	be	used	to	clean	the	major	units	of	the	process	

including	the	bioreactors,	centrifuge,	filtration	systems,	and	spray	dryer.	CIP	will	occur	

during	process	downtime	as	described	in	Section	10.4.	A	Multi-Tank	Detergent	and	Rinse	

Recovery/Reuse	system	from	Sani-Matic	will	be	used	with	piping	to	connect	all	process	

units	to	the	system.	The	Multi-Tank	system	uses	multiple	tanks	to	all	for	recovery	and	

reuse	of	wash	solution	and	rinse	water.	Because	the	CIP	system	will	be	used	for	cleaning	of	

all	process	units,	reuse	of	solution	and	water	will	be	important	to	reduce	cost	associated	

with	cleaning.	The	high	bioreactor	operation	temperature	also	ensures	that	the	risk	of	

contamination	is	low,	facilitating	reuse	of	solutions.	Additionally,	Sani-Matic	CIP	system	

controls	can	be	automated	and	cycle	times	can	be	optimized	to	ensure	efficient	use	of	time	
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during	the	windows	of	process	downtime	every	8	days.	The	system	will	cost	$80,000	with	a	

power	requirement	of	20	hp.	

15.4.3	Steam	Generation	
	 This	process	will	require	174,124	kg/hr	of	medium	pressure	steam	for	use	in	the	

sterilization	loop,	drying	air	heat	exchanger	and	evaporator.	Steam	will	be	generated	on-

site	using	a	standard	steam	generation	process.	Exhaust	gas	containing	oxygen	from	the	

bioreactors	will	be	sent	to	the	steam	generator	as	a	supplementary	combustion	source,	and	

condensed	water	from	the	evaporator	will	be	sent	back	to	the	steam	generator	to	be	

vaporized.	The	operative	cost	of	the	steam	generator	is	captured	by	the	cost	of	steam	as	

outline	in	Sections	14.1	and	19.2.	

15.4.4	Water	Cooling	Tower	
	 20,718	kg/hr	of	cooling	water	and	23,925	kg/hr	of	chilled	water	are	required	for	

this	process	and	will	be	provided	be	a	water	cooling	tower.	Water	temperature	will	vary	

from	upwards	of	7°C,	meaning	that	year	round	cooling	will	need	to	be	available,	even	in	

winter	months.	The	cost	of	operation	of	the	water	cooling	tower	is	captured	by	the	cost	of	

cooling	water	and	chilled	water	in	Sections	14.1	and	19.2.	

15.4.5	Biowaste	Disposal	System	
The	various	waste	streams	coming	from	the	cell	waste	tanks	and	the	media	purge	

will	go	through	an	inactivation	system.	This	will	include	neutralizing	the	streams,	since	the	

process	is	basic,	and	adding	bleach	to	them	to	kill	the	cells	before	disposal.	These	costs	are	

included	in	the	annual	expenses	of	the	plant.	
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15.4.6	Genetic	Engineering	
The	Natronomonus	pharaonis	bacterial	cells	purchased	from	ATCC	will	need	to	be	

genetically	modified	to	secrete	the	desired	enzyme	extracellular.	This	will	be	a	onetime	

expense	and	the	cells	grown	after	this	purchase	will	be	preserved	in	a	cell	bank	to	ensure	

there	are	always	some	of	the	engineered	cells	available	for	inoculation.		

15.4.7	Quality	Control	Lab	
A	quality	control	lab	will	be	utilized	to	check	and	ensure	the	manufactured	product	

meets	the	quality	requirements	desired.	This	includes	percent	purity	measurements	and	

testing	for	enzymatic	function.	Random	samples	will	be	taken	at	varying	intervals	

throughout	production.	This	lab	is	included	in	the	annual	costs	of	the	plant.		

15.4.8	Packaging	
	 The	final	product	will	be	packaged	in	850	L	Super	Sacks	made	of	polypropylene.	At	

the	production	rate	of	762.39	kg/hr	of	final	product,	27	Super	Sacks	will	be	filled	a	day	with	

680	kg	of	product	each.	The	Super	Sacks	are	$15	each	and	are	available	for	purchase	

through	Bag	Corp.	The	Super	Sack	will	have	4	handles	and	a	cinched	close	top	for	easy	

moving	and	filling.	The	total	annual	expense	on	Super	Sacks	will	$139,955.	
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16. Specification	Sheets	
	

	 Ammonia	Storage	 	
Identification	 Item		

Item	No:	
No.	Required	

Storage	Tank	
TN-01	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	Deliver	ammonia	in	liquid	form	to	the	process.	

Operating:	Batch/continuous	 	Annual	Duration:	8332	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Outlet	
32	
1.2	
53	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
53	
0	
0	
0	
0	

	 	 	 	

Design	Data:	 Material	of	Construction:	316L	
Volume:	100L	
Roof	Type:	Cone	

	
	
	
	
	
	
	

	

Utilities:		
Purchase	Cost:	$10,573	
Controls:		
Comments	
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Media	Tank	
Identification	 Item		

Item	No:	
No.	Required	

Storage	Tank	
TN-02	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	Hold	media	before	releasing	it	into	the	process	

Operating:	Batch/continuous	 	Annual	Duration:		

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Sterilization	
32	
1.2	

21788	
14958	
3508	
0	
43	
20	
3037	
137	
7	
80	
0	
0	
0	
0	
0	
0	

Outlet	
32	
1.2	

21788	
14958	
3508	
0	
43	
20	
3037	
137	
7	
80	
0	
0	
0	
0	
0	
0	

	 	 	

Design	Data:	 Volume:	44480	L	
Material	of	Construction:	316L	
Diameter:	10	ft	
Length:	20	ft	
Elasticity:	30× 10!	psi	
Corrosion	Thickness:	0.125	in	
Density:	490	lb/ft3	

	
	
	
	
	
	
	

	

Utilities:	8.76	kW		
Purchase	Cost:	$102427	
Controls:		
Comments	
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Ammonia	Vaporizer	
Identification	 Item		

Item	No:	
No.	Required	

Vaporizer	
B-01	
1	

	 Date:	April	21,	2020	
Vendor:	Algas	SDI	

Function:	Ammonia	will	be	stored	in	an	anhydrous,	liquid	form,	so	the	ammonia	vaporizer	will	be	used	to	produce	the	
pressurized	ammonia	gas	required	to	be	sparged	to	the	bioreactors.	

Operating:	Batch/continuous	 	Annual	Duration:	8322	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Holding	Tank	
32	
1.2	
53	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
53	
0	
0	
0	
0	

Gas	Feed	
66	
1.4	
53	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
53	
0	
0	
0	
0	

	 	 	

Design	Data:	 Model	=	PowerXP120AA	
Vaporization	Capacity	=	54	kg.hr	
Heatx	Surface	Area	=	0.40	m3	
Design	Pressure	=	17.6	kg/cm2	
Liquid	Capacity	=	6.0	L	
Operating	Temp	Range	=	71-79°C	
Thermal	Efficiency	=	98%	
Footprint	=	0.09	m2	

	
	
	
	
	
	
	

	

Utilities:	20	kW	
Purchase	Cost:	$20,000	
Controls:		
Comments	
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Oxygen	Generator	
Identification	 Item		

Item	No:	
No.	Required	

Generator	
GEN-01	
1	

	 Date:	April	21,	2020	
Vendor:	Air	Products	

Function:	The	oxygen	generator	is	used	to	produce	pure	oxygen	gas	by	absorbing	the	nitrogen	from	air	and	releasing	
it,	allowing	pure	oxygen	to	continue	on	to	the	bioreactor.	Pure	oxygen	is	required	due	to	the	high	oxygen	uptake	rate	
by	the	cells	and	the	desire	to	minimize	VVM.	

Operating:	Batch/continuous	 	Annual	Duration:	8322	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Gas	Out	
66	
1.4	
324	
0	
0	
0	
0	
0	
0	
0	
0	
0	
324	
0	
0	
0	
0	
0	

	 	 	 	

Design	Data:	
	

Model	=	PRISM	VSA	T	Series	
Generation	Capacity	=	25	MT/day	
Oxygen	Purity	=	90-93%	

	 	

Utilities:	74.57	kW	
Purchase	Cost:	$1.3MM	
Controls:		
Comments	
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1	mL	Test	Tubes	
Identification	 Item		

Item	No:	
	

No.	Required	

Aliquot	tubes	
SBR-01,	SBR-03,	
SBR-05	
3	per	batch	

	 Date:	April	21,	2020	
Vendor:	Fisherbrand	

Function:	These	tubes	will	be	used	to	store	N.	pharaonis	cells	at	-80°C	for	inoculation	of	2L	seed	train	reactors	at	the	
start	of	campaigns.		

Operating:	Batch	 		

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(g/batch)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Inoculum	
32	
1	
1.03	
1	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0.03	
0	
0	

	 	 	 	

Design	Data:	 Volume	=	1	mL	
Length	=	125	mm	
Diameter	=	16	mm	
Material	=	Polystyrene	
Cap	Type	=	Screw	
Sterility	=	Sterile	

	 	

Utilities:		
Purchase	Cost:	$521.50	per	1,000	
Controls:		
Comments	
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2	L	Bioreactor	
Identification	 Item		

Item	No:	
	

No.	Required	

Seed	Reactor	
SBR-02,	SBR-04,	
SBR-06	
3	

	 Date:	April	21,	2020	
Vendor:	Sartorius	Stedim	Biotech	

Function:	This	is	the	first	seed	reactor	to	grow	the	cells	up	to	a	maximum	cell	density	of	30	g/L	before	input	into	the	
2,000	L	seed	reactor.	A	1	mL	aliquot	of	cell	suspension	will	inoculate	the	reactor,	and	the	required	media	components	
and	gases	will	be	pumped	into	the	reactor.	Three	2L	reactors	will	be	run	simultaneously	in	case	of	contamination,	and	
so	that	the	best	batch	of	cells	can	be	used	for	the	rest	of	the	process.	

Operating:	Batch	 	Annual	Duration:	1344	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(g/batch)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Inoculum	
32	
1	

2137	
1618	
151	
0	
5	
0.04	
329	
15	
0.7	
0.9	
0	
0	
0	
0.03	
0	
0	

Gas	Feed	
66	
1.4	
264	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
259	
5	
0	
0	
0	

Gas	Vent	
60	
1.2	
160	
0	
0	
0	
0	
0	
0	
0	
0	
0	
52	
1	
111	
0	
0	
0	

Liquid	Product	
60	
1.2	
1755	
1619	
0	
9	
1	
0	
66	
3		
0	
9		
0	
0	
0	
49	
0	
0	

	

Design	Data:	 Total	Volume	=	3	L	
Working	Volume	=	2	L	
Material	=	Borosilicate	glass,	AISI	
316L	SS	
Integrated	Pumps	=	3	

External	Pumps	=	1	
Probes	=	Temp,	DO,	pH,	Foam	
Cooling	=	Chiller	w/	automatic	
cooling	water	valves	
Heating	=	Electric	heating	jacket	

	

Utilities:	0.15	kW	for	agitation,	0.15	kW	for	cooling	
Purchase	Cost:	$25,000	
Controls:		
Comments	
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2,000	L	Bioreactor	
Identification	 Item		

Item	No:	
No.	Required	

Seed	Reactor	
SBR-07	
1	

	 Date:	April	21,	2020	
Vendor:	Sartorius	Stedim	Biotech	

Function:	This	is	a	second	seed	reactor	to	grow	the	cells	up	to	a	maximum	cell	density	of	30	g/L	before	input	into	the	
production	scale	bioreactor.	The	2000	L	seed	reactor	will	take	the	entire	contents	of	one	2	L	reactor	as	well	as	the	
required	media	components	and	gases.	The	reactor	uses	single	use	Flexsafe	STR	Bags	that	will	be	replaced	after	every	
batch	for	ease	of	cleaning	and	maintenance.	

