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ABSTRACT	
Apparel	industry	is	the	main	source	of	foreign	currency	for	Sri	Lanka	and	is	the	one	that	
provides	 most	 number	 of	 local	 employments.	 It	 has	 been	 severely	 affected	 by	 the	
continuous	rise	of	fossil	fuel	prices.	Industry	is	also	under	pressure	by	the	governments	
and	buyers	(major	retail	chains	and	global	apparel	brands	who	has	their	supply	chain	
emission	 reduction	 goals)	 to	minimize	 the	 emissions	 as	well	 as	 to	 reduce	 the	 energy	
consumption.	In	view	of	that,	this	study	was	focused	on	the	viability	of	using	combined	
heating,	cooling	and	power	generation	or	the	Tri‐Generation	(TG)	at	factory	level	which	
has	never	been	tried	in	the	apparel	industry	in	Sri	Lanka.		
After	 the	 literature	 survey,	 local	 apparel	 sector	 was	 analyzed	 and	 then	 the	 factories	
were	 categorized	 in	 to	 five	main	 groups	 out	 of	which	 the	most	 affected	 group	by	 the	
energy	cost,	the	fabric	manufacturing,	was	selected	as	the	focus	group.	One	factory	from	
the	focus	group,	Textures	Jersey	(TJ)	was	selected	for	the	initial	case	study.	After	a	detail	
energy	 audit	 at	 TJ,	 results	 were	 used	 to	 evaluate	 the	 environmental	 and	 economical	
viability	 of	 two	 selected	 TG	 combinations.	 One	 with	 most	 favorable	 results	 was	
optimized	 and	 then	 studied	 in	 detail	 to	 see	 if	 it	 is	 environmentally,	 economically	 and	
technically	viable	to	TJ.	Result	of	the	detail	analysis	of	the	optimal	TG	combination	was	
used	to	come	up	with	general	guidelines	to	implement	viable	TG	plants	for	local	apparel	
industry.					
As	 per	 the	 results	 TJ	 can	 enjoy	 substantial	 benefits	 (15‐35%	 energy	 cost	 saving)	 by	
opting	 to	use	a	TG,	 fired	by	either	coal	or	biomass	 (saw	dust	briquettes	or	 firewood).	
Biomass	is	preferred	over	coal	due	to	low	prices	and	reduced	emissions.	Not	needing	of	
a	complicated	fuel	preparation	and	feeding	system	as	in	a	coal	fired	TG	system	is	also	an	
advantage	 of	 Bio‐mass.	 However	 biomass	 has	 relatively	 more	 supply	 chain	 issues	
compared	to	coal.	A	universal	solution	that	can	be	used	by	any	apparel	factory	cannot	be	
arrived	 at,	 as	 economics	 of	 the	 TG	 is	 highly	 depended	 on	 local	 parameters.	 However	
selecting	 the	 capacity	 of	 a	 TG	 based	 on	 the	 process	 heating	 demand	 of	 a	 factory	 is	
beneficial	if	it	has	a	24	hour	operation.	Intermittent	operation	of	TG	is	not	economical	as	
frequent	start‐up	and	shut‐down	of	a	TG	is	not	practical.	Further,	increasing	electricity	
generation	in	TG	is	not	very	attractive	owing	to	subsidized	tariffs.		
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1 INTRODUCTION		
Increasing	demand	for	fossil	fuel	and	the	conflicts	in	the	major	oil	producing	countries	
has	 led	fossil	 fuel	price	to	 increase	up	to	a	 level	which	 is	almost	unbearable	to	the	Sri	
Lankan	 industry.	 Among	 all,	 apparel	 manufacturing	 is	 one	 of	 the	 severely	 affected	
industries	by	the	sudden	fuel	price	hikes.	As	a	result	of	the	global	trend	of	sustainable	
development,	 pressure	 to	minimize	 the	emissions	by	 reducing	 the	use	of	 fossil	 fuel	&	
electricity	consumption,	is	another	major	challenge	faced	by	the	local	apparel	industry.	

Apparel	industry	has	long	been	the	main	source	of	foreign	currency	for	Sri	Lanka	and	is	
the	 industry	 that	provides	most	number	of	 local	employments.	Despite	 the	significant	
growth	 of	 13.8%	 in	 apparel	 manufacturing	 industry	 during	 2011,	 overall	 production	
cost	has	been	affected	by	increase	of	 furnace	oil	price	by	80%,	electricity	cost	by	15%	
and	salaries	&	wages	by	20%	during	2012.	Among	all	above,	the	highest	and	unexpected	
80%	 increase	 of	 furnace	 oil	 price	 has	 severely	 affected	 mainly	 to	 the	 knitting	 and	
weaving	industry	where	furnace	oil	boilers	are	heavily	used	for	steam	production.	

Furthermore,	 the	 lower	 production	 cost	 associated	 with	 the	 apparel	 manufacturing	
industries	 in	neighboring	countries	 like	Bangladesh,	Vietnam	and	the	countries	with	a	
massive	industrial	sector	like	China,	has	made	it	more	difficult	to	Sri	Lanka	to	sustain	its	
market	 share	 in	 the	 international	market.	 Hence,	 local	 manufactures	 are	 desperately	
seeking	 methods	 to	 reduce	 manufacturing	 cost,	 to	 keep	 their	 business	 running	
successfully.	 Since	 the	 lack	 of	 controllability	 over	 the	 production	 related	 costs	 like	
material	cost,	machinery	cost,	cost	of	labour	and	etc,	the	most	viable	option	is	to	reduce	
cost	 of	 energy	 incurred	 in	providing	utilities,	 such	 as	 air	 conditioning,	 lighting,	 steam	
generation	and	compressed	air	generation.	

Implementation	 of	 various	 energy	 efficiency	 methods	 and	 use	 of	 energy	 efficient	
equipment	have	been	the	top	priority	activities	to	reduce	the	energy	consumption.	This	
study	is	focusing	on	the	viability	of	using	Tri‐Generation	at	factory	level	which	has	never	
been	tried	in	Sri	Lankan	apparel	manufacturing	industry.	

	

1.1 Problem	Statement	and	Methodology		

A	 typical	 Sri	 Lankan	 apparel	 manufacturing	 factory	 requires	 electricity	 to	 run	 its	
machineries,	air	conditioning	&	Ventilation	system,	lightings	and	utility	equipment	like	
compressors	 and	 pumps.	 Fossil	 fuels	 like	 Diesel	 and	 furnace	 oil	 are	 used	 to	 fulfill	
thermal	 energy	 requirements	 and	 to	 operate	 boilers	 to	 generate	 required	 steam	 for	
manufacturing	process.		Main	objective	of	this	study	is	to	analyzing	the	viability	of	self‐
generation	 of	 required	 electricity	 while	 fulfilling	 the	 steam	 and	 cooling	 demand	 by	
implementing	a	combine	heating,	cooling	and	power	(CCHP)	plant	which	is	commonly	
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known	as	Tri‐Generation	in	the	industry.	The	Tri‐Generation	arrangement	that	has	been	
analyzed	 in	 below	 chapters	 includes	 a	 high	 pressure	 steam	boiler,	 a	 steam	 turbine,	 a	
waste	heat	recovery	system	and	absorption	chillers.	

Although	fossil	fuel	such	as	Diesel	and	Furnace	oil	are	not	economically	viable	option	in	
Sri	 Lanka	 due	 to	 high	 price,	 same	 are	 commonly	 used	 in	 the	 apparel	 sector	 as	 it	 is	
readily	 available	 and	 easy	 to	 use.	 Coal	 and	 biomass	 are	 the	 two	 identified	 candidate	
fuels	and	the	challenges	(economical,	technical	and	environmental)	of	using	those	fuels	
for	 the	combined	cooling,	heating	and	power	plant	need	to	be	analyzed.	Based	on	 the	
results,	plant	equipment	has	to	be	selected	either	type	of	fuels.	

Next	 is	 to	 study	 the	 viable	 options	 to	 supply	 of	 low	 pressure	 steam	 for	 the	
manufacturing	 process	 while	 maintaining	 the	 high	 pressure	 steam	 to	 the	 turbine.	
Directly	 taping	 the	high	pressure	 steam	and	use	of	pressure	 reduction	methodologies	
can	 be	 identified	 as	 one	 option	 whereas	 the	 tapping	 steam	 from	 various	 working	
pressure	 from	 the	 turbine	 is	 another	 option.	 Above	 two	 options	 and	 possible	 other	
methods	need	be	studied	 to	 identify	 technical	complexities	and	economical	 feasibility.	
Installation	 of	 water	 treatment	 plant	 to	 meet	 boiler	 feed	 water	 standards	 and	
appropriate	 emission	 reduction	 methodologies	 to	 meet	 with	 country	 and	 board	 of	
investment	 (BOI)	 environmental	 regulations	 also	 has	 to	 be	 evaluated.	 Suitable	 fuel	
storage	capacity	and	fuel	feeding	mechanism	has	to	be	chosen	to	ensure	uninterrupted	
fuel	supply	to	boiler.	

Feasibility	of	running	an	absorption	refrigeration	cycle	chiller	which	utilizes	the	waste	
heat	 of	 steam	 turbine	 need	 be	 evaluated,	 against	 running	 of	 a	 vapor	 compression	
refrigeration	 cycle	 chiller	 from	electricity.	 In	 a	 typical	 apparel	 factory	 air	 conditioned	
load	 accounts	 for	 about	 40	 to	 50%	 of	 the	 total	 electricity	 consumption.	 Use	 of	 an	
absorption	 refrigeration	 cycle	 chiller	 that	 runs	with	waste	 heat	 substantially	 reduces	
the	 above	 electricity	 demand	 and	 it	 downsizes	 the	 required	 steam	 turbine	 capacity.		
Smaller	turbine	results	in	a	less	amount	of	waste	heat	that	would	not	be	sufficient	to	run	
the	 absorption	 refrigeration	 cycle	 chiller	 of	 the	 required	 capacity.	 Therefore	 it	 is	
required	to	study	the	optimum	capacities	of	all	plant	equipment.	Being	only	self‐sustain	
with	the	electricity	and	feeding	the	grid	with	the	excess	electricity	are	also	two	options	
that	need	to	be	studied.	

To	analyze	the	above	said	various	option,	both	manual	and	computer	based	calculation	
methods	are	used.	Engineering	Equation	Solver	(EES)	and	Microsoft	Excel	spread	Sheets	
are	 the	 main	 software	 used	 for	 the	 evaluations.	 EES	 and	 MS	 Excel	 are	 manually	
programmed	for	the	calculations.	Result	is	then	used	to	simulate	the	building	operations	
and	 energy	 consumption	 patterns	 to	 calculate	 the	 optimal	 economical	 and	
environmental	benefits.		
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2 Literature	Survey	

There	are	many	operating	tri‐generation	facilities	in	the	world	and	also	lot	of	research	
has	been	carried	out	by	various	parties	about	the	technology.	However	as	highlighted	in	
the	 previous	 sections,	 main	 issues	 to	 be	 addressed	 in	 this	 research	 is	 the	 lack	 of	
knowhow	in	local	industry,	meeting	process	related	requirements	other	than	the	energy	
requirements	and	evaluation	of	sustainability	of	tri‐generation	in	the	local	context.		

A	 literature	 survey	 was	 carried	 out	 in	 order	 to	 find	 out	 the	 current	 status	 of	 Tri‐
generation	plants	of	the	similar	capacity	and	application.		Wide	range	of	keywords	and	
various	tools	were	used	to	carry	out	the	survey	to	ensure	that	the	most	relevant	papers,	
articles	 and	 case	 studies	 about	 this	 topic	 are	 referred.	 Two	 main	 component	 of	 the	
project,	 namely	 the	 combined	 heat	 &	 power	 component	 and	 the	 cooling	 component	
(both	thermally	driven	and	electrically	driven)	of	same	capacity	range,	were	focused	in	
the	search.	Further	literature	reviews	were	carried	out	as	the	research	progress	to	plant	
design	 stage,	 to	 find	 out	 the	 technical	 data	 of	 the	 various	 products	 required	 for	 the	
functioning	of	the	plant.			

Summary	of	relevant	theoretical	analysis	of	Tri‐Generation,	available	technologies	and	
the	 developments	 and	 the	 results	 case	 studies	 of	 similar	 plants	 listed	 below	 in	 the	
report.		
	

2.1 Theory	and	Technology	

Generation	 of	 electricity,	 useful	 heat	 and	 cooling	 using	 fuel	 combustion	 or	 by	 other	
mean	 of	 heat	 source	 is	 commonly	 known	 as	 combined	 heating,	 cooling	 and	 power	
generation	or	Tri‐generation.		
In	a	typical	Tri‐Generation	plant,	gas	or	steam	turbine	is	run	to	generate	the	electricity	
using	 high	 temperature	 /	 high	 pressure	 source	 and	 this	 result	 in	 relatively	 low	
temperature	 waste	 heat.	 This	 waste	 heat	 is	 then	 used	 for	 heating	 and	 to	 generate	
cooling	 by	 an	 absorption	 chiller.	 Advantage	 of	 this	 kind	 of	 system	 is	 the	 ability	 of	
attaining	higher	overall	efficiency	compared	 to	other	 type	of	 traditional	power	plants.	
Efficiency	of	a	tri‐generation	plant	is	calculated	as	shown	below.	

ƞ
	 	 	
	 	 	

	

	

Many	papers	that	talks	about	the	economics	of	the	Tri‐generation	were	studied	during	
the	survey	as	the	analysis	of	economic	viability	of	the	suggested	plant	is	a	major	part	of	
the	study.	Following	is	a	summary	of	few	relevant	papers	for	this	study.	



M.Sc. Thesis  

 

6 | P a g e  
 

“Tri‐generation	in	food	retail:	an	energetic,	economic	and	environmental	evaluation	for	a	
supermarket	application”	by	Sugiartha	et	al[5],	discusses	 the	results	of	an	evaluation	of	
economic	 and	 environmental	 performance	 of	 a	 Tri‐Generation	 plant	 for	 supermarket	
applications.	 Analysis	 is	 based	 on	 factors	 such	 as	 fraction	 of	 the	 heat	 output	 used	 to	
drive	the	absorption	chillers,	the	chiller	COP	and	the	difference	between	electricity	and	
gas	 prices.	 	 As	 per	 this	 analysis	 of	 Sugiartha	 et	 al,	 three	 is	 obvious	 economical	 and	
environmental	 benefits	 compared	 to	 the	 conventional	 system.	 Further,	 both	 the	
economical	 and	 environmental	 benefits	 are	 optimized	 by	 operating	 the	 plant	 at	 full	
electricity	output	rather	than	following	the	heat	 load.	Economics	of	 the	plant	 is	highly	
depends	on	cost	of	electricity,	cost	of	gas	and	the	COP	of	the	cooling	system.		
Main	 difference	 between	 this	 system	 and	 the	 proposed	 system	 to	 be	 studied	 is	 the	
natural	 gas	 turbine.	 Proposed	 system	has	 a	 steam	 turbine	 and	 the	Natural	 gas	 is	 not	
considered	as	an	option	as	it	is	not	available.	Small	generation	capacity	(80kW)	and	the	
application	 (supermarket)	 are	 also	 differing	 much	 from	 an	 industrial	 application.	
However	the	economical	model	used	for	the	analysis	provide	good	basic	framework	to	
develop	a	model	to	Tri‐Generation	in	apparel	industry	in	Sri	Lanka.							

	Andrea	 Costa	 et	 al[1],	 discusses	 about	 an	 industrial	 application	 in	 their	 paper	
“Economics	 of	 tri‐generation	 in	 a	 Kraft	 pulp	 mill	 for	 enhanced	 energy	 efficiency	 and	
reduced	 GHG	 emissions”.	 The	 most	 important	 thing	 in	 this	 paper	 is	 the	 similarity	
compared	to	the	case	of	an	apparel	factory.	 	The	pulp	mill	that	has	been	studied	has	a	
requirement	 for	 cooling	 and	 steam	 at	 different	 pressure	 levels.	 Cooling	 is	met	 by	 an	
absorption	chiller.	Andrea	Costa	et	al	propose	 three	option	and	 they	conclude	 that	all	
three	 have	 economical	 benefits.	 However	 results	 show	 that	 system	 without	 power	
generation	(with	only	 the	absorption	chiller)	has	 the	highest	simple	payback	whereas	
the	option	with	tri‐generation	has	high	net	present	values.		

Unlike	 the	 case	of	 an	apparel	 factory,	 “Economical	analysis	of	tri‐generation	system”	by	
Süleyman	 Hakan	 et	 al[8],	 present	 results	 of	 a	 research	 carried	 out	 on	 tri‐generation	
application	in	a	university	campus	where	heating	is	utilized	for	building	heating	(not	for	
process	 heating).	 However	 one	 important	 objective	 of	 this	 paper	 is	 to	 come	 up	with	
model	to	determine	optimum	capacity	of	a	tri‐generation	system.	Moreover	it	 is	about	
the	 economics	 of	 embedding	 a	 tri‐generation	 system	 to	 existing	 system	which	 is	 the	
case	in	system	being	studied.		

Though	having	a	high	enough	capacity	to	supply	all	energy	demands	of	the	building	is	
the	 requirement	 of	 the	 Tri‐Generation,	 research	 result	 indicates	 that	 meeting	 total	
energy	demand	 could	 increase	 the	 investment	 thereby	 resulting	higher	payback	 time.	
Main	 reason	 behind	 this	 scenario	 is	 the	 non	 existence	 of	 the	 peak	 demand	 for	 long	
periods.	 However	 the	 situation	 could	 be	 different	 in	 industrial	 facility	 located	 in	 a	
tropical	climate.		
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Lozan	 et	 al	 present	 in	 their	 paper,	 “Thermo	economic	Analysis	of	Simple	Tri‐generation	
Systems”,	 a	 much	 generalized	 economical	 analysis	 of	 a	 simple	 tri‐generation	 system.		
Unlike	many	papers	on	Tri‐generation,	this	study	is	not	limited	to	a	specific	application.	
The	system	is	connected	with	 the	main	electricity	supply	grid	allowing	system	supply	
excess	electricity	to	grid	and	to	receive	the	shortage.	 	Paper	is	more	oriented	towards	
the	economics	rather	than	the	technical	aspects.	
Lozan	et	al[4]	have	used	a	linear	programming	model	to	obtain	the	mode	with	the	lowest	
variable	 cost,	 out	 of	 series	 of	 options	 available	 to	 meet	 a	 given	 demand	 of	 a	 user.	
Analysis	uses	three	different	approaches	to	calculate	the	cost	of	final	product	and	each	
approach	 results	 in	 different	 costs.	 	 This	means	 that	 a	 universal	 approach	 cannot	 be	
used	for	economical	evaluation	of	Tri‐generation	and	the	viability	is	widely	depends	on	
the	specific	application.		

From	the	data	collected	during	 literature	review,	 it	 is	evident	 that	 this	 technology	has	
been	used	in	application	where	there	is	a	substantial	demand	in	electricity,	cooling	and	
heating	 (process	 or	 comfort	 heating).	 Further	 the	most	 of	 the	 applications	 has	much	
higher	demand	for	all	 three	form	of	energy	than	a	typical	apparel	 factory	 in	Sri	Lanka	
and	 the	 demand	 has	 more	 of	 distributed	 form	 (Similar	 to	 district	 systems,	 military	
camps	and	campuses)	than	a	medium	scale	manufacturing	facility	(Similar	to	typical	Sri	
Lankan	apparel	factory).		It	is	clear	that	these	two	factors,	the	distributed	demand	and	
the	 substantially	 higher	 demand	 are	 key	 factors	 that	 affect	 the	 economics	 and	 the	
sustainability	of	a	Tri‐generation	facility[6],	which	is	not	the	case	of	an	apparel	factory.		

However	the	available	 literature	and	the	case	studies	suggest	that	this	 technology	can	
be	 used	 in	 applications	which	 do	 not	 exhibit	 above	 characteristics,	 depending	 on	 the	
status	of	the	other	parameters.	Following	can	be	identified	as	the	parameters	that	will	
affect	 the	 economical	 viability	 and	 the	 overall	 sustainability	 of	 a	 tri‐generation	
application	in	an	apparel	factory.	

a) Cost,	quality	and	the	access	to	available	energy	
b) Scale	of	the	facility	and	the	operation	hours	
c) Environmental	constrains	and	targets	
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3 Results	of	Energy	Audit	Conducted	in	Selected	Factory	
First	step	of	this	study	was	to	identify	an	apparel	factory	where	all	three	form	of	energy	
uses	 namely;	 electricity,	 process	 steam	 (Heating)	 and	 air	 conditioning	 are	 used	 and	
conduct	a	detailed	energy	audit	to	identify	the	consumption	pattern	of	the	each	form.			

In	 identifying	a	 facility,	 the	manufacturing	processes	of	various	apparel	 factories	were	
studied	 and	 it	 was	 noted	 that	 those	 can	 be	 categorized	 in	 to	 several	 different	 types	
based	 on	 their	manufacturing	processes.	 Following	 are	 the	main	 categories	 identified	
during	the	study.			

1) Fabric	Manufacturing		
a. Knitting	
b. Weaving	

2) Fabric	Printing	
3) Cutting	&	Sewing	
4) Finishing		
5) Other	(manufacturing	of	Zippers,	Hangers,	Buttons	ect…)	

Five	facilities	were	selected	in	each	category	for	comparison	to	analyze	the	potential	of	
tri	generation.	