Operating:	Batch	 	Annual	Duration:	1848	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/batch)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Liquid	Feed	
60	
1.2	
2126	
1617	
151	
0	
5	
0	
329	
15	
1	
9	
0	
0	
0	
0	
0	
0	

Gas	Feed	
52	
1.4	
247	
0	
0	
0	
0	
0	
0	
0	
0	
0	
242	
5	
0	
0	
0	
0	

Gas	Vent	
60	
1.2	
160	
0	
0	
0	
0	
0	
0	
0	
0	
0	
48	
1	
111	
0	
0	
0	

Liquid	Product	
60	
1.2	
1755	
1619	
0	
9	
1	
0	
66	
3		
0	
9		
0	
0	
0	
49	
0	
0	

	

Design	Data:	 Footprint	=	9.35	m2	
Weight	=	2,045	kg	
Material	=	AISI	304	SS	
Max	Stirrer	Speed	=	70	rpm	
	
Flexsafe	STR	Bag	Data	
Total	Volume	=	2800	L	

Working	Volume	=	2000	L	
Turndown	Ratio	=	1:4	
Bag	Diameter	=	1,295	mm	
Bag	Height	=	2,330	mm	
Liquid	Height	=	1,670	mm	
Impeller	Diameter	=	492	mm	
Distance	Btw	Impellers	=	640	mm	

	

Utilities:	0.55	kW	for	agitation	
Purchase	Cost:	$563,000	
Controls:	Control	loop	on	cooling	loop	
Comments	

	



93 
 

Seed	Train	Cooling	Loop	Heat	Exchanger	
Identification	 Item		

Item	No:	
No.	Required	

Heat	Exchanger	
HX-01	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	This	heat	exchanger	will	cool	the	fluid	in	the	2000	L	fermentation	reactors	before	recycling	the	fluid	back	
into	the	reactor.	

Operating:	Batch	 Annual	Duration:		

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/batch)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Hot	In	
60	
1.2	
6347	
5855	
0	
33	
4	
0	
238	
11	
0	
31	
0	
0	
0	
176	
0	
0	

Hot	Out	
32	
1.2	
6347	
5855	
0	
33	
4	
0	
238	
11	
0	
31	
0	
0	
0	
176	
0	
0	

Cold	In	
26.66	
1	
536	
536	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	

Cold	Out	
48.88	
1	
536	
536	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	

	

Design	Data:	 Heat	Exchanger	Type:	Double	pipe	
Heat	Transfer	Area:	2.02	ft2	

Heat	Transfer	Coefficient:	150	btu	
hr-1	ft-2	F-1	

	 	

Utilities:	536	kg/hr	of	cooling	water	
Purchase	Cost:	$5113	
Controls:		
Comments	
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20,000	L	Bioreactor	
Identification	 Item		

Item	No:	
No.	Required	

Bioreactor	
BR-01,	BR-02	
2	

	 Date:	April	21,	2020	
Vendor:	Paul	Mueller	Company	

Function:	This	is	a	large	fermentation	vessel	where	the	product	enzyme	is	produced.	This	vessel	will	have	as	input	an	
inoculum	(batch),	growth	media	and	gas	flow.	It	will	have	as	output	the	suspension	with	cells	and	enzyme	in	it	as	well	
as	a	waste	gas	flow.	It	will	also	contain	an	agitator.	

Operating:	Batch/Continuous	 	Annual	Duration:	7243	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Liquid	Feed	
32	
1.2	

10894	
7479	
1754	
0	
21	
10	
1518	
68	
3	
40	
0	
0	
0	
0	
0	
0	

Gas	Feed	
66	
1.43	
189	
0	
0	
0	
0	
0	
0	
0	
0	
0	
162	
27	
0	
0	
0	
0	

Gas	Vent	
60	
1.2	
1522	
0	
0	
0	
0	
0	
0	
0	
0	
0	
32	
27	
1463	
0	
0	
0	

Liquid	Product	
60	
1.2	
8547	
7479	
0	
57	
4	
2	
304	
14	
1	
40	
0	
0	
0	
224	
411	
11	

	

Design	Data:	 Tank	Inside	Diameter	=	2100	mm	
Bottom	Head	Type	=	ASME	D&F	
Material	Thickness	=	2.67	mm	
Inside	Knuckle	Radius	=	127	mm	
Straight	Flange	Length	=	25.4	mm	
Inside	Dish	Radius	=	2105.03	mm	
Shell	Material	Thickness	=	2.67	mm	
Shell	Short	Side	Height	=	5300	mm	
Top	Head	Type	=	ASME	D&F	

Material	Thickness	=	2.67	mm	
Inside	Knuckle	Radius	=	127	mm	
Straight	Flange	Length	=	25.4	mm	
Inside	Dish	Radius	=	2105.03	mm	
Bottom	Head	Volume	=	839.03	
liters	
Shell	Volume	=	18357.11	liters	
Top	Head	Volume	=	839.03	liters	
Total	Volume	=	20035.18	liters	

	

Utilities:	12.6	kW	for	agitation	
Controls:	Proportional	Integral	control		loop	on	cooling	loop	
Purchase	Cost:	$410,000	
Comments	
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Cooling	Loop	Heat	Exchanger	
Identification	 Item		

Item	No:	
No.	Required	

Heat	Exchanger	
HX-02,	HX-03	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	This	heat	exchanger	will	cool	the	fluid	in	the	20000	L	fermentation	reactors	before	recycling	the	fluid	back	
into	the	reactor.	

Operating:	Batch/Continuous	 Annual	Duration:	7243	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Hot	In	
60	
1.2	
7821	
6844	
0	
52	
4	
2	
278	
13	
1	
37	
0	
0	
0	
205	
376	
10	

Hot	Out	
32	
1.2	
7820	
6844	
0	
52	
4	
2	
278	
13	
1	
37	
0	
0	
0	
205	
376	
10	

Cold	In	
26.66	
1	

9854	
9854	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	

Cold	Out	
48.88	
1	

9854	
9854	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	

	

Design	Data:	 Material	of	Construction:	316L	
UA:	62299	btu	hr-1	°F-1	

Tube	OD:	0.75	in	
Pitch:	0.9375	
Tube	Pattern:	30	Triangular	
Baffle	Type:	Single	Segmental	
Baffle	Cut:	Horizontal	
Shell	ID:	8.407	in	
Shell	OD:	8.625	in	
	

Tube	Length:	183.1	in	
Number	of	Tubes:	44	
Number	of	Passes:	2	
Baffle	Spacing:	7.67	in	
Number	of	Baffles:	22	
Shells	in	Series:	3	

	

Utilities:	9854	kg/hr	of	cooling	water	
Controls:		
Purchase	Cost:	$47,769	
Comments	
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Waste	Gas	Tank		
Identification	 Item		

Item	No:	
No.	Required	

Gas	tank	
GNT-01	
2	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	Store	waste	gas	before	releasing	it	to	the	steam	generation.	

Operating:	Batch/Continuous	 Annual	Duration:		

Materials	Handled	
Temperature	(C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Inlet	
60	
1.2	
1522	
0	
0	
0	
0	
0	
0	
0	
0	
0	
32	
27	
1463	
0	
0	
0	

Outlet	
60	
1.2	
3044	
0	
0	
0	
0	
0	
0	
0	
0	
0	
65	
53	
2926	
0	
0	
0	

	 	 	

Design	Data:	 Volume:	422000	gallons	
Roof	Type:	Floating	

	 	

Utilities:		
Purchase	Cost:	$357516	
Controls:		
Comments	
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Holding	Tank	Heat	Exchanger	
Identification	 Item		

Item	No:	
No.	Required	

Heat	Exchanger	
HX-07	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	This	heat	exchanger	will	cool	the	effluent	from	the	20000	L	fermentation	reactors	before	storing	the	effluent	
in	a	holding	tank.	

Operating:	Continuous	 Annual	Duration:	6782	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Hot	In	
60	
1.2	

17093	
14958	
0	
113	
9	
4	
607	
27	
1	
80	
0	
0	
0	
449	
822	
22	

Hot	Out	
25	
1.2	

17093	
14958	
0	
113	
9	
4	
607	
27	
1	
80	
0	
0	
0	
449	
822	
22	

Cold	In	
7.22	
1	

23925	
23925	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	

Cold	Out	
32.22	
1	

23925	
23925	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	

	

Design	Data:	 Material	of	Construction:	316L	
UA:	591611	btu	hr-1	°F-1	

Tube	OD:	0.5	in	
Pitch:	0.625	
Tube	Pattern:	30	Triangular	
Baffle	Type:	Single	Segmental	
Baffle	Cut:	Horizontal	
Shell	ID:	8.407	in	
Shell	OD:	8.625	in	

Tube	Length:	189.0	in	
Number	of	Tubes:	118	
Number	of	Passes:	1	
Baffle	Spacing:	7.67	in	
Number	of	Baffles:	22	
Shells	in	Series:	1	

	

Utilities:	23925	kg/hr	of	chilled	water	
Controls:		
Purchase	Cost:	$16,940	
Comments	
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Holding	Tank		
Identification	 Item		

	
Item	No:	
No.	Required	

Horizontal	
Pressure	vessel	
TN-03	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	This	holding	tank	will	contain	the	effluent	from	both	bioreactors	before	sending	the	fluid	down		

Operating:	Continuous	 Annual	Duration:	6782	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Liquid	In	
25	
1.2	

17093	
14958	
0	
113	
9	
4	
607	
27	
1	
80	
0	
0	
0	
449	
822	
22	

Liquid	Out	
25	
1.2	

17093	
14958	
0	
113	
9	
4	
607	
27	
1	
80	
0	
0	
0	
449	
822	
22	

	 	 	

Design	Data:	 Volume:	44480	L	
Material	of	Construction:	316L	
Diameter:	10	ft	
Length:	20	ft	
Elasticity:	30× 10!	psi	
Corrosion	Thickness:	0.125	in	
Density:	490	lb/ft3	

	 	

Utilities:	8.76	kW	of	agitation	
Controls:		
Purchase	Cost:	$102,427	
Comments	
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Centrifuge	
Identification	 Item		

Item	No:	
No.	Required	

Centrifuge	
CNT-01	
2	

	 Date:	April	21,	2020	
By:	Alfa	Lavall	

Function:	A	high	capacity	continuous	disc	stack	centrifuge	for	separation	of	solid	cell	mass	from	liquid	supernatant	
containing	the	extracellular	product	enzyme.	The	cell	mass	with	residual	liquid	will	be	sent	to	waste,	while	the	
remaining	supernatant	will	continue	on	for	further	downstream	purification.	