1) Fabric	Manufacturing		 	Textured	Jersey	Lanka,	Avissawella	
2) Fabric	Printing		 	 Quenby	Lanka	Prints,	Avissawella	
3) Cutting	&	Sewing	 	 	Brandix	Casualwear,	Avissawella	
4) 	Finishing	 	 	 	Brandix	Finishing,	Rathmalana	
5) Other	 	 	 	 	T&S	Buttons,	Biyagama	

Facility	
Electricity**	

(Monthly	avg.	kWh)
Steam**	

(Monthly	avg.	kg)	
AC	Capacity**	

(TR)	
Textured	Jersey	 1,933,000 63,475,000	 610
Quenby	Lanka	 227,000 975,000	 40
Brandix	Casualwear	 172,000 220,000	 250
Brandix	Finishing	 287,000 133,000	 150
T&S	Buttons	 65,300 66,000	 24
**	Data	obtained	from	maintenance	department	of	each	factory 

Table 3.1: Comparison of Identified Factories of Different Categories 

From	 above	 categories,	 a	 fabric	 manufacturing	 facility	 (Textured	 Jersey	 Lanka,	
Avissawella)	 was	 selected	 for	 initial	 energy	 audit	 after	 studying	 factors	 that	 are	
potentially	beneficial	for	Tri‐generation	plant.	Table	3.1	indicates	a	summary	of	energy	
consumption	and	cooling	requirements	of	each	of	the	indentified	facilities.		
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3.1 Factors	Considered	in	Selecting	the	Facility	
From	the	information	found	during	the	literature	reviews	and	the	background	search,	it	
was	 learned	 that	 there	 are	 many	 factors	 that	 would	 affect	 the	 viability	 of	 a	 tri‐
generation	 plant.	 Based	 on	 that	 knowledge,	 several	main	 factors	were	 identified	 and	
considered	in	selecting	the	above	facility	to	conduct	an	energy	audit,	result	of	which	will	
subsequently	be	used	to	evaluate	viability	of	the	tri‐generation.	Factors	considered	are	
listed	below,	

 Impact	by	the	Energy	Cost	
If	 a	 cheap	 source	 of	 energy	 is	 available,	 none	 of	 the	 activities	 such	 as	 self‐
generation,	 use	 of	 renewable	 energy	 sources	 and	 investing	 on	 energy	 saving	
method	may	not	 paid	 back	 in	monetary	 terms.	 Therefore	 it	was	 considered	 to	
select	a	facility	where	the	cost	of	energy	is	very	high	compared	to	others	which	
will	 induce	 a	 higher	 possibility	 of	 economical	 attractiveness	 for	 the	 Tri‐
Generation.		

 Extensive	Steam	Usage	
As	explained	above,	tri‐generation	plants	produce	electricity,	cooling	and	heating	
simultaneously.	Therefore,	for	such	a	plant	to	be	viable	it	is	essential	to	have	end	
use	 that	 require	 above	 three	 form	 of	 energy.	 The	 only	 use	where	 heat	 can	 be	
utilized	is	the	process	related	applications,	since	Sri	Lanka	is	a	tropical	country	
where	space	heating	or	service	hot	water	is	not	a	requirement.		
Fabric	manufacturing	 factories	 require	 thermal	 energy	 for	dying	machines	 and	
Stentor	machines,	whereas	most	of	the	other	types	use	only	for	ironing	purpose	
(Generally	 this	 is	 based	 on	 steam	 generation).	 Since	 a	 substantial	 amount	 of	
steam	is	going	to	be	available	after	the	power	generation	in	steam	turbine	it	was	
decided	to	select	a	facility	with	substantial	steam	consumption.			

 Environmental	Targets	
Another	 important	challenge	 faced	by	the	apparel	manufactures	 in	Sri	Lanka	 is	
meeting	 the	 environmental	 targets	 such	 as	 reduction	 of	 carbon	 foot	 print,	
enforced	by	their	international	buyers	and	various	regulatory	bodies.	There	had	
been	many	instances	in	the	industry	where	management	investing	on	measures	
which	are	economically	not	viable,	to	meet	the	environmental	targets.	Therefore,	
it	 was	 assumed	 that	 a	 facility	 with	 environmental	 targets	 such	 as	 emission	
reduction	should	be	considered	for	the	energy	audit	hoping	that	certain	measure	
of	 Tri‐Generation	 will	 be	 environmentally	 viable	 even	 if	 those	 are	 not	
economically	attractive.		

 Substantial	Electrical	Energy	Usage	
The	most	essential	component	of	a	Tri‐generation	plant	is	a	steam	turbine	which	
generates	the	electricity.	Smaller	the	turbine	the	lesser	the	waste	heat	available	
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for	 subsequent	uses[2].	Therefore	 it	was	assumed	 that	a	plant	with	comparably	
high	energy	consumption	has	to	be	selected	for	the	study.	
	

 Substantial	Air	Conditioning	Load	
One	outcome	of	Tri‐generation	is	the	waste	heat	that	can	be	used	to	operate	air	
conditioning	 systems,	 which	 operate	 with	 the	 absorption	 cycle.	 If	 the	 air	
conditioning	load	is	very	small	such	waste	heat	would	not	be	adequately	utilized.			
	

 Resource	Availability	for	Cogeneration	Plant			
Tri‐generation	 is	not	 viable	 if	 other	 required	 resource	 such	as	 space,	 access	 to	
water,	transportation	and	etc	at	site	are	not	available,	regardless	of	the	status	of	
the	factors	mentioned	previously.	
	

3.2 Overview	of	the	Selected	Facility		

3.2.1 General	Overview	
Textured	Jersey	is	one	of	Sri	Lanka's	most	sophisticated	facilities,	manufacturing	knitted	
fabrics	for	the	intimate	apparel	(lingerie)	and	sportswear	industries.	Specialized	in	the	
manufacturing	 of	 high	 quality	 weft‐knitted	 and	 dyed	 stretch	 fabrics,	 it	 is	 a	 major	
supplier	to	apparel	manufacturers	throughout	Asia	and	end‐chain	retailers.	Amongst	its	
buyers,	the	largest	are	Marks	&	Spencer	and	Victoria's	Secret.	
Textured	 Jersey	was	awarded	the	prestigious	Oeko‐Tex	Standard	100	Certification,	an	
internationally	 recognized	 test	 for	harmful	 substances	present	 in	 textile	manufacture,	
which	 is	 now	 the	 benchmark	 for	 quality	 and	 safety	 amongst	 the	 textile	 industry	 in	
Europe.	

Textured	Jersey	supplies	its	products	to	the	two	largest	Group	companies	producing	its	
core	 products,	 specializing	 in	 stretch	 fabrics.	 Infrastructure	 at	 the	 facility	 enables	 a	
capacity	 to	 knit,	 dye	 and	 finish	 up	 to	 2.5	million	meters	 of	 fabrics	 a	month.	With	 the	
contribution	 of	 the	 annual	 turnover,	 TJ	 can	 be	 called	 as	 a	 backbone	 of	 Sri	 Lanka’s	
apparel	 sector.	 Textured	 Jersey’s	 contribution	 to	 the	 total	 annual	 turnover	 in	 whole	
apparel	sector	was	2.6%	in	last	financial	year.	

Manufacturing	 process	 of	 the	 facility	 is	 of	 three‐steps	 which	 take	 place	 across	 three	
major	production	units:	

 The	Knitting	process	‐	converts	the	yarn	(Cotton,	Viscose,	Modal	and	Polyester)	
into	greige	fabric.	

 The	Dyeing	process	‐	colours	the	griege	in	to	the	specified	colour.	
 The	Finishing	‐	Final	process	that	ensures	the	dyed	fabric	is	finished	to	the	exact	

standards.	
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3.2.2 Energy	Sources	&	Consumptions	
Textured	Jersey	obtains	it	energy	demand	from	three	main	energy	sources	as	shown	in	
Table	3.2	and	the	cost	incurred	in	year	2011	&	2012	to	obtain	each	of	the	sources	are	
given	 in	 the	 table	3.2.	Financial	 statement	of	Textured	 Jersey	 for	 the	year	ending	31st	
March	2012	is	given	in	following	Table	3.4. 
	

Energy	Source	 Equipment	/	Area	

Grid	Electricity	

Air	conditioning	
Production	machines	
Steam	boilers		
Thermic	oil	heaters	(not	for	Heating)	
Office	equipment	
Lighting	fixtures		

Furnace	Oil	
Steam	boilers		

Bulk	dying	machines	
Sample	dying	machines	
Baby	dying	machines	
Yarn	dying	machines	
Dye	mixing	machines	
Dye	heating	machines	
Drying	machines	(Finishing)	
Compactors	(Finishing)	

Thermic	oil	heaters	 Stenators	(Finishing)	
Diesel	 Stand	by	Generators	

Table 3.2 : Energy Sources and End‐Uses of Textured Jersey 

Electricity**	(kWh)		 Furnace	Oil**	(Ltrs)		 	Diesel**	(Ltrs)		
Year	2011		 24,367,540	 8,945,009	 45,836	
Equivalent	GJ			 87,723 368,534 2,053

Year	2012		 23,196,865	 7,836,504	 49,379.00	
Equivalent	GJ			 83,509 322,864 2,212
**	Data	obtained	from	maintenance	department	of	Textured	Jersey	 

Table 3.3 : Annual Consumption of Each Source of Energy in Textured Jersey 

Description	 Sri	Lanka	Rupees	000’s**
Sales	 12,236,724
Cost	of	sales	 (10,906,806)
Gross	profit	 1,329,918
Selling	and	Admin	expenses	 (501,874)
Operating	profit	 828,044
Net	Finance	cost	 (166,973)
Profit	before	Tax	 661,071
Tax	 (33,042)
Net	Profit	 628,029
**	Data	obtained	from	Accounts	and	Finance	department	of	Textured	Jersey	 

Table 3.4 : Financial Statement for Year 2011/2012 of Textured Jersey 
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Flow	of	energy	to	end	use	given	in	Table	3.2	from	three	energy	source	is	shown	in	below	
Figure	 2.	 	 Out	 of	 three	 sources	 furnance	 oil	 contribute	 to	 the	 highest	 amout	which	 is	
about	~80%	of	 the	 total	 as	 shown	 in	 Figure	 3.	 Electricty	 consumption	 contributes	 to	
rest	of	the	20%.		Diesel	in	only	used	as	stand	by	energy	source	hence	the	contribution	
by	the	same	is	mearly	1%.	