Operation:	Continuous		 Annual	Duration:	6782	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Liquid	Feed	
32	
1.2	

17093	
14958	
0	
113	
9	
4	
607	
27	
1	
80	
0	
0	
0	
449	
823	
22	

Solid	Waste	
32	
1.2	
1333	
799	
0	
6	
0	
0	
32	
1	
0	
4	
0	
0	
0	
444	
44	
1	

Liquid	Out	
32	
1.2	

15760	
14160	
0	
107	
8	
4	
575	
26	
1	
76	
0	
0	
0	
4	
779	
21	

	 	

Design	Data:	 Height	=	2,300	mm	
Width	=	2,950	mm	
Depth	=	1,550	mm	
Contact	Part	Material	=	High-grade	
stainless	steel	
Throughput	Capacity	=	max	20	
m3/h	
Solids	Handling	Capacity	=	max	600	
L/h	
Bowl	Volume	=	30	L	
Sludge	Space	Volume	=	10	L	

Discharge	Volume	=	3-30	L	
Bowl	Speed	=	max	5,119	rpm	
G-force	=	max.	7,425	
Motor	speed	(60Hz)	=	1,800	rpm	
Starting	Time	Min/Max	=	8/10	min	
Stopping	Time	=	10	mins	
Feed	Temperature	Range	=	0-
100°C	
Sound	Pressure	=	73	dB(A)	
Overhead	Hoist	Capacity	=	min	
1,000	kg	

	

Utilities:	1,010	L/h	of	cooling	water,	22	kW	for	operation	
Controls	
Purchase	Cost:	$400,000	
Comments	
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Cell	Waste		
Identification	 Item		

Item	No:	
No.	Required	

Storage	Tank	
TN-04	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	This	storage	tank	will	hold	cell	waste	from	the	centrifuge.	The	fluid	will	be	neutralized	before	moving	to	
waste	disposal.	

Operating:	Continuous	 Annual	Duration:	6782	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Liquid	In	
25	
1.2	
1333	
799	
0	
6	
1	
1	
32	
2	
0	
4	
0	
0	
0	
444	
44	
1	

	 	 	 	

Design	Data:	 Volume:	300000	L	
Material	of	Construction:	316L	
Roof	Type:	Cone	

	 	

Utilities:		
Controls:		
Purchase	Cost:	$443,311	
Comments	
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45	kDa	Ultrafiltration		
Identification	 Item		

	
Item	No:	
No.	Required	

Tangential	Flow	
Filtration	
TFF-01	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	This	ultrafiltration	membrane	will	remove	all	components	of	the	incoming	stream	that	have	a	molecular	
weight	greater	than	45	kDa.	This	leaves	as	the	permeate	and	becomes	the	product	stream.	

Operating:	Continuous	 Annual	Duration:	6782	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Liquid	In	
25	
1.2	

15760	
14160	
0	
107	
8	
4	
575	
26	
1	
76	
0	
0	
0	
5	
779	
21	

Permeate	
25	
1.2	

26628	
25200	
0	
96	
7	
3	
517	
23	
1	
68	
0	
0	
0	
0	
701	
11	

Waste	Stream	
25	
1.2	

14332	
14160	
0	
11	
1	
0	
58	
3	
0	
8	
0	
0	
0	
5	
78	
10	

	 	

Design	Data:	 Membrane	Type:	Hydrophilic	
Polyvinylidene	Difluoride	
pH	range:	2-11	
Separation:	90%	
Membrane	Area:	30	m2	

	 	

Utilities:		25200	kg/hr	of	process	water,	22	kW	for	operation	
Controls:		
Purchase	Cost:	$2,117,180	
Comments	
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8	kDa	Ultrafiltration		
Identification	 Item		

	
Item	No:	
No.	Required	

Tangential	Flow	
Filtration	
TFF-02	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	This	ultrafiltration	membrane	will	remove	all	components	of	the	incoming	stream	that	have	a	molecular	
weight	greater	than	8	kDa.	This	leaves	as	the	retentate	and	becomes	the	product	stream.	

Operating:	Continuous	 Annual	Duration:	6782	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Liquid	In	
25	
1.2	

15760	
14160	
0	
107	
8	
4	
575	
26	
1	
76	
0	
0	
0	
5	
779	
21	

Permeate	
25	
1.2	

25856	
25200	
0	
82	
6	
3	
440	
20	
1	
58	
0	
0	
0	
0	
37	
9	

Retentate	
25	
1.2	

25962	
25200	
0	
15	
1	
1	
78	
4	
0	
0	
0	
0	
0	
0	
664	
2	

	 	

Design	Data:	 Membrane	Type:	Biomax	
pH	range:	1-14	
Separation:	87%	
Membrane	Area:	60	m2	

	 	

Utilities:		25200	kg/hr	of	process	water,	22	kW	for	operation	
Controls:		
Purchase	Cost:	$2,615,840	
Comments	
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Purge	Waste		
Identification	 Item		

Item	No:	
No.	Required	

Storage	Tank	
TN-05	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	Hold	waste	media	for	neutralization	before	releasing	it	to	municipal	waste.	

Operating:	Continuous	 Annual	Duration:	8322	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Liquid	In	
32	
1.2	

10508	
10242	
0	
33	
3	
1	
179	
8	
0	
24	
0	
0	
0	
0	
15	
4	

	 	 	 	

Design	Data:	 Material	of	Construction:	316L	
Volume:	438000	gallons	
Roof	Type:	Floating	Roof	

	 	

Utilities:	653	kW	
Controls:		
Purchase	Cost:	$364,325	
Comments	
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Economizer	
Identification	 Item		

Item	No:	
No.	Required	

Heat	Exchanger	
HX-04	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	This	heat	exchanger	will	heat	up	the	media	to	be	recycled	before	sending	it	to	the	sterilizer	where	it	will	be	
further	heated	to	remove	contaminants.	

Operating:	Batch/Continuous	 Annual	Duration:	7243	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Hot	In	
140	
3.62	
21788	
14958	
3508	
0	
43	
20	
3037	
137	
7	
80	
0	
0	
0	
0	
0	
0	

Hot	Out	
106	
3.62	
21788	
14958	
3508	
0	
43	
20	
3037	
137	
7	
80	
0	
0	
0	
0	
0	
0	

Cold	In	
25	
1.2	

21788	
14958	
3508	
0	
43	
20	
3037	
137	
7	
80	
0	
0	
0	
0	
0	
0	

Cold	Out	
63	
1.2	

21788	
14958	
3508	
0	
43	
20	
3037	
137	
7	
80	
0	
0	
0	
0	
0	
0	

	

Design	Data:	 Material	of	Construction:	316L	
UA:	23111	btu	hr-1	°F-1	

Tube	OD:	0.75	in	
Pitch:	0.9375	
Tube	Pattern:	30	Triangular	
Baffle	Type:	Single	Segmental	
Baffle	Cut:	Horizontal	
Shell	ID:	6.407	in	
Shell	OD:	6.625	in	

Tube	Length:	153.5	in	
Number	of	Tubes:	27	
Number	of	Passes:	1	
Baffle	Spacing:	11.6	in	
Number	of	Baffles:	12	
Shells	in	Series:	1	

	

Utilities:		
Controls:		
Purchase	Cost:	$12,000	
Comments	
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Sterilizer	
Identification	 Item		

Item	No:	
No.	Required	

Heat	Exchanger	
HX-05	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	This	heat	exchanger	will	heat	up	the	media	to	be	recycled	to	a	high	enough	temperature	to	destroy	
contaminants.	

Operating:	Batch/Continuous	 Annual	Duration:	7243	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Hot	In	
186	
10.34	
158718	
158718	

0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	

Hot	Out	
181	
10.34	
158718	
158718	

0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	

Cold	In	
63	
3.62	
21788	
14958	
3508	
0	
43	
20	
3037	
137	
7	
80	
0	
0	
0	
0	
0	
0	

Cold	Out	
140	
3.62	
21788	
14958	
3508	
0	
43	
20	
3037	
137	
7	
80	
0	
0	
0	
0	
0	
0	

	

Design	Data:	 Material	of	Construction:	316L	
UA:	54986	btu	hr-1	°F-1	

Tube	OD:	0.5	in	
Pitch:	0.625	
Tube	Pattern:	60	Rotated	Triangular	
Baffle	Type:	Single	Segmental	
Baffle	Cut:	Horizontal	
Shell	ID:	29.53	in	
Shell	OD:	30.08	in	

Tube	Length:	59.05	in	
Number	of	Tubes:	1870	
Number	of	Passes:	1	
Baffle	Spacing:	6.5	in	
Number	of	Baffles:	6	
Shells	in	Series:	1	

	

Utilities:	158718	kg/hr	of	150	psig	steam	
Controls:		
Purchase	Cost:	$80,485	
Comments	
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Cooler	
Identification	 Item		

Item	No:	
No.	Required	

Heat	Exchanger	
HX-06	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	This	heat	exchanger	will	cool	down	the	media	coming	from	the	sterlizer	before	sending	it	to	the	media	
storage	tank.	

Operating:	Batch/Continuous	 Annual	Duration:	7243	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Hot	In	
106	
3.62	
21788	
14958	
3508	
0	
43	
20	
3037	
137	
7	
80	
0	
0	
0	
0	
0	
0	

Hot	Out	
32	
3.62	
21788	
14958	
3508	
0	
43	
20	
3037	
137	
7	
80	
0	
0	
0	
0	
0	
0	

Cold	In	
25	
1.2	

68633	
68633	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	

Cold	Out	
63	
1.2	

68633	
68633	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	
0	

	

Design	Data:	 Material	of	Construction:	316L	
UA:	173666	btu	hr-1	°F-1	

Tube	OD:	0.75	in	
Pitch:	0.9375	
Tube	Pattern:	30	Triangular	
Baffle	Type:	Single	Segmental	
Baffle	Cut:	Horizontal	
Shell	ID:	16.73	in	
Shell	OD:	17.13	in	

Tube	Length:	230.32	in	
Number	of	Tubes:	247	
Number	of	Passes:	1	
Baffle	Spacing:	4.13	in	
Number	of	Baffles:	52	
Shells	in	Series:	1	

	

Utilities:	68633	kg/hr	of	cooling	water	
Controls:		
Purchase	Cost:	$40,257	
Comments	
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Air	Heater	
Identification	 Item		

Item	No:	
No.	Required	

Heat	Exchanger	
HX-08	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	This	heat	exchanger	will	heat	up	air	before	it	is	sent	to	the	spray	dryer.	

Operating:	Continuous					 Annual	Duration:	6782	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Air	

Hot	In	
186	
10.34	
1923	
1923	
0	
	

Hot	Out	
181	
10.34	
1923	
1923	
0	
	

Cold	In	
76	
1.2	
1013	
13	
1000	
	
	

Cold	Out	
160	
1.2	
1013	
13	
1000	
	

	

Design	Data:	 Material	of	Construction:	316L	
UA:	839	btu	hr-1	°F-1	

Tube	OD:	0.75	in	
Pitch:	0.9375	
Tube	Pattern:	30	Triangular	
Baffle	Type:	Single	Segmental	
Baffle	Cut:	Horizontal	
Shell	ID:	6.407	in	
Shell	OD:	6.625	in	

Tube	Length:	47.24	in	
Number	of	Tubes:	27	
Number	of	Passes:	1	
Baffle	Spacing:	4.33	in	
Number	of	Baffles:	6	
Shells	in	Series:	1	

	

Utilities:	1923	kg/hr	of	150	psig	steam	
Controls:		
Purchase	Cost:	$10,514	
Comments	
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Air	Compressor	
Identification	 Item		

Item	No:	
No.	Required	

Heat	Exchanger	
CMP-01	
1	

	 Date:	April	21,	2020	
Vendor:	N/A	

Function:	This	air	compressor	will	compress	the	air	to	be	used	as	drying	air	coming	into	the	spray	dryer.	

Operating:	Continuous					 Annual	Duration:	6782	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Air	

Gas	In	
28.9	
1	

1013	
13	
1000	

Gas	Out	
76	
1.47	
1013	
13	
1000	

	
	
	

	
	

	

Design	Data:	 Compressor	Type	=	Centrifugal	
Material	=	Cast	Iron	
Power	Type	=	Electric	

	 	

Utilities:	13.4	kW	for	power	
Controls:	
Purchase	Cost:	$61,936		
Comments	
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Evaporator		
Identification	 Item		

	

Item	No:	
No.	Required	

Multi-effect	
Evaporator	
EVP-01	
1	

	 Date:	April	21,	2020	
Vendor:		

Function:	Evaporate	the	water	from	the	product	stream	before	sending	the	stream	to	the	spray	dryer.	

Operating:		Continuous		 	Annual	Duration:	6782	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Air	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Inlet	
32	
1.2	

25962	
25200	
0	
15	
1	
0	
78	
4	
0	
0	
0	
0	
0	
0	
0	
664	
2	

Outlet	
32	
1.2	
513	
320	
0	
15	
1	
0	
78	
4	
0	
0	
58	
0	
0	
0	
0	
0	
37	

	 	 	

Design	Data:	 	 	 	

Utilities:		13483	kg/hr	of	150	psig	steam,	37.3	kW	
Controls:		
Purchase	Cost:	$2,800,000	
Comments	
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Spray	Dryer		
Identification	 Item		

Item	No:	
No.	Required	

Spray	Dryer	
SD-01	
1	

	 Date:	April	21,	2020	
Vendor:	GEA	

Function:	This	spray	dryer	will	remove	all	water	still	present	in	the	product	protein	slurry	after	the	multistage	
evaporator.	The	spray	dryer	atomizes	the	slurry	feed,	and	heated	drying	air	is	used	to	vaporize	water	leaving	solid	
protein	particles.	

Operating:	=	Continuous		 	Annual	Duration:	6782	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Air	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Liquid	In	
32	
1.2	
1083	
320	
0	
14	
1	
1	
78	
3	
0	
0	
0	
0	
0	
0	
0	
663	
2	

Drying	Air	
160	
1.47	
1013	
13	
0	
0	
0	
0	
0	
0	
0	
0	

1000	
0	
0	
0	
0	
0	
0	

Exhaust	Air	
80	
1.47	
1333	
333	
0	
0	
0	
0	
0	
0	
0	
0	

1000	
0	
0	
0	
0	
0	
0	

Solids	Out	
32	
1.35	
763	
0	
0	
14	
1	
1	
78	
3	
0	
0	
0	
0	
0	
0	
0	
663	
2	

	

Design	Data:	 Model	=	VSD-80	
Material	=	Stainless	steel	
Water	Evaporation	Capacity	=	320	
kg/hr	
Typical	Mean	Particle	Size	=	100	µm	
Footprint	=	142.5	m2	

	 	

Utilities:		5	kW	for	operation	
Controls:		
Purchase	Cost:	$500,000	
Comments	
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Product	Bin	
Identification	 Item		

Item	No:	
No.	Required	

Live	Bottom	Bin	
PB-01	
1	

	 Date:	April	21,	2020	
Vendor:	Wamgroup	

Function:	The	product	bin	is	a	live	bottom	bin	consisting	of	a	5,000	L	holding	bin	with	a	bin	activator	that	uses	
vibrations	to	ensure	a	steady	continuous	flow	of	product	powder	to	fill	super	sacks	for	final	packaging.	

Operating:	=	Continuous		 	Annual	Duration:	6782	hrs/yr	

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Air	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Product	In	
32	
1.35	
762	
0	
0	
14	
1	
1	
78	
3	
0	
0	
0	
0	
0	
0	
0	
663	
2	

Product	Out	
32	
1	
762	
0	
0	
14	
1	
1	
78	
3	
0	
0	
0	
0	
0	
0	
0	
663	
2	

	 	 	

Design	Data:	 Holding	Bin	
Material	=	Carbon	Steel	
Diameter	=	5.31	ft	
Length	=	7.97	ft	
Design	Pressure	=	5	psig	

Bin	Activator	
Model	=	BA150	
Material	=	316L	SS	
Motors	=	1	
Attachment	Diameter	=	1,480	mm	
Opening	Diameter	=	323	mm	

	

Utilities:		7.46	kW	
Purchase	Cost:	Bin	Activator	=	$35,000,	Holding	Bin	=	$19,240	
Controls:		
Comments	
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Clean	In	Place	System		
Identification	 Item		

Item	No:	
No.	Required	

CIP	
N/A	
1	

	 Date:	April	21,	2020	
Vendor:	Sani-Matic	

Function:	A	multi-tank	CIP	system	for	cleaning	of	process	units.	

Operating:	=	Batch/Continuous					 		

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Air	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

General	
N/A	
N/A	
N/A	

Cleaning	
Residual	
Residual	
Residual	
Residual	
Residual	
Residual	
Residual	
Residual	

0	
0	
0	
0	

Residual	
Residual	
Residual	

	 	 	 	

Design	Data:	 Model	=	Multi-Tank	Detergent	and	
Rinse	Recovery/Reuse	
Material	=	Stainless	Steel	

	 	

Utilities:		14.9	kW	for	operation	
Controls:		
Purchase	Cost:	$80,000	
Comments	
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Super	Sacks		
Identification	 Item		

Item	No:	
No.	Required	

Super	Sacks	
N/A	
27	per	day	

	 Date:	April	21,	2020	
Vendor:	Bag	Corp.	

Function:	850	L	super	sacks	will	be	used	to	package	final	product	protein	powder	for	sale	and	distribution	

Operating:	=	Batch/Continuous					 		

Materials	Handled	
Temperature	(°C)	
Pressure	(bar)	
Overall	(kg/hr)	
Water	
Glucose	
Carbon	Waste	
Sodium	Phosphate	
Sulfur	
Sodium	Chloride	
Potassium	Hydroxide	
Magnesium	Chloride	
Boric	Acid	
Air	
Oxygen	
Ammonia	
Carbon	Dioxide	
Cells	
Product	Protein	
Other	Protein	

Product	
32	
1,0	
762	
0	
0	
15	
1	
1	
78	
3	
0	
0	
0	
0	
0	
0	
0	
664	
2	

	 	 	 	

Design	Data:	 Volume	=	850	L	
Material	=	Polypropylene	
Handles	=	4	
Features	=	Clinched	close	top	

	 	

Utilities:			
Controls:		
Purchase	Price:	$15	per	bag	
Comments	
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17. Equipment	Cost	Summary	
Table	17.1	shows	the	estimated	purchase	cost	of	every	equipment	unit	in	the	process	

flow	diagram.	The	cost	index	used	in	the	calculations	was	600.	The	cost	table	shown	below	

includes	the	costs	of	spares	which	were	added	as	the	purchase	cost	on	top	of	the	bare	

module	cost	of	a	single	unit.	The	downstream	equipment	was	significantly	expensive,	

namely	the	two	ultrafiltration	steps	and	the	evaporator.	Use	of	such	expensive	equipment	

was	justified	because	the	high	degree	of	separation	ensured	a	reduced	need	for	raw	

materials	and	throughput	in	the	upstream	process.	The	evaporator	was	expensive	because	

it	was	comprised	of	many	different	constituent	parts.		

	

Table	17.1	Equipment	Costs	for	all	units	used	in	this	process	

Equipment	
ID	

Equipment	
Name	 Vendor	

	
	

Price	
Source	

Purchase	
Cost	(USD)	

Bare	
Module	
Factor	 Spare?	

Bare	
Module	
Cost	

TN-01	 Ammonia	Storage	 	 ECS*	 2643	 4	 No	 10572	

TN-02	 Media	Tank	 	 ECS	 102427	 4.16	 No	 426097	

	
Media	Tank	
Agitation	 	

ECS	
6240	 1	 No	 6240	

B-01	
Ammonia	
Vaporizer	 Algas-SDI	

Vendor	
20000	 2	 No	 40000	

GEN-01	
Oxygen	
Generator	 Air	Products	

Vendor	
1300000	 2	 No	 2600000	

SBR-01	 1	mL	Test	Tube	 Fisherbrand	 Vendor	 521.5	 1	 No	 522	

SBR-03	 1	mL	Test	Tube	 Fisherbrand	 Vendor	 521.5	 1	 No	 522	

SBR-05	 1	mL	Test	Tube	 Fisherbrand	 Vendor	 521.5	 1	 No	 522	

SBR-02	 2	L	Reactor	
Sartorius	
Sedim	

Vendor	
25000	 4.16	 No	 104000	

SBR-04	 2	L	Reactor	
Sartorius	
Sedim	

Vendor	
25000	 4.16	 No	 104000	

SBR-06	 2	L	Reactor	
Sartorius	
Sedim	

Vendor	
25000	 4.16	 No	 104000	

SBR-07	 2000	L	Reactor	
Sartorius	
Sedim	

Vendor	
563000	 4.16	 No	 2342080	
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HX-01	 Seed	Train	HeatX	 	 ECS	 5113	 1.8	 No	 9203	

CMP-01	 Gas	Compressor	 	 ECS	 61936	 2.15	 No	 133162	

BR-01	 20000	L	Reactor	 Paul	Mueller	 Vendor	 285000	 4.16	 No	 1185600	

BR-02	 20000	L	Reactor	 Paul	Mueller	 Vendor	 285000	 4.16	 No	 1185600	

	
Bioreactor	
Agitation	 Paul	Mueller	

Vendor	
125000	 4.16	 No	 520000	

	
Bioreactor	
Agitation	 Paul	Mueller	

Vendor	
125000	 4.16	 No	 520000	

P-02	
Cooling	Loop	

Pump	 	
ECS	

15641	 3.3	 Yes	 67256	

P-03	
Cooling	Loop	

Pump	 	
ECS	

15641	 3.3	 Yes	 67256	

HX-02	
Cooling	Loop	

HeatX	 	
ECS	

47769	 3.17	 Yes	 167069	

HX-03	
Cooling	Loop	

HeatX	 	
ECS	

47769	 3.17	 Yes	 199197	

GTN-01	 Waste	Gas	Tank	 	 ECS	 357516	 4	 No	 1430064	

P-05	
Pump	to	Holding	

Tank	 	
ECS	

9085	 3.3	 Yes	 39066	

HX-07	
Holding	Tank	

HeatX	 	
Aspen	

16940	 3.17	 Yes	 70640	

TN-03	 Holding	Tank	 	 ECS	 102427	 4.16	 No	 426096	

P-06	
Pump	to	
Centrifuge	 	

ECS	
9085	 3.3	 Yes	 39066	

CNT-01	 Centrifuge	 Alfa	Laval	 Vendor	 400000	 2.03	 Yes	 1212000	

SD-01	 Spray	Dryer	 GEA	 Consultant	 500000	 2	 No	 1000000	

TN-04	 Cell	Waste	Tank	 	 ECS	 443311	 8	 No	 3546488	

P-07	
Pump	to	
Filtration	 	

ECS	
9092	 3.3	 Yes	 39096	

TFF-01	
45	kDa	

Ultrafiltration	 MilliporeSigma	
Consultant	

2117180	 2.32	 No	 4911858	

P-08	
Pump	to	Cell	

Waste	 	
ECS	

9114	 3.3	 Yes	 39190	

P-09	
Pump	to	
Filtration	2	 	

ECS	
9228	 3.3	 Yes	 39680	

TFF-02	
8	kDa	

Ultrafiltration	 	
Consultant	

2615840	 2.32	 no	 6068749	

P-10	
Pump	to	

Sterilization	 	
ECS	

9209	 3.3	 Yes	 39599	

HX-04	 Economizer	 	 Aspen	 12000	 3.17	 No	 38040	

P-12	
Pump	to	
Sterilizer	 	

ECS	
9125	 3.3	 Yes	 39238	

HX-05	 Sterilizer	 	 Aspen	 80485	 3.17	 No	 255137	
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HX-06	 Cooler	 	 Aspen	 40257	 3.17	 No	 127615	