	

	

	

	

	

	

	

	

	

Conversion	Factors	Used	
(1	kWh						0.0036	GJ),	(1	FO	Liter							0.0412	GJ),	(1	Diesel	Liter		0.0428	GJ)	
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79%

1%

2012

Eletricity Furnace	Oil	 Diesel

19%

80%

1%

2011

Eletricity Furnace	Oil	 Diesel

Main	Grid	 Furnace	Oil	Diesel

Production	MachineriesAir	Conditioning	 Lighting

Steam	Boilers Thermic	Heaters

Office	Equipment

Electricity	 Steam Heated	Thermal	Oil

Figure 2 ‐ Energy Flow within Textured Jersey

Figure 3 ‐ Contribution of Each Energy Source to the Total in Textured Jersey	
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3.3 Impact	of	Energy	consumption	

3.3.1 Economical	Impact	
The	recent	amendment	of	 furnace	oil	price	 shown	 in	Figure	4	 (from	LKR50	 to	LKR90	
per	liter)	has	severely	affected	the	operational	cost	with	an	increase	of	55%.	According	
to	 the	 global	 fuel	 market,	 more	 hikes	 are	 anticipated	 in	 the	 future,	 rather	 than	
momentary	reductions.	Hence,	maintaining	the	production	cost	 is	becoming	more	and	
more	challenging.		

	

Figure 4 ‐ Variation of Fuel Oil Cost at Textured Jersey	

	 2011	 2012	(Expected)	

Annual	Fuel	Consumption	(Liters)	 		8,900,000	 			8,900,000	
Annual	Fuel	Cost	(USD)	 3,700,000 6,675,000
Cost	Increase	(USD)	 2,975,000

Table 3.5 : Expected Cost Increase of Furnace Oil in Sri Lanka 

Note: Years are financial years from April to March 

As	 per	 the	 Table	 3.5,	 increase	 of	 furnace	 oil	 price	 has	 resulted	 in	 extra	 cost	 of	 LKR	
386,750,000	 annually.	 Table	 3.6	 is	 a	 comparison	 of	 the	 financial	 figures,	 if	 the	 same	
amount	 of	 sales,	 same	 amount	 of	 fuel	 consumption	 and	 no	 change	 in	 other	 cost	 are	
assumed	for	years	to	come.	
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Table 3.6 : Expected Financial Statement for Year 2012/2013 with the FO Price Hike in Textured Jersey 

According	to	above	figures	furnace	oil	price	hike	alone	will	contribute	to	58%	decrease	
of	net	profit.	Moreover	the	15%	fuel	adjustment	charge	imposed	on	electricity	tariff	will	
increase	annual	operational	cost	by	another	LKR	33	million.	

3.3.2 Environmental	Impact	

Manufacturing	facility	can	adversely	 impact	the	environment	by	various	means.	Green	
House	Gas	(GHG)	emission	due	to	energy	consumption,	landfill	due	to	waste	generation,	
use	/	pollution	of	water	resources	and	heat	island	effect	are	some	of	the	most	common	
scenarios	 that	 adversely	 affect	 the	 surrounding	 of	 any	 factory	 or	 a	 manufacturing	
facility.	Only	the	environmental	impact	due	to	energy	consumption	is	studied	under	this	
since	 a	 setting‐up	 of	 tri‐generation	 facility	 will	 only	 contribute	 to	 change	 in	 GHG	
emission	related	to	energy	consumption.		

Currently	 ‘Textured	 Jersey’	 is	 using	 three	 energy	 sources;	 namely	 electricity,	
combustion	 of	 Furnace	 Oil	 to	 run	 Boilers	 /	 Oil	 heaters	 and	 Diesel	 for	 stand	 by	
generators.	 Another	 indirect	 contributor	 (related	 to	 energy	 consumption)	 is	
refrigerants	used	in	air	conditioning	system.	

As	 per	 the	 records	 kept	 by	 the	 maintenance	 department	 of	 the	 facility,	 annual	
consumption	of	each	source	of	energy	is	given	in	the	Table	3.7.	

Source	 Average	Consumption	 Total	Energy	(MJ)	 CO2e	(Mt/yr)	

Electricity	 23,960,000	kWh	/Yr 86,256,000	 22,546[10]

Furnace	Oil‐Boiler	 5,340,000	ltr	/Yr 220,000,000	 16,432[11]

Furnace	Oil‐Oil	heaters	 3,560,000	ltr/Yr 146,672,000	 10,955[11]

Diesel**		 50,000	ltr/Yr 2,140,000	 148[11]

Table 3.7 : Equivalent CO2 Emission by Each Source in Textured Jersey 

**Diesel	consumption	largely	varies	according	to	the	power	failures.	Consumption	figure	is	based	on	annual	
average	data	

Description	 Sri	Lanka	Rupees	000’s	
Sales	 12,236,724 12,236,724
Cost	of	sales	 (10,906,806) (11,293,556)
Gross	profit	 1,329,918 943,168
Selling	and	Admin	expenses	 (501,874) (501,874)
Operating	profit	 828,044 441,294
Net	Finance	cost	 (166,973) (166,973)
Profit	before	Tax	 661,071 274,321
Tax	 (33,042) (13,711)
Net	Profit	 628,029 260,610
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Air	conditioning	system	of	the	facility	is	equipped	with	the	cooling	equipments	shown	in	
Table	3.8	and	as	the	amount	refrigerant	charged	to	compensate	the	leakages	are	given	
in	the	same.	Figure	5	depicts	contribution	of	each	source	to	the	total	GHG	emission.		

Type	of	unit Qty	 Refrigerant Amount	Leaked (kg)	 CO2e	(Mt/yr)
Air	Cooled	Chillers	180TR	 2	 R22	 36.2	 54.3[11]

Water	Cooled	Chillers	180TR	 2	 R134a	 13.6	 17.7[11]

Split	Type	 23	 R22	 18.0	 27[11]

Table 3.8 : Annual Average Amount of Refrigerant Charge to Compensate Leakages in Textured Jersey 

 

 

 

 

 

 

 

 

 

 

 

3.4 Energy	System	of	the	Factory	
Below	Figure	6	show	the	percentage	energy	provided	by	various	sources	to	the	various	
energy	systems	of	the	facility.		

	

	

	

	

	

	

 

19.0%

48.3%

32.2%

0.5%

Electricity Furnace Oil ‐Boiler Furnace Oil ‐ Oil Heater Diesel

Figure 6 ‐ Percentage Energy Consumption by End‐use in Textured Jersey 

Figure 5‐ GHG (CO2e) Emission by Source in Textured Jersey 
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3.4.1 Electrical	System	

The	 facility	 comprises	 of	 6000	 kVA	 transformer	 capacity	 and	 average	 maximum	
demand	 is	 around	 3400	 kVA.	 As	 per	 the	 logged	 data,	 the	 demand	 for	 electricity	
throughout	 the	 day	 is	 not	 fluctuating	 significantly,	 except	 the	 small	 drop	 during	 the	
night	time.	Figure	7	indicates	the	average	daily	variation	of	the	electrical	demand	of	the	
facility.	 Since	 there	 are	 no	 seasonal	 variations	 this	 can	 be	 assumed	 as	 the	 average	
throughout	the	year.	

	

Figure 7‐ Daily Electricity Demand Variation in Textured Jersey 

The	monthly	total	kWhr	consumption	and	total	electricity	cost	based	on	historical	data	
is	shown	in	below	Figure	8.	
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Electricity	consumptions	of	past	6	months	are	given	below	in	Table	3.9.	

Month	
(2012)	

Tariff	
Category	

Day	 Off	Peak	 Day	
Max.	

Demand	
Total	kWh	

July	 I2	‐	3Part	 292,027	 526,418	 958,963	 3,098		 1,777,408	
August	 I2	‐	3Part	 273,987	 492,881	 823,913	 2,962		 1,590,781	
September	 I2	‐	3Part	 299,138	 533,943	 939,183	 3,152		 1,772,264	
October	 I2	‐	3Part	 450,894	 821,040	 1,497,843	 3,369		 2,769,777	
November	 I2	‐	3Part	 327,653	 593,467	 1,071,530	 3,394		 1,992,650	
December	 I2	‐	3Part	 335,376	 611,782	 1,089,254	 3,489		 2,036,412	

Table 3.9: Electricity Consumption of Last 6 Months in Textured Jersey 

According	to	the	above	figures,	

Monthly	Average	Electricity	Consumption	(kWhr)	 1,995,905
Average	Max.	Demand	(kVA)	 3,264
Average	Active	Demand	(kW)	 2,772
	

3.4.2 Air	Conditioning	System	
The	air	conditioning	system	is	mainly	to	maintain	 the	 thermal	comfort	 in	office	areas.	
Since	the	current	system	is	to	be	replaced	with	heat	driven	cooling	system,	it	is	essential	
study	the	energy	consumption	pattern	of	the	cooling	system.	Therefore	consumption	of	
the	major	component	of	the	AC	was	logged	using	data	loggers	and	consumption	of	the	
rest	 of	 the	 equipment	 was	 calculated	 using	 spot	 readings.	 Component	 of	 the	 total	
installed	air	conditioning	units	are	as	given	in	Table	3.10.	

Type	of	Air	Conditioning	system	 Chillers	/Package/Split	type/window	type	

Total	Cooling	Load(kW	or	TR)	 610	TR	

Electrical	power	consumption	(kW)	 750	

Air	Cooled	Chiller	units	

Manufacturer	 YORK	

Model	 YEAJ99MW9	

No	of	units	 2	(	one	is	on	standby)		

Cooling	load	of	each	unit		 180	TR	

Electrical	power	consumption	(kW)	 394	

Operating	hours	 7	Days	per	week	 24	hrs	per	day	

Air	Cooled	Chiller	units	

Manufacturer	 YORK	

Model	 YCWS	0663	SC	

No	of	units	 2	
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Cooling	load	each	unit	(kW)	 180	TR	

Electrical	power	consumption	(kW)	 241	

Operating	hours	 7	Days	per	week	 24	hrs	per	day	

Split	AC/	window	type	AC	 	

No	of	units	 23	

Total	cooling	load	(kw)	 70	TR	

Total	Electrical	power	consumption	
(kW)	

115	

Operating	hours	 7	Days	per	week	 12	hrs	per	day	
Table 3.10 : Summary of AC Equipment in Textured Jersey 

3.4.3 Boiler	and	Steam	System	
Currently	 the	 facility	 operates	 three	 furnace	 oil	 boilers	 and	 three	 furnace	 oil	 fired	
thermic	 oil	 heaters.	 Specification	 of	 boilers	 and	 thermic	 oil	 heaters	 are	 as	 shown	 in	
Table	3.11	&	Table	3.12.	