P-11	
Pump	to	
Evaporator	 	

ECS	
9212	 3.3	 Yes	 39612	

PB-01	 Bin	activator	 	 Consultant	 35000	 4.16	 No	 145600	

	 Product	Bin	 	 Consultant	 19240	 4.16	 No	 29723	

HX-08	
Spray	Dryer	
HeatX	 	

Aspen	
10514	 3.17	 No	 33329	

	 CIP	System	 Sani-Matic	 Consultant	 80000	 2	 No	 160000	

EVP-01	
Multiple	Effect	
Evaporator	 	

Consultant	
2800000	 2	 No	 5600000	

TN-05	
Purge	Waste	
Storage	 	

ECS	
364325	 8	 No	 2914600	

ECS*	is	the	Equipment	Costing	Spreadsheet	

	

Each	equipment	cost	was	either	calculated	using	the	Equipment	Costing	Sheet	provided	

by	Bruce	Vrana	and	Warren	Seider	or	with	direct	quotes	from	various	manufacturers	with	

the	exception	of	all	heat	exchangers	but	HX-01.	Heat	exchangers	were	designed	and	priced	

in	Aspen.	The	equations	used	to	tabulate	the	costing	spreadsheet	can	be	found	in	Product	

and	Process	Design	Principles	Fourth	Edition.	The	total	equipment	cost	is	$38,159,824.	
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18. Fixed	Capital	Investment	Summary	
The	Profitability	Analysis	4.0	spreadsheet	was	used	to	develop	all	financials	models	

involving	the	construction	and	operation	of	the	plant.	The	capital	summary	factors	in	all	

capital	costs	the	plant	incurs	at	the	outset	including	equipment	purchase	costs,	purchase	

costs,	and	initial	construction.	Financial	models	were	estimated	for	ten	years	of	plant	

operation.		

18.1	Total	Permanent	Investment	
	 The	total	bare	module	cost	including	spares,	storage,	catalysts,	computers,	etc.	was	

$38,159,824.	To	calculate	the	total	depreciable	capital,	the	default	values	for	calculating	the	

cost	of	site	preparation	and	cost	of	service	facilities	were	used	from	the	profitability	

analysis	spreadsheet,	namely	5%	of	the	total	bare	module	cost.	No	costs	were	allocated	for	

utility	plants	as	there	are	existing	chemical	plants	in	the	area	and	so	utilities	can	be	used	

from	these	plants.	The	total	direct	permanent	investment	was	then	calculated	to	be	

$41,975,807.	From	here,	the	cost	of	contingencies,	which	were	estimated	as	18%	of	the	

direct	permanent	investment,	was	added	to	give	the	total	depreciable	capital.	This	was	

$49,531,453.	The	cost	of	land	and	plant	startup	were	estimated	using	the	default	values	

given	in	the	equipment	costing	spreadsheet.	Royalties	were	neglected.	This	resulted	in	the	

total	permanent	investment	coming	to	$55,475,227.	Finally,	the	site	factor	for	the	American	

Midwest	was	1.15,	giving	the	corrected	total	permanent	investment	as	$63,796,511.	A	

summary	of	the	calculations	done	to	yield	the	total	permanent	investment	are	given	in	

table	18.1	and	the	investment	summary	is	given	in	table	18.2.	
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Table 18.1: Calculation Parameters for Total Permanent Investment 

Total Permanent Investment       

 

Cost of Site Preparations: 5.00% of Total Bare Module Costs 

Cost of Service Facilities: 5.00% of Total Bare Module Costs 

Allocated Costs for utility plants and related 

facilities: $0  
 

Cost of Contingencies and Contractor Fees: 18.00% 

of Direct Permanent 

Investment 

Cost of Land: 2.00% of Total Depreciable Capital 

Cost of Royalties: $0  
 

Cost of Plant Start-Up: 10.00% of Total Depreciable Capital 
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Table	18.2:	Investment	Summary
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19. Operating	Cost-Cost	of	Manufacture	

19.1	Raw	Materials	
	 The	raw	materials	used	in	this	process	are	given	in	table	19.1.	They	consist	of	

glucose	as	the	nutritional	source,	ammonia	as	the	nitrogen	source	and	a	variety	of	salts	for	

the	media.	Prices	were	sourced	from	Thermo-Fisher.	Total	amount	of	each	of	the	raw	

materials	was	calculated	based	on	the	annual	hours	of	runtime	for	each	feed.		

	

Table	19.1	Raw	material	usage	and	cost	for	process.	

Raw	
Material:	 Unit:	 Required	Ratio:	

Cost	of	Raw	
Material:	 Annual	Cost	

Cost	per	Kg	
of	Product	

Glucose	 kg	glucose	 4.602	
kg	glucose	per	kg	of	
Extremozyme	 $0.88	

per	kg	
glucose	 $25,768,281.17	 $4.06	

Sodium	
Phosphate	

kg	Na	
Phosphate	 0.051	

kg	Na	Phosphate	per	
kg	of	Extremozyme	 $1.00	

per	kg	Na	
Phosphate	 $324,739.49	 $0.05	

Sulfur	 kg	sulfur	 0.024	
kg	sulfur	per	kg	of	
Extremozyme	 $0.05	 per	kg	sulfur	 $7,417.33	 $0.00	

Sodium	
Chloride	 kg	NaCl	 3.642	

kg	NaCl	per	kg	of	
Extremozyme	 $0.07	 per	kg	NaCl	 $1,550,866.03	 $0.24	

Potassium	
Hydroxide	 kg	KOH	 0.164	

kg	KOH	per	kg	of	
Extremozyme	 $0.90	 per	kg	KOH	 $936,586.64	 $0.15	

Magnesium	
Chloride	 kg	MgCl	 0.008	

kg	MgCl	per	kg	of	
Extremozyme	 $0.30	 per	kg	MgCl	 $15,261.71	 $0.00	

Boric	Acid	
kg	boric	
acid	 0.06	

kg	boric	acid	per	kg	
of	Extremozyme	 $0.70	

per	kg	boric	
acid	 $266,625.25	 $0.04	

Ammonia	
kg	
ammonia	 0.14	

kg	ammonia	per	kg	
of	Extremozyme	 $0.47	

per	kg	
ammonia	 $420,822.69	 $0.07	

	

19.2	Utilities	
	 The	utilities	used	in	this	process	were	medium	pressure	(150	psig)	steam,	cooling	

water,	chilled	water	and	electricity.	The	breakdown	per	equipment	is	given	in	section	14.2.	

The	costs	of	the	utilities	were	calculated	using	values	given	in	Product	and	Process	Design	

Principles.	The	annual	breakdown	and	cost	per	kg	of	product	is	given	in	table	19.2.		
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Table	19.2	Utilities	usage	and	costs	of	process.		

Utility:	 Unit:	
Required	
Ratio	 	

Utility	
Cost	 	

Annual	
Cost	

Cost	per	kg	of	
Product	

Electricity	 kWh	 2.08	
kWh	per	kg	of	
Extremozyme	 $0.07	

per	
kWh	 $924,729	 $0.15	

Medium	
Pressure	Steam	 kg	 197.65	

kg	per	kg	of	
Extremozyme	 $0.02	 per	kg	 $19,186,810	 $3.02	

Process	Water	 m3	 0.054	
m3	per	kg	of	
Extremozyme	 $0.27	

per	
m3	 $92,572	 $0.01	

Cooling	Water	 m3	 0.023	
m3	per	kg	of	
Extremozyme	 $0.03	

per	
m3	 $4,051	 $0.001	

Chilled	Water	 kg	 2.56E+01	
kg	per	kg	of	
Extremozyme	 $0.00	 per	kg	 $81,134	 $0.01	

	

19.3	Variable	Costs	and	Working	Capital	
	 The	variable	costs	and	working	capital	of	this	process	were	calculated	according	to	

the	guidelines	on	the	equipment	costing	spreadsheet	with	default	values	being	used	for	all	

items	except	for	research.	It	was	decided	to	increase	the	direct	research	expense	to	10%	of	

sales	due	to	the	complicated	nature	of	the	extremozyme	and	the	challenges	with	growing	

the	organism	at	scale	in	a	reactor.	For	the	other	variable	costs,	namely	selling/transfer	

expenses,	allocated	research,	administrative	expenses,	and	management	incentive	

compensation,	the	default	values	were	used.	The	details	are	given	in	table	19.3.2.	The	

working	capital	information	is	given	in	table	19.3.3,	with	values	calculated	using	the	default	

values	given	in	the	equipment	costing	spreadsheet.	
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Table	19.3.1	Variable	Costs	and	Working	Capital	Input	

	

	

Table	19.3.2	Summary	of	Variable	Costs
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Table	19.3.3	Summary	of	Working	Capital	

	

19.4 Fixed Costs  
	 Fixed	costs	were	calculated	according	to	the	default	values	on	the	equipment	costing	

spreadsheet.	It	was	decided	that	45	operators,	9	per	shift,	were	needed	for	operation.	The	

continuous	section	of	the	process	was	divided	into	six	sections:	1)	sterilization	loop,,	2)	Gas	

input,	3)	bioreactor	system,	4)	central	holding	tank	and	centrifuge,	5)	ultrafiltration,	6)	

spray	dryer.	One	operator	is	needed	for	each	section.	The	seed	train	was	divided	into	3	

sections,	1)	gas	generation,	2)	2L	reactor	triplicate	and	3)	the	2000L	reactor.	One	operator	

is	needed	for	each	section.	Thus	9	total	operators	per	shift	were	required.	All	other	aspects	

of	the	fixed	costs	portion	of	the	spreadsheet	were	left	to	the	default	values.		
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Table	19.4.1	Fixed	Costs	Input	
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Table	19.4.2	Fixed	Costs	Summary	
Operations            
 Direct Wages and Benefits    $18,720,000  
 Direct Salaries and Benefits    $2,808,000  
 Operating Supplies and Services   $1,123,200  
 Technical Assistance to Manufacturing   $13,500,000  
 Control Laboratory    $14,625,000  
      
 Total Operations    $50,776,200  
      
Maintenance     
 Wages and Benefits    $2,228,915  
 Salaries and Benefits    $557,229  
 Materials and Services    $2,228,915  
 Maintenance Overhead    $111,446  
      
 Total Maintenance    $5,126,505  
      
Operating Overhead     
      
 General Plant Overhead:    $1,726,304  
 Mechanical Department Services:   $583,539  
 Employee Relations Department:   $1,434,535  
 Business Services:    $1,799,247        
 Total Operating Overhead    $5,543,625        
Property Taxes and Insurance          
 Property Taxes and Insurance:   $990,629  
      
Other Annual Expenses     
      
 Rental Fees (Office and Laboratory Space):  $ -    
 Licensing Fees:    $ -    
 Miscellaneous:    $ -    
      
 Total Other Annual Expenses   $ -    
      
Total Fixed Costs 
Fixed Cost /kg of Product    

 $62,436,959  
 $9.84 
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20. Other	Important	Considerations	

20.1	Health	and	Safety		
	 The	biggest	safety	risk	in	this	process	is	the	high	pH	of	the	process	stream.	Much	of	

the	process	involves	streams	at	a	pH	between	9	and	10	and	so	precautions	will	need	to	be	

taken.	First,	all	equipment	is	built	using	316L	stainless	steel	which	is	stronger	than	carbon	

steel	and	should	be	able	to	handle	the	higher	pHs.	Furthermore,	all	onsite	personnel	will	be	

required	to	wear	the	necessary	personal	protective	equipment.	Otherwise	for	all	

equipment	standard	safety	protocols	will	be	followed.	There	are	not	any	particularly	

dangerous	flammable	chemicals	in	use	for	this	process	so	standard	protocols	should	

suffice.	