	 Boiler	01	 Boiler	02	 Boiler	03	

	 Design Actual Design Actual Design	 Actual	

Year	of	installation	 2001 2001 1994	
Make	/	Supplier	 Cochran Cochran Loos	
Fuel	type(Design)	 Furnace	Oil Furnace	Oil Furnace	Oil
No	of	operating	days	per	year	 360 360 360	
	No	operating	hours	per	day	 24 24 24	
Boiler	Steam	pressure	kg/cm2	(g)	 17.2 14.5 17.2 14.5 17.2	 14.5
Boiler	Steam	temperature	0C	 208 199 208 199 208	 199
Dryness	fraction	 0.95 0.93 0.95 0.93 0.95	 0.93
Steam	flow	rate	(average)	kg/hr	 9,200	‐ 10,000 9,200	‐ 10,000 9,200	‐	10,000
Steam	to	Fuel	ratio	kg/kgfuel	 13.887 13.887 13.887	
Fuel	Used	 Furnace	Oil	1500 Furnace	Oil	1500 Furnace	Oil	1500
Boiler	feed	water	Temperature	0C	 94 94 94	

Table 3.11 : Specifications of Steam Boilers in Textured Jersey 

	 Heater	01 Heater	02 Heater	03
Year	of	installation	 2001 2004 2007	
Make	/	Supplier	 Thermtechnik Thermtechnik	 Thermtechnik
Fuel	type(Design)	 Furnace	Oil Furnace	Oil Furnace	Oil
No	of	operating	days	per	year	 360 360 360	
	No	operating	hours	per	day	 24 24 24	
Fuel	Used	 Furnace	Oil	1500 Furnace	Oil	1500	 Furnace	Oil	1500

Table 3.12 : Specifications of Thermic Oil Heaters in Textured Jersey 
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Out	of	total	furnace	oil	consumption,	60%	is	consumed	for	steam	boilers	and	40%	is	for	
thermic	 oil	 heaters.	 No	 significant	 fluctuation	 of	 process	 heating	 demand	 has	 been	
detected	throughout	the	day.	Table	3.13	indicates	the	details	of	steam	requirement.	

Steam	requirement	by	
Dyeing	and	Finishing	
processes		at	6	bar	and	9	
bar	is	shown	in	table	
3.13.Process	steam	demand

	
Pressure	
(kg/cm2)	

Flow	
(kg/hr)	

Finishing	 9.0 5,000	

Dyeing	 6.0 10,000	

Operating	hours	per	day	 24	hours	

Days	of	operations	(annual) 360	days	
Table 3.13: Process Steam Demand in Textured Jersey	

	

Total	furnace	oil	consumption	and	cost	is	shown	in	below	Figure	9. 
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4 Possible	Combinations	for	Tri‐Generation	Plant	
Based	 on	 the	 result	 of	 the	 energy	 audit	 and	 historical	 data	 analysis	 of	 the	 “Textures	
Jersey”,	 it	 is	obvious	that	meeting	the	process	heating	demand	of	 the	Facility	by	more	
economical	 mean	 is	 the	 most	 important	 aspect	 to	 increase	 the	 profitability	 of	 the	
factories.	 Since	 this	 study	 is	 investigating	 viability	 of	 the	 Tri‐Generation,	 all	 possible	
combinations	for	a	such	plant	was	studied	to	identify	the	prospective	options	that	will	
be	both	economical	and	environmental	friendly.	Following	flow	charts	(figure	–	10	and	
Figure	11)	list	all	possible	option	of	Tri‐Generation	suitable	for	Texures	Jersey.	

Figure	 10	 shown	 below	 indicates	 posible	 combinations	 available	 for	 electricity	
generation.	The	three	main	options	for	electricity	generation	are	to	generate	part	of	the	
existing	 electricity	 demand,	 generate	 electricity	 to	 satisfy	 existing	 demand,	 and	
generating	electricity	in	excess	of	existing	demand.		

Capacity	 requirement	of	 the	 first	electricity	generation	option	 is	 arrived	by	 sizing	 the	
plant	 to	 meet	 the	 existing	 process	 heating	 demand	 of	 the	 facility.	 In	 this	 option,	 the	
steam	 requirements	 and	 the	 qualities	 will	 be	 considered	 to	 back	 calculate	 the	 boiler	
capcacity	 and	 threby	 the	 turbine	 capcity.	 Another	 possible	 sub	 option	 to	 be	 studied	
subsequently	under	this	is	to	see	if	there	is	a	capacity	less	than	the	above	which	can	give	
more	optimum	results.		

Viability	of	two	different	electricity	generation	capacities	needs	to	be	studied	under	the	
second	options.	One	capacity	will	be	calculated	assuming	the	plant	to	be	a	co‐generation	
facility	rather	than	Tri‐generation.	Under	this,	it	is	assumed	that	the	proposed	plant	will	
meet	 the	 existing	 electricity	 demand	 (including	 energy	 requirement	 by	 vapor	
compression	 chillers).	 Next	 option	 is	 to	 size	 the	 steam	 turbine	 to	 meet	 the	 existing	
electricity	 demand	 excluding	 the	 energy	 requirement	 by	 vapor	 compression	 chillers.		
Important	 thing	 to	 study	 under	 this	 option	 is	 to	 see	 if	 heating	 requirement	 of	 the	
Absorption	 cycle	 chillers	 can	 be	 met	 economically	 with	 the	 reduced	 capacity	 of	 the	
steam	turbine.	

Third	 electricity	 generating	 option	 as	 per	 figure	 10	 is	 to	 generate	 excess	 energy	
compared	 to	 the	 existing	 electricity	 demand.	 Two	 possibilities	 identified	 under	 this	
category	is	to	generate	enough	electricity	to	feed	the	grid	or	to	generate	the	electricty	
required	for	oil	heating	in	Thermic	oil	heaters.		
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As	 shown	 in	 the	 figure	 11	 the	 process	 heating	 requirement	 of	 the	 facility	 is	 of	 three	
forms;	 namely	 steam	 for	manufacturing	 process,	 oil	 heating	 for	 Thermic	 heaters	 and	
heat	 for	 absorption	 cycle	 chillers,	 if	 installed.	 Steam	 for	 manufacturing	 process	 is	
required	in	two	sub	forms	namely;	low	pressure	steam	at	6	bar	and	high	pressure	steam	
at	10	bar.	

There	are	 two	possible	common	methods	by	which	 the	steam	can	be	obtained	 for	 the	
manufacturing	facility.	One	is	to	obtained	steam	directly	from	the	high	pressure	steam	
boiler	 (a	 high	 pressure	 boiler	 anyway	 has	 to	 be	 operated	 for	 a	 TG)	 and	 uses	 it	 for	
manufacturing	 process	 by	 reducing	 the	 pressure	 to	 suitable	 levels	 using	 a	 pressure	
reducing	 valves.	 Second	 common	method	 is	 to	 tap	 the	 steam	 turbine	at	 suitable	 level	
and	 obtain	 steam	 for	 the	 processes.	 In	 addition	 to	 these	 two	 common	methods,	 low	
pressure	steam	can	be	obtained	by	using	the	steam	exiting	the	turbine.			

Obtaining	steam	directly	from	the	high	pressure	steam	boiler,	tapping	of	steam	flow	of	
turbine	at	an	intermediate	level	and	use	of	steam	exiting	the	turbine	are	three	possible	
options	that	can	be	used	for	both	Thermic	oil	heaters	and	for	absorption	cycle	chillers.	
In	addition	to	these	three	common	options,	Thermic	oil	heating	can	be	done	by	direct	
firing	as	it	 is	currently	done	or	it	can	be	done	using	the	electricity	generated	from	the	
steam	turbine	of	the	plant.			

4.1 Baseline	Options	for	Plant	Architecture	
When	figure	10	and	figure	11	are	considered	it	is	obvious	that	there	are	many	options	
for	the	architecture	of	Tri‐generation	plant.	Since	evaluation	of	all	options	in	figure	10	
and	 figure	 11	 is	 not	 practical	 (some	 options	 are	 not	 worth	 evaluation	 for	 obvious	
reasons)	two	baseline	system	architectures	were	identified	to	which	other	combination	
would	be	compared.		

Since	 it	 is	 unknown	 as	 to	 which	 combination	 would	 have	 the	 best	 viability	 at	 initial	
stage,	several	 factors	were	considered	in	arriving	at	baseline	system	architecture.	One	
of	the	main	factors	considered	is	the	economics	of	the	plants	that	have	been	evaluated	
by	various	authors	in	previous	studies.	Many	of	those	papers	suggests	to	have	a	best	net	
present	 value	 it	 is	 necessary	 to	 include	 cooling	 (absorption	 cycle)	 to	 the	 chiller	 and	
maximize	 electricity	 generation	 while	 meeting	 the	 heating	 requirement	 without	
generating	 excess	 heat.	 Plant	 architectures	 give	 in	 related	 case	 studies;	 heating	
requirements	and	the	quality	of	 the	required	heat	are	the	other	parameters	that	were	
considered	in	designing	the	two	baseline	cases.		

As	shown	in	figure	12	and	figure	13	both	baseline	cases	include	high	pressure	boilers,	
steam	turbine	and	an	absorption	cycle	chiller.	Those	two	differ	from	each	other	by	only	
one	aspect;	 the	point	at	which	 the	high	pressure	steam	 is	obtained.	 In	option	01	high	
pressure	 steam	 is	 obtained	 directly	 from	 the	 boiler	 whereas	 in	 option	 02	 same	 is	
obtained	by	tapping	the	steam	turbine	at	a	suitable	intermediate	pressure.	
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When	 heating	 requirement	 and	 the	 required	 quality	 of	 the	 heat	 is	 considered,	 it	 is	
obvious	that	the	absorption	cycle	chiller	required	the	lowest	quality	heat.	In	view	that,	
absorption	chillers	were	arranged	in	both	above	option	to	receive	the	steam	existing	the	
turbine	assuming	that	it	would	have	the	highest	viability	out	of	many	options.	Similarly	
low	pressure	steam	(6	bar)	has	assumed	to	be	obtained	from	a	 intermediate	pressure	
level	 from	 the	gas	 turbine	 in	both	options.	 	This	arrangement	 for	 low	pressure	 steam	
was	selected	assuming	that	it	is	more	viable	to	allow	steam	from	the	boiler	to	reduce	it	
pressure	 through	 the	 turbine	 rather	 than	 drastically	 reduce	 pressure	 directly	 from	 a	
pressure	reducing	valve.				

Following	 section	 includes	 the	 theoretical	 calculations	 that	 have	 been	 preformed	 to	
evaluate	above	two	options,	result	of	which	has	been	used	to	evaluate	the	accuracy	of	
assumptions	made	and	 to	 identify	 further	options,	 if	 any,	 to	be	studied	 from	the	ones	
listed	in	figure	10	and	11.	

	

4.2 Capacity	Estimation	for	Proposed	Plant	Architectures	
As	noted	earlier	a	tri	generation	plant	can	be	designed	either	to	meet	a	given	amount	of	
electricity	while	meeting	part	or	all	heating	requirement	(electricity	based	design)	or	it	
can	 be	 designed	 to	meet	 a	 given	 amount	 of	 heat	while	meeting	 part	 or	 all	 electricity	
requirement	(heating	based	design).	Since	the	objective	of	this	study	is	to	find	out	the	
most	 economical	 mean,	 two	 basic	 calculation	 approaches	 that	 represent	 the	 two	
extreme	operating	conditions	of	the	above	two	design	options	(electricity	based	design	
/	Heating	based	design)	were	identified	to	carry	out	the	theoretical	calculation.	The	two	
baseline	TG	options	 represented	 in	 Figures	 12	&	13	were	 then	 evaluated	using	 these	
two	 calculation	 approaches.	 Graphical	 representation	 of	 the	 calculation	 process	 is	
shown	in	figure	14	and	the	details	of	these	approaches	are	given	below.	

Approach	01:	
First	approach	is	to	evaluate	the	performance	of	a	TG	plant	designed	based	on	a	given	
electricity	demand.	As	 the	 theoretical	 extreme	condition,	 it	was	assumed	 that	plant	 is	
sized	 to	 have	 an	 electricity	 generation	 capacity	 that	 will	 be	 sufficient	 to	 meet	 the	
existing	 demand	 of	 entire	 facility	 (excluding	 vapor	 compression	 chillers).	 Under	 this,	
effects	 (on	 boiler	 capacity)	 of	 various	 inlet	 pressures	 and	 temperatures	 of	 the	 inlet	
steam	of	turbine	are	evaluated.	Since	the	results	of	this	evaluation	represent	the	status	
in	 an	 extreme	 design	 condition,	 same	 was	 used	 to	 identify	 whether	 electricity	
generation	capacity	should	be	increased	or	decreased	to	improve	the	plant	economics.			

Approach	02:	
Second	approach	is	to	evaluate	the	performance	of	a	TG	plant	designed	based	on	a	given	
heating	demand.	As	the	theoretical	extreme	condition,	it	was	assumed	that	the	plant	is	
sized	 to	 have	 a	 heating	 energy	 generation	 capacity	 that	 is	 sufficient	 to	 meet	 the	
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production	related	steam	demand	and	the	heat	demand	of	the	absorption	cycle	chillers.	
Under	 this	 also,	 effects	 (on	 turbine	 capacity)	 of	 various	 inlet	 pressures	 and	
temperatures	 of	 the	 inlet	 steam	 of	 turbine	 are	 evaluated.	 Since	 the	 results	 of	 this	
evaluation	 represent	 the	 status	 in	 an	 extreme	 design	 condition,	 same	 was	 used	 to	
identify	whether	heating	energy	generation	capacity	should	be	increased	or	decreased	
to	improve	the	plant	economics.			

 

Figure 14‐ Theoretical Calculation Process 

4.2.1 Results	of	the	Calculation	done	Based	on	Process	Heating	Demand	

4.2.1.1 Calculation	Based	on	Option	01	(	HP	Steam	Directly	from	Boiler)	
A	computer	program	written	using	Engineering	Equation	Solver	(EES)	has	been	used	to	
calculate	 the	 possible	 electricity	 generation	 capability	 for	 various	 standard	 boiler	
capacities	 and	 boiler	 operating	 conditions	 (Pressure	 and	 Temperature)	 when	 high	
pressure	 steam	 is	 directly	 taken	 from	 the	 boiler	 and	 low	 pressure	 steam	 is	 taken	 by	
tapping	 the	 turbine.	 EES	 Program	 and	 the	 calculation	 procedure	 are	 given	 in	 the	
Appendix	B.	

Assumptions	Made	for	Calculation:		
Assumptions	 were	 made	 for	 calculation	 based	 on	 industry	 accepted	 norms,	 current	
operating	 conditions,	 values	 published	 is	 various	 papers	 and	 data	 provided	 by	
equipment	manufactures.	Following	are	the	list	of	assumptions	made.		

 Pressure	drop	in	the	steam	lines	going	to	production	is	1bar	
 Boiler	feed	water	temperature	is	at	70oC	

 Make‐up	water	requirement	is	15%	of	the	total	feed	water	flow	rate	
 Make‐up	water	temperature	is	30oC	

 Pressure	drop	in	steam	lines	between	boiler	and	the	turbine	is	negligible	
 Temperature	drop	in	steam	lines	between	boiler	and	the	turbine	is	negligible	
 Isentropic	efficiency	of	the	turbine	is	85%	
 Mechanical	efficiency	of	the	turbine	is	65%	
 Electrical	efficiency	of	generator	98%	

Calculations

Baseline	Option	01	
for		TG

Approach	‐01
Electricity	based

Approach	‐02
Process	Heating	based

Baseline	Option	02	
for		TG

Approach	‐01
Electricity	based

Approach	‐02
Process	Heating	based

T	&	P	Variation	
to	Turbine	inlet
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Results	of	the	Calculations	(Table	4.1,	4.2	&	4.3):		
With	a	Boiler	of	20	tons	per	hour	(From	and	at	1000C)	capacity,	
Case	 Boiler	

Operating	
Pressure	
(bar)	

Boiler	
Operating	
Temperature	
(0C)	

Boiler Heat	
Output	
(MW)	

Gross		
Elec	
Power	Out	
(kW)	

Heat	
available	
for	chiller	
(kW)		

Low	P	Steam	
Temperature	
(0C)	

1	 28	 350 17.65 783.6 2083	 199.7
2	 35	 380 17.99 903.9 2101	 201.8
3	 42	 400 18.22 996.0 2106	 199.5
4	 45	 420 18.45 1055 2132	 207.9
5	 54	 450 18.79 1169 2153	 212.3
6	 62	 480 19.14 1274 2183	 220.6
7	 68	 490 19.26 1323 2183	 218.5
8	 72	 500 19.38 1362 2190	 219.9
9	 78	 520 19.62 1431 2210	 226.1
10	 84	 540 19.86 1499 2231	 232.8

Table 4.1: Option 01 – Process Heating Base Calculation for 20 Toned per hour (TPH) Boiler (F&A100C) 

With	a	Boiler	of	25	tons	per	hour	(From	and	at	1000C)	capacity,	
Case	 Boiler	

Operating	
Pressure	
(bar)	

Boiler	
Operating	
Temperature	
(0C)	

Boiler Heat	
Output	
(MW)	

Gross		Elec	
Power	Out	
(kW)	

Heat	
available	
for	chiller	
(kW)		

Low	P	Steam	
Temperature	
(0C)	

1	 28	 350 22.06 1260 5438	 199.7
2	 35	 380 22.48 1425 5466	 201.8
3	 42	 400 22.77 1550 5466	 199.5
4	 45	 420 23.06 1632 5519	 207.9
5	 54	 450 23.49 1790 5557	 212.3
6	 62	 480 23.93 1934 5614	 220.6
7	 68	 490 24.08 2001 5608	 218.5
8	 72	 500 24.23 2054 5621	 219.9
9	 78	 520 24.52 2150 5661	 226.1
10	 84	 540 24.82 2245 5704	 232.8
    Table 4.2: Option 01 ‐ Process Heating Base Calculation for 25 TPH Boiler (F&A100C) 

With	a	Boiler	of	30	tons	per	hour	(From	and	at	1000C)	capacity,	
Case	 Boiler	

Operating	
Pressure	
(bar)	

Boiler	
Operating	
Temperature	
(0C)	

Boiler Heat	
Output	
(MW)	

Gross		Elec	
Power	Out	
(kW)	

Heat	
available	
for	chiller	
(kW)		

Low	P	Steam	
Temperature	
(0C)	

1	 28	 350 26.47 1737 8792	 199.7
2	 35	 380 26.98 1946 8830	 201.8
3	 42	 400 27.32 2104 8825	 199.5
4	 45	 420 27.67 2210 8906	 207.9
5	 54	 450 28.19 2410 8960	 212.3
6	 62	 480 28.72 2595 9044	 220.6
7	 68	 490 28.89 2678 9034	 218.5
8	 72	 500 29.07 2746 9051	 219.9
9	 78	 520 29.43 2869 9112	 226.1
10	 84	 540 29.79 2991 9176	 232.8

Table 4.3: Option 01 ‐ Process Heating Base Calculation for 30 TPH Boiler (F&A100C) 
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4.2.1.2 Calculation	Based	on	Option	02	(HP	Steam	Tapped	from	Turbine)	

Similar	to	previous	section	Engineering	Equation	solver	has	been	used	to	calculate	the	
possible	 electricity	 generation	 capability	 for	 various	 standard	 boiler	 capacities	 and	
boiler	 operating	 conditions	 (Pressure	 and	 Temperature)	 when	 both	 high	 pressure	
steam	and	low	pressure	steam	are	taken	by	tapping	the	turbine.	EES	Program	and	the	
calculation	procedure	have	been	given	in	the	Appendix	B.	

Assumptions	Made	for	Calculation:		
Assumptions	 are	 same	 as	 section	 3.2.1.1	 except	 the	 location	 of	 extraction	 of	 the	 high	
pressure	steam	used	for	manufacturing	process.		

Results	of	the	Calculations	(Table	4.4,	4.5	&	4.6):		
With	a	Boiler	of	20	tons	per	hour	(From	and	at	1000C)	capacity,	
Case	 Boiler	

Operating	
Pressure	
(bar)	

Boiler	
Operating	
Temperature	
(0C)	

Gross		
Elec	
Power	
Out	(kW)	

Heat	
available	for	
chiller	(kW)		

High	P	Steam	
Temperature	
(0C)	

Low	P	Steam	
Temperature	
(0C)	

1	 28	 350	 1015 2134 198.6	 234.1
2	 35	 380	 1192 2153 200.4	 236
3	 42	 400	 1328 2156 197.9	 233.3
4	 45	 420	 1411 2183 206.1	 242.2
5	 54	 450	 1579 2206 210.3	 246.6
6	 62	 480	 1729 2236 218.3	 255.1
7	 68	 490	 1802 2235 216.1	 252.7
8	 72	 500	 1859 2243 217.4	 254.1
9	 78	 520	 1958 2264 223.4	 260.6
10	 84	 540	 2057 2286 229.9	 267.5

Table 4.4: Option 02 ‐ Process Heating Base Calculation for 20 TPH Boiler (F&A100C) 

With	a	Boiler	of	25	tons	per	hour	(From	and	at	1000C)	capacity,	
Case	 Boiler	

Operating	
Pressure	
(bar)	

Boiler	
Operating	
Temperature	
(0C)	

Gross		
Elec	
Power	
Out	(kW)	

Heat	
available	for	
chiller	(kW)		

High	P	Steam	
Temperature	
(0C)	

Low	P	Steam	
Temperature	
(0C)	

1	 28	 350	 1494 5571 198.6	 234.1
2	 35	 380	 1715 5599 200.4	 236
3	 42	 400	 1885 5597 197.9	 233.3
4	 45	 420	 1992 5653 206.1	 242.2
5	 54	 450	 2202 5692 210.3	 246.6
6	 62	 480	 2393 5751 218.3	 255.1
7	 68	 490	 2484 5744 216.1	 252.7
8	 72	 500	 2555 5757 217.4	 254.1
9	 78	 520	 2681 5799 223.4	 260.6
10	 84	 540	 2807 5843 229.9	 267.5

Table 4.5: Option 02 ‐ Process Heating Base Calculation for 25 TPH Boiler (F&A100C) 
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5 Plant	Optimization	
Following	 section	 describes	 the	 possible	 optimizations	 that	 would	 provide	 most	
benefits	 to	 the	 load	 pattern	 of	 the	 selected	 apparel	 factory.	 Optimization	 possibilities	
have	been	identified	based	on	the	finding	of	the	Chapter	‐04.	