21.2	Environmental	Considerations		

21.2.1	Carbon	Dioxide	Emissions	
	 Since	2009,	the	United	States	Environmental	Agency	has	instated	the	Greenhouse	

Gas	Reporting	Program	that	requires	major	greenhouse	gas	producers	to	report	carbon	

dioxide	production	from	industrial	processes.	The	cutoff	for	reporting	requirement	is	

25,000	MT/yr	of	carbon	dioxide.	The	amount	of	carbon	dioxide	produced	during	the	

bioreactor	operation	in	this	process	is	approximately	20,500	MT/yr,	thus	excluding	this	

process	from	needing	to	report	carbon	dioxide	emissions	to	the	EPA.	That	being	said,	steps	

will	be	taken	to	implement	measures	to	reduce	carbon	dioxide	emission	to	the	atmosphere	

in	order	to	ensure	a	more	sustainable	process	overall.	
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21.2.2	Biological	Contaminants	
	 Steps	will	be	taken	in	order	to	reduce	the	possibility	of	live	cells	leaving	the	process.	

All	waste	gas	released	from	the	bioreactors	will	be	sent	to	the	steam	generator	for	the	

process	where	the	oxygen	will	be	combusted.	During	combustion,	the	temperature	will	be	

high	enough	that	it	will	kill	any	live	cells	that	are	present	in	the	waste	gas.	Live	cells	that	

are	removed	during	centrifugation	and	the	first	filtration	step	will	be	treated	as	outlined	in	

Section	21.3.	

21.3	Municipal	Waste	Treatment		
	 Due	to	the	biological	components	present	and	high	pH	of	the	waste	streams	

produced	by	this	process,	proper	adherence	to	waste	treatment	guidelines	and	cooperation	

with	municipal	waste	treatment	centers	will	be	paramount.	Due	to	the	structure	of	the	

campaign	schedule,	the	downstream	process	will	not	be	operating	for	36	hours	of	every	8	

day	campaign.	During	this	downtime,	process	waste	produced	by	the	downstream	process	

will	be	pretreated	and	sent	to	municipal	waste	treatment.	Additionally,	while	the	

continuous	process	is	running,	CIP	waste	water	will	be	collected,	pretreated,	and	sent	to	

waste	treatment	as	well.	With	all	waste,	first,	the	high	pH	will	be	neutralized	using	an	acidic	

buffer.	Following	neutralization,	the	cell	waste	will	be	sterilized	in	order	to	kill	all	living	

cells.	After	these	pretreatment	steps,	the	waste	streams	will	be	sent	to	a	municipal	waste	

treatment	plant.	

	 Dayton,	Ohio	has	one	primary	municipal	waste	treatment	plant	known	simply	as	the	

City	of	Dayton	Wastewater	Treatment	Plant	(WWTP)	(Treatment	Process,	n.d.).	The	WWTP	

has	a	regulation	where	all	Significant	Industrial	Users	need	to	apply	for	a	permit	to	

discharge	wastewater	to	the	WWTP,	and	the	process	plant	described	in	this	report	would	
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qualify	as	an	SIU	as	it	produces	more	than	25,000	gallons	of	waste	per	day.	Furthermore,	

there	is	an	extra-strength	surcharge	that	the	City	of	Dayton	charges	to	any	business	

producing	wastewater	with	a	significant	Biological	Oxygen	Demand	or	Total	Suspended	

Solids	concentration.	This	process	will	qualify	for	the	extra-strength	surcharge	due	to	the	

high	cell	waste	concentration.	These	regulations	and	surcharges	will	be	strictly	followed	

and	paid	as	to	maintain	access	to	proper	waste	water	treatment.	
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21. Profitability	Analysis	
Profitability	analysis	was	conducted	using	the	Profitability	Analysis	spreadsheet.	

Profitability	in	response	to	changes	in	a	number	of	variables	was	studied,	namely:	1)	effects	

of	product	price	2)	total	permanent	investment,	3)	fixed	costs.	

21.1	Base	Case		
First,	profitability	under	the	conditions	listed	in	the	above	sections	was	studied.	In	the	

problem	statement,	product	pricing	was	set	to	a	15%	premium	over	the	leading	incumbent.	

However,	the	market	for	extremophilic	enzymes	is	very	limited	and	there	were	no	clear	

market	leaders.	Furthermore,	many	enzyme	manufacturers	did	not	market	their	enzymes	

to	be	sold	in	bulk	and	so	the	prices	quoted	by	many	protease	manufacturers	could	not	be	

used	as	reasonable	comparison.	Therefore,	the	base	case	price	was	set	such	that	an	internal	

rate	of	return	(IRR)	of	~15%	was	achieved.	Under	these	conditions,	the	product	price	was	

set	as	$36.00/kg.	This	resulted	in	an	IRR	of	15.21%	and	the	net	present	value	(NPV)	of	the	

project	was	given	as	$880,900.	The	return	on	investment	in	this	case	was	17.36%	and	the	

details	are	shown	in	table	21.1.1.	Additionally	the	cash	flows	for	this	project	are	shown	in	

table	21.1.2.	
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Table	21.1.1	Return	on	Investment	for	Base	Case	in	Third	Production	Year	

ROI Analysis (Third Production Year) 
     

 Annual Sales  
        
145,795,367  

 

 Annual Costs  
      
(118,496,598) 

 

 Depreciation  
           
(5,103,721) 

 

 Income Tax  
           
(8,212,168) 

 

 Net Earnings  
           
13,982,880  

 

 Total Capital Investment 
           
80,562,400  

 ROI  
 

17.36% 
 

 
     

 
     

Table	21.1.2	Cash	flows	for	this	process.	

	

	 	

Though	at	the	base	case	the	project	is	profitable,	it	is	troubling	that	the	project	only	yields	a	

positive	NPV	in	2036.	If	demand	were	to	drop	for	the	product,	this	process	would	become	

unprofitable	and	given	how	far	out	in	the	future	the	process	is	projected	to	become	

profitable,	this	is	cause	for	concern.	

21.2 Sensitivity	to	Product	Price		
	 Tergazyme	was	found	to	be	a	reasonable	competitor	as	they	sell	detergents	

containing	protease.	However,	only	prices	for	their	detergents	could	be	found	and	not	the	
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prices	for	the	proteases	they	used.	Depending	on	the	bulk	size,	the	price	per	kg	of	detergent	

of	their	products	came	to	~$20.	This	is	significantly	less	than	the	price	of	the	base	case	that	

is	being	used	in	this	process	even	after	the	15%	premium	is	applied.	The	sensitivity	of	the	

ROI	to	the	price	of	the	extremozyme	is	shown	in	figure	21.1.		

	

Figure	21.1:	ROI	change	in	response	to	changes	in	product	price.	

	 From	the	figure,	it	can	be	seen	that	the	ROI	is	extremely	sensitive	to	relatively	small	

changes	in	price.	The	price	cannot	get	reasonably	close	to	the	detergent	price	of	tergazyme	

without	yielding	a	highly	negative	return	on	investment.	If	the	price	of	tergazyme	does	

serve	to	be	a	metric	of	the	price	that	the	product	of	this	process	can	be	set,	then	demand	

will	fall	and	the	project	will	become	unprofitable.	
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	 However,	if	further	market	research	is	conducted	and	it	turns	out	that	demand	for	

the	product	is	high	within	this	price	range,	then	one	may	consider	setting	the	price	of	the	

product	to	$43.00/kg.	This	would	make	the	process	profitable	much	quicker	(i.e.	by	2027)	

and	would	yield	an	NPV	of	$66,617,100.		

21.3	Sensitivity	to	Total	Permanent	Investment		
	 The	sensitivity	to	total	permanent	investment	is	shown	in	figure	21.2.	From	the	

figure	it	can	be	seen	that	the	ROI	is	not	very	sensitive	to	the	total	permanent	investment.	To	

reach	the	ROIs	that	could	be	done	by	raising	the	product	price	through	changes	to	total	

permanent	investment	alone	would	require	significant	changes	in	the	process	design,	to	

the	point	of	infeasibility.	For	example	one	could	consider	eliminating	all	spares	but	this	

would	only	lower	the	total	equipment	costs	by	$1,233,820,	which	is	not	nearly	enough	to	

achieve	an	ROI	greater	than	30%.	Nor	would	this	be	a	prudent	decision.	Even	if	other	

aspects	like	cost	of	site	and	land	were	reduced	to	unrealistic	amounts,	this	would	not	be	

enough.	Clearly	one	must	look	elsewhere	to	cut	costs.	
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Figure	21.2:	Sensitivity	of	ROI	to	Total	Permanent	Investment	

21.4	Sensitivity	to	Total	Fixed	Costs		
	 A	final	aspect	that	was	studied	was	the	sensitivity	of	the	ROI	to	changes	in	fixed	

costs.	This	is	shown	in	figure	21.3.	From	the	figure,	clearly	minor	changes	in	fixed	costs	do	

not	change	the	ROI	very	much.	One	could	accomplish	lowering	the	fixed	costs	by	salary	cuts	

for	example.	However	cutting	salaries	to	$30/hr	would	only	bring	the	ROI	by	~3%	and	

would	still	leave	a	positive	NPV	far	out	into	the	future	(i.e.	2030).	Given	the	drawbacks	of	

hurting	the	workers,	this	is	a	very	poor	method	of	increasing	the	ROI.	Based	on	these	three	

cases,	the	most	realistic	way	of	increasing	the	profitability	of	the	project	is	through	raising	

the	product	price.	However,	only	further	market	research	can	illuminate	whether	or	not	

this	would	salvage	the	project.		
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Figure	21.3:	ROI	Sensitivity	to	Fixed	Costs.	 	
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22. Conclusions	and	Recommendations	
Based	on	the	economic	analysis	of	this	novel	process	for	the	production	of	a	bio-

detergent	grade	protease	that	is	suitable	for	high	temperatures	and	pH’s	from	N.	

pharaonis,	it	is	difficult	to	quantify	the	profitability	of	this	process.	In	order	to	reach	a	

generally	accepted	IRR	for	a	profitable	process	of	15%,	the	bulk	price	for	the	enzyme	

must	be	$36.00/kg.	Based	on	available	literature	and	supplier	information,	it	is	not	

possible	to	know	with	a	high	enough	confidence	level	whether	this	is	a	reasonable	price	

point.	Extrapolations	can	be	made	based	on	price	points	for	commercially	available	

detergents	containing	protease,	but	without	knowing	the	price	that	detergent	

corporations	are	willing	to	pay	for	bulk	dried	enzyme,	it	is	unwise	to	go	forward	with	

the	production	of	this	processing	plant.	As	such,	extensive	market	research	outside	of	

the	scope	of	this	report	should	be	conducted	to	find	bulk	price	points	from	leading	

enzyme	suppliers	such	as	Novozyme	and	Genencor.	If	it	is	found	that	the	bulk	price	is	

similar	to	the	price	extrapolated	from	the	product	Tergazyme’s	selling	price,	the	

process	should	not	be	pursued.	However,	if	the	price	is	found	to	be	anywhere	upwards	

of	$36.00/kg,	the	process	has	the	opportunity	to	be	extremely	profitably,	particularly	

due	to	the	high	sensitivity	in	ROI	to	price	change.	

If	the	process	is	found	to	be	economically	feasible	and	the	plant	is	profitable	far	into	

the	future,	it	may	be	worthwhile	to	look	into	the	possibility	of	producing	detergents	

formulations	in	house,	instead	of	selling	enzymes	to	larger	detergent	companies.	While	

this	change	would	require	significant	costs	for	both	additional	formulation	steps	as	well	

as	research	and	development,	companies	such	as	Novozyme	have	begun	selling	their	

enzymes	directly	to	consumers	in	detergent	formulations.	Another	possibility	is	to	look	
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into	processing	cell	waste	to	be	sold	as	animal	feedstock.	This	would	require	further	

purification	steps	for	the	cell	waste	extracted	during	centrifugation,	but	may	provide	a	

boost	to	profitability	depending	on	the	price	point	set	for	the	enzyme.	
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Appendix	A:	Calculations	

A.1	Energy	Balances	
  Cooling	requirements	for	the	20,000L	continuous	reactor	are	given	below	as	an	

example	of	the	energy	balance	calculations	done	throughout.	

Source Gas In Media In 
In from 
Heatx Gas Out Media Out 

Out to 
Heatx Generation 

Temperature 
(C) 66 32 32 60 60 60 -- 

Flow Rate 
(kg/hr) 188.6 10894.1 

7820.25754
3 -1522.2 -8546.6 

-
7820.25754

3 -- 

Substance 

Gas 
Mixture, 
assume 

Air 

Mixture, 
assume 
Water 

Mixture, 
Assume 
Water 

Gas 
Mixture, 
assume 

CO2 

Mixture, 
Assume 
Water 

Mixture, 
Assume 
Water -- 

Enthalpy Rxn 
(kJ/hr) -- -- -- -- -- -- 14400 

Heat Capacity 
(kJ/kg K) 1.006 4.186 4.186 0.879 4.186 4.186 -- 

Energy (kJ/hr) 
7777.08

6355 
319218.7

861 
229149.186

5 

-
46831.2708

5 

-
1252155.05

7 

-
1145745.93

3 1843200 

Balance  
0.00000000

0 
 
Stream	Energies	are	given	by	

𝑄 = 𝑚̇ ∙ 𝐶" ∙ (𝑇#$%&'( − 25°		)	

Outlet	streams	have	negative	flow	rates.	

Generation	Term	is	given	by	

𝑄 = (𝑂𝑥𝑦𝑔𝑒𝑛	𝑈𝑝𝑡𝑎𝑘𝑒	𝑅𝑎𝑡𝑒	
𝑚𝑜𝑙	𝑂)	
𝐿	ℎ𝑟 ) × (𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦	𝑜𝑓	𝐹𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛	

𝑘𝐽
𝑘𝑔	𝑂)	𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

)

× (0.032	
𝑘𝑔

𝑚𝑜𝑙	𝑂)
) × (𝑊𝑜𝑟𝑘𝑖𝑛𝑔	𝑉𝑜𝑙𝑢𝑚𝑒	𝐿)	
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A.2	Process	Output	Calculations	
	 Many	of	the	parameters	of	the	project	(e.g.	reactor	sizes	and	numbers)	were	

calculated	based	on	the	process	output	estimates.	These	calculations	are	outlined	below.	

Days	Uptime:	0.95 × 365 = 346.75	𝑑𝑎𝑦𝑠	

Maintenance	Days	per	Campaign:	1	day	

Number	of	Campaigns	per	Year:	 +',#	-"$.(&
/'("'.01	2&10$3	4	5'.1$&1'16&	+',#

= 38	

Maximum	Growth	Rate:	 71)
+89:7.10	;.(&

= 71)
<.>

= 0.462	ℎ𝑟?<	

Volume	per	Production	Reactor:	16185	L	(adjusted	using	trial	and	error)	

Initial	Concentration	of	Reactor:	𝑀𝑎𝑥	𝐺𝑟𝑜𝑤𝑡ℎ	𝑅𝑎𝑡𝑒 × @"#$
@"

= 3	𝑔/𝐿	

Time	for	Production	Reactor	(Reactor	N)	to	reach	Peak	Cell	Density:	

𝑙𝑛(𝑃𝑒𝑎𝑘	𝐶𝑒𝑙𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	𝑅𝑒𝑎𝑐𝑡𝑜𝑟] )	/	𝑙𝑛(2) 	× 𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔	𝑇𝑖𝑚𝑒 =

4.98	ℎ𝑟	

	

Production	Time	per	Campaign:	𝐶𝑎𝑚𝑝𝑎𝑖𝑔𝑛	𝑃𝑒𝑟𝑖𝑜𝑑	(ℎ𝑟𝑠) × 24	 −

	(𝑇𝑖𝑚𝑒	𝑓𝑜𝑟	𝑁	𝑡𝑜	𝑟𝑒𝑎𝑐ℎ	𝑃𝑒𝑎𝑘	𝐶𝑒𝑙𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦	 + 	𝑇𝑖𝑚𝑒	𝑓𝑜𝑟	𝑁 −

1	𝑡𝑜	𝑅𝑒𝑎𝑐ℎ	𝑝𝑒𝑎𝑘	𝑐𝑒𝑙𝑙	𝑑𝑒𝑛𝑠𝑖𝑡𝑦	 + 	𝑇𝑖𝑚𝑒	𝑓𝑜𝑟	𝑅𝑒𝑎𝑐𝑡𝑜𝑟	1	𝑡𝑜	𝑅𝑒𝑎𝑐ℎ	𝑃𝑒𝑎𝑘	𝐶𝑒𝑙𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦) 	=

	8 × 24	 −	(4.98 + 14.95 + 16.00) 	= 	156	ℎ𝑟𝑠		

	

Production	time	Per	Reactor	per	Year:	𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑇𝑖𝑚𝑒	𝑝𝑒𝑟	𝐶𝑎𝑚𝑝𝑎𝑖𝑔𝑛	 ×

	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐶𝑎𝑚𝑝𝑎𝑖𝑔𝑛𝑠	𝑝𝑒𝑟	𝑦𝑒𝑎𝑟	 = 	5931	ℎ𝑟𝑠	
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Flow	Rate	out	of	Production	Reactor:	𝑀𝑎𝑥	𝐺𝑟𝑜𝑤𝑡ℎ	𝑅𝑎𝑡𝑒 × 𝑉𝑜𝑙𝑢𝑚𝑒	𝑝𝑒𝑟	𝑅𝑒𝑎𝑐𝑡𝑜𝑟 =

7480	𝐿/ℎ𝑟	

	

Amount	of	Product	per	Reactor	Per	Campaign:	(𝑃𝑒𝑎𝑘	𝑃𝑟𝑜𝑑𝑢𝑐𝑡	𝑇𝑖𝑡𝑒𝑟 × 𝐹𝑙𝑜𝑤	𝑅𝑎𝑡𝑒 ×

𝑃𝑟𝑜𝑑𝑢𝑐𝑡	𝑇𝑖𝑚𝑒	𝑝𝑒𝑟	𝐶𝑎𝑚𝑝𝑎𝑖𝑔𝑛) + (𝑃𝑒𝑎𝑘	𝑃𝑟𝑜𝑑𝑢𝑐𝑡	𝑇𝑖𝑡𝑒𝑟 × 𝑉𝑜𝑙𝑢𝑚𝑒	𝑝𝑒𝑟	𝑅𝑒𝑎𝑐𝑡𝑜𝑟) =

65092	𝑘𝑔	

	

Amount	of	product	per	year:	𝐴𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑃𝑟𝑜𝑑𝑢𝑐𝑡	𝑝𝑒𝑟	𝑟𝑒𝑎𝑐𝑡𝑜𝑟	𝑝𝑒𝑟	𝑐𝑎𝑚𝑝𝑎𝑖𝑔𝑛	 ×

	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑎𝑚𝑝𝑎𝑖𝑔𝑛𝑠	𝑝𝑒𝑟	𝑟𝑒𝑎𝑐𝑡𝑜𝑟	𝑝𝑒𝑟	𝑦𝑒𝑎𝑟	 × 𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑠	 = 	4947028.7	𝑘𝑔/

𝑦𝑟	

	

Fraction	of	Product	Lost	in	Separation	(from	Material	Balances):	0.276	

Purity	of	Final	Product:	0.8	

	

Annual	Enzyme	Production	Rate	considering	Loss:	𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑇𝑎𝑟𝑔𝑒𝑡	/	(1 −

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝐿𝑜𝑠𝑡)	

	

Volumetric	Flow	Rate	Required	from	Reactors:	𝐴𝑛𝑛𝑢𝑎𝑙	𝐸𝑛𝑧𝑦𝑚𝑒	𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑅𝑎𝑡𝑒	/

	𝑃𝑟𝑜𝑑𝑢𝑐𝑡	𝑇𝑖𝑡𝑒𝑟	 = 	112986333.8	𝐿/𝑦𝑟	

	

Oxygen	Required:	𝑃𝑒𝑎𝑘	𝑂𝑥𝑔𝑦𝑒𝑛	𝑈𝑝𝑡𝑎𝑘𝑒	𝑅𝑖𝑔ℎ𝑡	 × 	𝑉𝑜𝑙𝑢𝑚𝑒	𝑝𝑒𝑟	𝑅𝑒𝑎𝑐𝑡𝑜𝑟 ×

𝑂𝑥𝑦𝑔𝑒𝑛	𝑀𝑜𝑙𝑎𝑟	𝑀𝑎𝑠𝑠 = 129.5	𝑘𝑔/ℎ𝑟	
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Fraction	of	Protein	that	is	Extracellular	(from	references):	0.062	

	

Total	Biomass	Excluding	Protein:	𝑃𝑒𝑎𝑘	𝐶𝑒𝑙𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦	/	(1 − 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝐸𝑥𝑡𝑟𝑎𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑟 ×

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝐵𝑖𝑜𝑚𝑎𝑠𝑠	𝑡ℎ𝑎𝑡	𝑖𝑠	𝑃𝑟𝑜𝑡𝑒𝑖𝑛) = 31.47	𝑔/𝐿	

Extracellular	Proteins	Excluding	Product:	𝑇𝑜𝑡𝑎𝑙	𝐵𝑖𝑜𝑚𝑎𝑠𝑠	𝐸𝑥𝑐𝑙𝑢𝑑𝑖𝑛𝑔	𝑃𝑟𝑜𝑡𝑒𝑖𝑛 −

𝑃𝑒𝑎𝑘	𝐶𝑒𝑙𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 1.47	𝑔/𝐿	

A.3	Material	Balance	Calculations	
	 Multiple	calculations	would	be	made	throughout	the	process	of	constructing	the	

seed	train/batch/continuous	material	balances,	which	are	collected	below.	

Elemental	Composition	of	Biomass	

	 In	order	to	calculate	the	amount	of	media	components	required	for	cell	growth,	the	

fraction	of	biomass	that	is	made	up	of	each	of	a	selection	of	key	elements	was	collected.	The	

fraction	of	cell	mass	and	protease	mass	that	is	each	element	is	shown	below.	