5.1 Important	Findings	Plant	Performance	Simulations	

Main	objective	of	the	performance	calculation	of	the	identified	plant	architectures	in	the	
previous	section	was	to	identify	the	possible	optimization	methods	and	to	identify	the	
further	option	for	plant	architectures,	if	any,	that	should	be	studied	before	arriving	at	an	
optimal	solution.	Following	are	some	of	the	important	findings	of	the	calculations.	

 One	of	the	most	important	finding	is	the	difference	in	energy	cost	savings	when	
high	 pressure	 steam	 is	 tapped	 off	 from	 the	 turbine	 compared	 to	 directly	
obtaining	 steam	 from	 the	 steam	 boiler	 through	 a	 PRV.	 	 As	 per	 the	 above	
calculations	former	can	generate	~20%	more	electricity	without	additional	fuel	
than	later	which	contributes	to	the	increased	savings.	In	addition	to	that	capital	
saving	can	be	achieved,	as	former	needs	a	smaller	capacity	boiler	to	generate	a	
given	amount	of	 electricity	 compared	 to	 the	 later.	 	This	observation	eliminates	
the	 requirement	 to	 analyze	 the	 further	 plant	 architectures	 (options	 base	 on	
figure	‐10	and	11)	that	directly	obtain	high	pressure	steam	from	the	boiler	itself.		

 Each	 of	 the	 graphs	 that	 represent	 the	 calculation	 results	 indicates	 that	 the	
increased	operating	pressure	and	temperature	of	a	given	boiler	capacity	results	
increased	cost	savings.	Further	for	a	given	operating	pressure	and	temperature	
lowest	 capacity	 boiler	 gives	 the	 highest	 savings,	 regardless	 of	 the	 higher	
electricity	 generation	 by	 the	 higher	 capacity	 boiler.	 This	 is	 mainly	 due	 to	 the	
increased	fuel	cost	in	generating	more	electricity.	

 Another	prominent	observation	is	sizing	the	plant	to	meet	the	electricity	results	
in	 lower	 energy	 cost	 saving	 than	 sizing	 the	 plant	 to	 meet	 process	 heating	
demand.	 This	 scenario	 is	 caused	 by	 the	 increased	 fuel	 cost	 as	 noted	 in	 the	
previous	point.	

 If	 coal	 is	 used	 CO2	 emissions	 are	 always	 higher	 than	 current	 emissions	 of	 the	
factory,	for	tri‐gen	applications.		
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5.2 Optimum	Options	

Steam	exiting	from	the	turbine	has	to	be	at,	at	least	1atm	to	be	able	to	use	for	absorption	
chiller.	According	to	the	Chapter‐04	calculations,	it	is	evident	that	the	steam	exit	of	the	
turbine	has	 far	more	energy	than	what	absorption	chiller	required.	Part	of	 this	excess	
energy	has	to	be	rejected	via	suitable	mean	to	continue	the	 thermodynamic	cycle	(eg:	
Cooling	tower)	which	can	be	considered	as	an	energy	wastage	that	need	to	be	avoided	
for	optimum	results.			

One	 Option	 to	 avoid	 the	 energy	 waste	 would	 be	 to	 tap	 out	 steam	 at	 a	 suitable	
intermediate	pressure	 level	which	 is	 just	sufficient	 to	meet	 the	energy	requirement	of	
the	chiller	while	allowing	excess	steam	to	further	expand	through	the	turbine	by	using	a	
condensing	type	steam	turbine.	However	the	very	high	capital	cost	of	condensing	type	
turbines	(can	be	50%	to	70%	higher	than	back	pressure	type)	negates	the	economical	
benefits	of	eliminated	energy	wastage.	Hence	for	this	sort	of	applications	it	is	best	to	use	
a	back	pressure	type	turbine	with	minimum	energy	wastage.			

The	only	way	 that	 excess	 energy	available	 for	 absorption	 chiller	 can	be	 reduced,	 at	 a	
back	pressure	type	turbine	steam	exit,	 is	by	reducing	the	steam	mass	 flow	rate	(small	
boiler).	 Even	 when	 the	 result	 of	 Chapter‐04	 and	 the	 observation	 mentioned	 in	 the	
previous	 section	 are	 considered,	 it	 is	 obvious	 that	 smallest	 possible	 boilers	 has	 to	 be	
operated	 in	 the	 suitable	 pressure	 (Operating	 Pressure	 shall	 be	 decided	 based	 on	
economical	 result	 of	 the	 economical	 analysis)	 to	 obtain	 optimum	 economical	 and	
environmental	results.		

However,	the	boiler	must	have	a	capacity	to	be	sufficient	to	meet	the	total	process	steam	
requirement	of	the	factory,	which	is	approximately	about	19TPH	(6TPH+10TPH+3TPH).	
Hence	for	the	practical	application,	the	optimum	boiler	capacity	can	be	considered	to	be	
20Tr	as	odd	capacity	such	as	19Tr	is	not	usually	manufactured.	

Further	 the	 generating	 steam	 at	 high	 pressure	 and	 using	 them	 at	 a	 lower	 pressure	
through	a	pressure	reducing	valve	is	also	leads	to	unnecessary	energy	use.		Therefore	it	
is	evident	that	the	plant	architecture	proposed	in	Figure	12	(Baseline	Option	02)	is	the	
most	suitable	for	this	sort	of	application.	Detailed	plant	architecture	developed	based	on	
figure	12	system	is	presented	and	analyzed	in	the	Section	4.4.	
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5.3 Technical	Feasibility	and	Other	Issues	

If	required	know‐how	is	not	available	or	other	technical	barriers	are	persisting,	whole	
TG	becomes	 infeasible	regardless	of	economical	and	environmental	viability.	Since	TG	
plants	are	not	being	used	in	Sri	Lanka	as	of	now,	it	is	important	to	identify	the	possible	
technical	issues,	if	any,	that	may	arise	in	implementing	the	same.	This	is	a	well	establish	
technology	 where	 hundreds	 of	 researches	 have	 been	 carried	 out	 to	 improve	 the	
efficiency	overcome	other	technical	issues.	Hence	it	is	obvious	that	implementing	such	a	
system	won’t	 be	 hindered	 by	 fundamental	 technical	 issues.	However	 there	 are	 issues	
unique	to	local	conditions	and	to	the	sector	that	need	to	be	sorted	out.		

Though	 not	 used	 before	 locally,	 combine	 heat,	 power	 and	 cooling	 systems	 have	 been	
successfully	 installed	 and	 commissioned	 in	 the	neighboring	 countries	 like	 India.	 Also,	
there	are	local	experts,	suppliers	and	consultants	who	have	undertaken	design,	supply,	
installation	and	commissioning	of	individual	component	of	the	TG	plants	such	as	steam	
turbine	power	plants,	chilled	water	systems,	high	pressure	steam	boilers	and	etc.		Hence	
transferring	technology	can	be	done	easily	making	the	implementation	of	tri‐Generation	
systems	technically	feasible.	However	certain	issues	need	to	be	addressed	if	such	plant	
to	be	implemented.	

5.3.1 Issues	Related	to	Fuel	Supply	Chain	
Having	a	well‐established	and	consistent	supply	chain	for	proposed	fuels	(coal	and	Bio‐
Mass)	is	unique	issue	faced	by	the	local	industry	that	needs	to	be	addressed	

 Coal	Supply	
Coal	has	to	be	imported	as	it	is	not	mined	locally.	Importing	coal	in	small	and	medium	
quantities	is	not	economical	due	to	shipping	and	handling	related	issues.	Hence	coal	has	
to	be	imported	in	bulk	orders.		There	is	very	limited	number	of	local	industries	that	use	
coal.	 State	owned	utility	 company,	 the	Ceylon	Electricity	Board	 (CEB)	and	 the	biggest	
local	 cement	manufacture,	 the	Holcim	Lanka	PLC	 are	 the	only	bulk	 importers	 of	 coal.	
Therefore	anyone	who	wishes	to	use	coal	in	medium	quantities	like	for	TG	plants	has	to	
collaborate	with	either	of	above	parties.	Since	CEB	is	a	government	entity,	it	is	difficult	
for	 private	 sector	 institutes	 (like	 apparel	 factories)	 to	 enter	 in	 to	 collaboration.	
Therefore	coming	in	to	agreement	with	Holcim	can	be	seen	as	the	best	options.		

Coal	 imported	 by	 Holcim	 arrives	 in	 vessels	 to	 Trincomalee	 port	 which	 is	 located	 in	
North	 East	 coast	 of	 the	 Country.	 Transportation	 from	 there	 to	 the	 site	 has	 to	 be	
arranged	by	covered	trucks.		

 Bio‐Mass	Supply	
As	 per	 “The	 Biomass	 Energy	 Sector	 in	 Sri	 Lanka,	 Successes	 and	 Constraints”	 by	
Jayasinghe	 P.,	 2,873,880	 MT	 of	 bio	 mass	 is	 produced	 per	 year	 by	 waste	 of	 various	
industries	and	commercially	grown	trees[7].	However	most	of	 these	are	wasted	due	to	
non‐availability	of	proper	demand	and	supply	mechanism.	Most	of	the	current	Biomass	
fuel	suppliers	supply	wood	logs	though	same	is	available	in	many	forms	such	as	paddy	
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husk,	saw	dust	and	briquettes.	Further	with	the	drastic	hike	of	furnace	oil	price,	many	
industries	have	started	moving	towards	biomass	boilers	to	reduce	the	fuel	cost.	Thus,	a	
new	 demand	 for	 biomass	 suppliers	 and	 a	 significant	 shortage	 of	 supply	 can	 also	 be	
observed.		

Therefore	 establishing	 consistent	 supply	 of	 Biomass	 has	 to	 be	 addressed	 at	 the	 very	
beginning	of	 the	project.	Failing	 to	do	so	will	 fail	 the	 total	effort	put	 in	 to	 the	TG.	 	Sri	
Lanka	Board	of	Investment	has	introduced	a	registration	system	of	authorized	biomass	
suppliers.	So	who	ever	is	willing	to	use	biomass	as	fuel	in	industrial	scale	have	to	have	
agreements	 signed	 with	 minimum	 of	 three	 authorized	 biomass	 suppliers	 afore	 the	
permission.	