 Cell Mass Protease 

Fraction C  0.436 0.349 

Fraction N 0.073 0.170 

Fraction O  0.073 0.384 

Fraction P 0.019 0.000 

Fraction S 0.007 0.015 

Fraction Na 0.024 0.000 

Fraction K 0.169 0.000 

Fraction Mg 0.005 0.000 

Fraction Cl 0.194 0.000 
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	Required	Glucose	

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝑈𝑝𝑡𝑎𝑘𝑒𝑛	𝐶	𝐼𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒𝑑	𝑖𝑛	𝐵𝑖𝑜𝑚𝑎𝑠𝑠 = 0.35	

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑	𝑈𝑝𝑡𝑎𝑘𝑒	𝐶	𝑖𝑛	𝐵𝑖𝑜𝑟𝑒𝑎𝑐𝑡𝑜𝑟

=
𝐶𝑒𝑙𝑙𝑠	𝑂𝑢𝑡 ∗ 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝐶	𝑖𝑛	𝐶𝑒𝑙𝑙 + 𝑃𝑟𝑜𝑡𝑒𝑖𝑛	𝑂𝑢𝑡 ∗ 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝐶	𝑖𝑛	𝑃𝑟𝑜𝑡𝑒𝑖𝑛

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑈𝑝𝑡𝑎𝑘𝑒𝑛	𝐶	𝐼𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒𝑑	𝑖𝑛	𝐵𝑖𝑜𝑚𝑎𝑠𝑠

= 700.97	𝑘𝑔/ℎ𝑟	

	𝑀𝑜𝑙𝑒𝑠	𝐺𝑙𝑢𝑐𝑜𝑠𝑒	𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑	𝑈𝑝𝑡𝑎𝑘𝑒	𝐶

𝑀𝑊	𝑜𝑓	𝐶 ∗
1	𝑚𝑜𝑙	𝐺𝑙𝑢𝑐𝑜𝑠𝑒

6	𝑚𝑜𝑙	𝐶 	

𝐶𝑎𝑟𝑏𝑜𝑛	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 = 𝑀𝑜𝑙	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 ∗
6	𝑚𝑜𝑙	𝐶

𝑚𝑜𝑙	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 ∗ 𝑀𝑊	𝐶	

𝑂𝑥𝑦𝑔𝑒𝑛	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 = 𝑀𝑜𝑙	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 ∗
6	𝑚𝑜𝑙	𝑂

𝑚𝑜𝑙	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 ∗ 𝑀𝑊	𝑂	

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝐶𝑎𝑟𝑏𝑜𝑛	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒	𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑	𝑡𝑜	𝐶𝑂2

= (1 − 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝑈𝑝𝑡𝑎𝑘𝑒𝑛	𝐶	𝐼𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒𝑑) ∗ 𝐶𝑎𝑟𝑏𝑜𝑛	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒	

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝑀𝑜𝑙	𝐶𝑂2 =
𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝐶	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒	𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑	𝑡𝑜	𝐶𝑂2

𝑀𝑊	𝐶 	

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝑀𝑎𝑠𝑠	𝐶𝑂2 = 𝑀𝑜𝑙	𝐶𝑂2 ∗ 𝑀𝑊	𝐶𝑂2	

𝑀𝑜𝑙	𝑂	𝑓𝑟𝑜𝑚	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 = 𝑂𝑥𝑦𝑔𝑒𝑛	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 ∗ 𝑀𝑊	𝑂	

𝑀𝑜𝑙	𝑂	𝑖𝑛	𝐶𝑂2 = 2 ∗ 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝑀𝑜𝑙	𝐶𝑂2	

𝑀𝑎𝑠𝑠	𝑂	𝑖𝑛	𝐶𝑂2 = 𝑀𝑜𝑙	𝑂 ∗ 𝑀𝑊	𝑂	

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝑀𝑎𝑠𝑠	𝑜𝑓	𝑂	𝑂𝑢𝑡 = 𝑀𝑎𝑠𝑠	𝑂	𝑖𝑛	𝐶𝑂2 +𝑀𝑎𝑠𝑠	𝑖𝑛	𝑂2	𝐺𝑎𝑠𝑠	𝑂𝑢𝑡		

𝑀𝑎𝑠𝑠	𝑜𝑓	𝑂	𝐼𝑛 = 𝑀𝑎𝑠𝑠	𝑂	𝑓𝑟𝑜𝑚	𝑂2	𝐺𝑎𝑠	𝐼𝑛 + 𝑂𝑥𝑦𝑔𝑒𝑛	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒	

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 = 𝑀𝑎𝑠𝑠	𝑜𝑓	𝑂	𝐼𝑛 − 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝑀𝑎𝑠𝑠	𝑜𝑓	𝑂	𝑂𝑢𝑡	

𝑀𝑎𝑠𝑠	𝐶𝑂2	𝐴𝑐𝑡𝑢𝑎𝑙 = 5'##	A	.1	/A)?+.BB&%&1$.'7
5C	8B	A

∗ )	(87	A
(87	/A)

∗ 𝑀𝑊	𝐶𝑂2	=1463.2	kg/hr	
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𝑀𝑎𝑠𝑠	𝐶𝑎𝑟𝑏𝑜𝑛	𝑊𝑎𝑠𝑡𝑒

= 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝐶𝑎𝑟𝑏𝑜𝑛	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒	𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑	𝑡𝑜	𝐶𝑂2 −
𝑀𝑎𝑠𝑠	𝐶𝑂2	𝐴𝑐𝑡𝑢𝑎𝑙

𝑀𝑊	𝐶𝑂2

∗ 𝑀𝑊	𝐶 = 56.59	𝑘𝑔/ℎ𝑟	

	

Drying	Air	Required	for	Spray	Dryer	

𝑀𝑎𝑠𝑠	𝑊𝑎𝑡𝑒𝑟	𝑃𝑒𝑟	𝑀𝑎𝑠𝑠	𝐴𝑖𝑟	𝑎𝑡	50%	𝑅𝑒𝑙. 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦	@	28.9𝐶 = 0.0128	(𝑓𝑟𝑜𝑚	𝑡𝑎𝑏𝑙𝑒𝑠)	

𝑀𝑎𝑥	𝑀𝑎𝑠𝑠	𝑊𝑎𝑡𝑒𝑟
𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝐸𝑥ℎ𝑎𝑢𝑠𝑡	𝐴𝑖𝑟 = 0.530

𝑘𝑔
𝑚D (𝑓𝑟𝑜𝑚	𝑡𝑎𝑏𝑙𝑒𝑠)	

𝑉𝑜𝑙𝑢𝑚𝑒	𝐴𝑖𝑟	𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =
𝑀𝑎𝑠𝑠	𝑊𝑎𝑡𝑒𝑟	𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑

𝑀𝑎𝑥	𝑀𝑎𝑠𝑠	𝑊𝑎𝑡𝑒𝑟
𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝐸𝑥ℎ𝑎𝑢𝑠𝑡	𝐴𝑖𝑟

= 627.7	𝑚D	

𝐷𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	100%	𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑	𝐴𝑖𝑟	𝑎𝑡	80𝐶	𝑎𝑛𝑑	1.47	𝑏𝑎𝑟 = 1.273
𝑘𝑔
𝑚D (𝑓𝑟𝑜𝑚	𝑡𝑎𝑏𝑙𝑒)	

𝐴𝑖𝑟	𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 1.25 ∗ 𝑉𝑜𝑙𝑢𝑚𝑒	𝐴𝑖𝑟	𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 ∗ 𝐷𝑒𝑠𝑛𝑖𝑡𝑦 = 1000	𝑘𝑔/ℎ𝑟	
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Appendix	B:		Equipment	and	Resource	Vendor	
Sheets	

 

 
1600 West Phelps Street | Springfield, MO 65802 | 417-575-9000 | 1-800-MUELLER | paulmueller.com

Your next tank project is one step closer to being done!
Contact us at contact@paulmueller.com and see how 
we can make this new equipment a reality on your 
timeline and budget.

TANK VOLUME CALCULATOR RESULTS

2100.00
ID

5300.00

383.62

383.62

615.00

6682.24

Tank Inside Diameter = 2100 mm
 
Bottom Head Type = ASME D&F
Material Thickness = 2.67 mm
Inside Knuckle Radius = 127 mm
Straight Flange Length = 25.4 mm
Inside Dish Radius = 2105.03 mm
 
Shell Material Thickness = 2.67 mm
Shell Short Side Height = 5300 mm
 
Top Head Type = ASME D&F
Material Thickness = 2.67 mm
Inside Knuckle Radius = 127 mm
Straight Flange Length = 25.4 mm
Inside Dish Radius = 2105.03 mm
 
Bottom Head Volume = 839.03 liters
Shell Volume = 18357.11 liters
Top Head Volume = 839.03 liters
Total Volume = 20035.18 liters
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&XVWRPHU� 3URSRVDO�1XPEHU %XGJHW

9HVVHO�9ROXPH��/LWHUV�� ������ 0DWHULDO� ���/
'LDPHWHU��LQFKHV�� �� +HLJKW��LQFKHV�� ���

)LQLVK� �������5D��,QWHUQDO

$60(�6WDPSHG� <HV 'HVLJQ�3UHVVXUH� ���3VLJ�DQG�)XOO�9DFXXP
'HVLJQ�7HPSHUDWXUH� �����)

�� 6SHFLILF�*UDYLW\� ���
'LPSOHG�)XOO�6KHOO� <HV ,QVXODWLRQ�6KHDWKLQJ� <HV
'LPSOHG�%RWWRP�+HDG� \HV 3DVVLYDWLRQ� <HV
(OHFWURSROLVKHG� QR /HJ�6XSSRUWV� <HV
+�7��3URWHFWLYH�3DLQW <HV Completed By: %LOO�+RQV
2XWHU�7RS�+HDG� 1R Date: ���������
$JLWDWRU� 1R
'RFXPHQWDWLRQ� <HV

VESSEL BUDGETARY PRICE: $2�5,000

,WHP 4W\

� �

� �

� �

� �

� �

� �

� �

� �

� �

�� �

�� �

�� �

�� �

�� �

�� �

�� �

�� �

��

��

��

����0&������/XJ�0DQZD\�ZLWK�5H�3DG

'HVFULSWLRQ

1R]]OH�6FKHGXOH�DQG�0LVF��,WHPV

&RUURVLRQ�$OORZDQFH�

���������OE�3DG�)ODQJH�IRU�$JLWDWRU�PRXQW

�������5D��([WHUQDO�

6SULQJ�$VVLVW�����������

���1$�&RQQHFW�LQ�VLGH�VKHOO��VORSHG�DW����GHJUHH�DQJOH

���7&�7DQN�&RQQHFWLRQ�ZLWK����7&�1R�)RDP

8�3HQQ�%XGJHW

%8'*(7$5<�9(66(/�63(&,),&$7,216

2XWOHW�9DOYHV�

/LJKW�$VVHPEOLHV

6SDUJHU�7XEH�ZLWK�6XSSRUWV

%DIIOHV�

5RVHPRXQW�/HYHO�VSXG�[����H[W�

0L[HUV��7RS�(QWHULQJ�RU�0DJQHWLF�

���/�-��6WDU�6DQLWDU\�)OXVK�0RXQWHG�0HWD&ODPS�6LJKW�*ODVV

7KHUPRZHOO��%XUQV��[�����VWDQGDUG�OHQJWK

/LIWLQJ�/XJV�

*URXQGLQJ�/XJV

���[����6SUD\EDOO�$VVHPEO\

���������%OLQG�)ODQJH��*DVNHW�DQG�%ROWLQJ

�3$8/�08(//(5�&203$1<���
������:HVW�3KHOSV�6W����32�%R[������6SULQJILHOG��02�����������

3KRQH��������08(//(5
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Appendix C: Material Safety Data Sheets 
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Appendix D: Patents 
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