	

5.3.2 Issues	Related	to	Fuel	Storage	
Liquid	 fossil	 fuel	 has	 a	 higher	 calorific	 value	 compared	 to	 coal	 and	 biomass	 and	 the	
country	has	a	well‐established	supply	chain	for	the	same.	Therefore	large	storages	that	
would	last	for	weeks	are	not	required.	However	solid	fuels	like	coal	and	biomass	need	
bigger	storages	and	more	attention	due	to	certain	technical	matters.			

 Coal	Storage	
The	main	 technical	 issues	 related	 to	 coal	 storage	 are	 the	 finding	 of	 adequate	 storage	
space,	 possible	moisture	 contamination	 and	 environmental	 pollutions.	 Therefore,	 not	
having	a	suitable	storage	space	can	fail	the	entire	project.	
Around	60	Mt	of	coal	is	required	on	daily	basis	for	the	plant	design	subjected	to	study,	
which	require	approximately	a	40	–	50	m3	area	for	daily	storage.		Therefore,	as	the	first	
step	of	implementing	TG,	a	storing	area	should	be	identified	to	both	truck	unloading	and	
boiler	feeding.	Then	a	suitable	shelter	or	a	covering	mechanism	has	to	be	implemented	
to	prevent	stockpiled	coal	absorbing	moisture	from	rain	which	will	reduce	the	LHV	of	
the	Coal.	 It	 is	also	very	 important	to	 take	action	to	prevent	coal	getting	washed	off	by	
rain	and	blown	off	by	wind	to	avoid	coal	waste,	contamination	of	nearby	water	bodies,	
contamination	of	soil	and	air.	

 Biomass	Storage	
Bio‐mass	is	required	in	even	more	quantities	than	coal	and	it	 faces	the	same	issues	as	
the	coal	when	it	comes	to	storing.	Therefore	similar	actions	has	to	be	taken	avoid	these.	
However	the	pollution	issues	are	far	less	severe	for	biomass	compared	to	coal.	
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5.3.3 Issues	Related	to	Fuel	Preparation	
Unlike	liquid	fossil	fuels,	coal	and	bio‐mass	has	to	be	prepared	for	combustion.	Though	
directly	not	connected	to	technicalities	of	the	plant,	fuel	preparation	has	some	technical	
issues	to	be	sorted	out.	

 Coal	Preparation	
Coal	has	 to	be	 crushed	depending	on	 the	 type	of	 combustor	used	 in	 the	boiler.	Three	
main	 combustion	methods	 have	 been	 studied	 for	 suitability.	 Coal	 crushing	 causes	 air	
pollution	as	well	as	noise	pollution.	Hence	this	process	should	be	carried	out	in	enclosed	
environment,	with	special	respirators	and	head	phones.	Coal	crushing	system	has	to	be	
designed	to	meet	the	requirements	stipulated	by	Board	of	Investment.			

 Biomass	Preparation	
Issues	related	to	biomass	preparation	depend	on	the	type	of	fuel	used.	If	wood	logs	(fire	
wood)	 are	 used	 as	 fuel	 it	 is	 very	 difficult	 to	 design	 an	 automatic	 or	 semi‐automatic	
feeding	system	as	fuel	is	fed	as	logs.	The	only	way	out	is	to	use	manual	labor	which	can	
be	not	very	feasible	for	large	capacity	plants.				

Other	forms	of	common	source	of	biomass	are	saw	dust,	sawdust	briquettes	and	wood	
pellets.		These	forms	can	be	automatically	fed	and	need	very	less	preparations.		

	

5.3.4 Coal	and	biomass	combustion	technologies	
	

 Selection	of	Combustor	
Selection	of	combustor	has	to	be	done	considering	the	type	of	fuel	used.	Moving	grate	
type,	pulverized	and	fluidized	bed	combustor	are	the	three	main	types	to	choose	from.		
	
Moving	Grate	Combustor	
Moving	 grate	 combustor	 is	 one	 of	 the	 oldest	 technologies	 which	 utilize	grate	
firing	where	the	coal	 is	mechanically	distributed	onto	a	moving	grate	at	the	bottom	of	
the	 combustion	 chamber	 in	 partially	 crushed	 gravel	 like	 form.	 Air	 for	 combustion	 is	
blown	upward	 through	 the	grate,	 so	 it	 carries	 the	 lighter	 ash	and	smaller	particles	of	
unburned	coal	up	with	it.	No	specific	crushing	is	needed	for	this	type	of	combustor,	but	
system	efficiency	is	lower.		
The	 main	 advantage	 of	 this	 technology	 is	 the	 ability	 to	 progressively	 move	 the	 fuel	
within	the	combustion	chamber.	 Its	ability	combust	wet	fuels	 is	advantageous	for	bio‐
mass	fired	TG	plants.		As	the	fuel	moves	forward	though	a	moving	grate,	it	goes	through	
different	stages	of	combustion.		At	first	the	fuel	enters	the	combustion	chamber	and	is	
immediately	exposed	to	the	heat	of	the	combustion	chamber,	at	this	stage	the	wet	fuel	
starts	to	dry.		Then	the	fuel	subjects	combustion	and	finally	ends	up	in	ash	pit.	

Pulverized	Coal	Combustor	
Pulverized	fuel	boiler	is	the	most	commonly	used	method	in	thermal	power	plants.	Coal	
is	pulverized	 (ground)	 to	a	 fine	powder	with	 less	 than	70	–	80	µm	particle	 sizes.	The	
pulverized	coal	is	blown	with	part	of	the	combustion	air	into	the	boiler	plant	through	a	
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remove	fine	particulate	matters	such	as	dust	and	smoke	from	the	air	stream.	In	contrast	
to	 wet	 scrubbers	 which	 apply	 energy	 directly	 to	 the	 flowing	 fluid	 medium,	 an	 ESP	
applies	 energy	 only	 to	 the	 particulate	 matter	 being	 collected	 and	 therefore	 is	 very	
efficient	in	its	consumption	of	energy	(in	the	form	of	electricity)	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
As	per	the	BOI	regulations,	the	SO2	emission	shall	be	controlled	by	fuel	quality	and	stack	
height.	The	minimum	stack	height	has	to	be	defined	by	acceptable	Air	Quality	Modeling	
tool.	In	the	absence	of	such	modeling,	following	equation	shall	be	applied	to	define	the	
minimum	stack	height.	
	 	
H	(m)	=	14	Q0.25(Where,	Q	is	SO2	emission	rate	in	kg/hr.)	

	
The	 bottom	 ash	 has	 to	 be	 collected	 to	 silos	 and	 only	 available	 option	 in	 Sri	 Lanka	 is	
using	as	a	raw	material	in	Cement	manufacturing	and	ready	mixed	concrete.	

	

	

	

	

	

	

	

Figure 22 ‐ An Electrostatic Precipitator (Courtesy: Thermax)	
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5.4 Detailed	Schematic	of	Final	Plant	Architecture	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23 ‐ Detailed Schematic of Coal Fired Tri‐Generation (Final) 
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5.5 Detailed	Economical	and	Environmental	Analysis	

5.5.1 Generator	Capacity	Estimation	
Case	 Boiler	Operating	

Pressure	(bar)	
Boiler	Operating	
Temperature	(0C)	

Gross		Elec	
Power	Out	(kW)	

Power	available	at	
turbine	exit		(kW)		

1	 28	 350 1015 2134
2	 35	 380 1192 2153
3	 42	 400 1328 2156
4	 45	 420 1411 2183
5	 54	 450 1579 2206
6	 62	 480 1729 2236
7	 68	 490 1802 2235
8	 72	 500 1859 2243
9	 78	 520 1958 2264
10	 84	 540 2057 2286

Table 5.1: Theoretical Design Turbine Capacities Calculated for Section 4.4 Design 

Result	 shown	 in	 the	Table	5.1	above	has	been	obtained	 for	 the	plant	design	shown	 in	
section	 5.4	 by	 using	 the	 same	 calculation	 procedure	 used	 in	 Section	 4.2.1.2.	 	 The	
resultant	 gross	 electric	 power	 output	 indicates	 theoretical	 values	 that	 need	 to	 be	
corrected	for	the	capacity	of	steam	turbine	that	are	available	at	the	market	(eg:	1000kW	
turbine	 should	 be	 considered	 instead	 of	 theoretical	 value	 of	 1015kW).	 In	 the	 cases	
where	theoretical	gross	electric	power	output	has	to	be	rounded	up	(eg:	1192		1200)	
operating	pressure	temperature	has	to	be	adjusted	accordingly.	Highlighted	cells	in	the	

above	 table	 need	 to	 be	 adjusted	 suit	 the	 practical	 application.	 Table	 5.2	 indicates	 the	
actual	turbine	capacities,	adjusted	temperatures	and	pressures.		
	
Case	 Boiler	Operating	

Pressure	(bar)	
Boiler	Operating	
Temperature	(0C)	

Practical Elec	
Power	Out	(kW)	

Power	available	at	
turbine	exit		(kW)		

1	 28	 350 1000 2134
2	 36	 380 1200 2147
3	 45	 400 1350 2142
4	 45	 420 1400 2183
5	 54	 450 1550 2206
6	 65	 480 1750 2226
7	 68	 490 1800 2235
8	 72	 500 1850 2243
9	 78	 520 1950 2264
10	 84	 540 2050 2286

Table 5.2 :Practical Turbine Capacities Calculated for Section 4.4 Design 
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5.5.2 Electricity	Generation	and	Fuel	Consumption	by	the	Proposed	Tri‐gen	

5.5.2.1 Electricity	Generation	
Same	calculation	procedure	used	in	Chapter	04	has	been	used	with	amendment	for	the	
calculation	of	 electricity	 generation.	 Practically	 available	 turbine	 capacities	have	been	
used	 for	 calculations	 instead	 of	 theoretical	 turbine	 capacities	 arrived	 in	 the	 same	
section	for	the	calculations.	Further	three	sets	of	operating	pressure	and	temperatures	
have	been	altered	to	meet	the	practically	available	turbine	capacities	as	shown	in	Table	
5.1.	 In	 addition,	 two	 important	 factors	 have	 been	 considered	 in	 calculating	 total	 net	
electrical	energy	generated	by	each	of	the	turbines	identified	in	Table	5.2.		

 Hours	Operated:	in	this	case	plant	has	to	be	operated	24	hours	as	the	factory	

is	running	24	hours.	However	in	calculating	hours	operated	one	must	consider	

the	number	of	hours	in	which	the	plant	needs	to	be	shut	down	for	maintenance.	

Typically,	plants	of	this	nature	has	plant	factor	of	90%.			

	

 Electricity	Requirement	of	 the	TG	Plant:	 As	 shown	 in	 the	 Schematic	 plant	
design,	 CCH	 plant	 comprises	 of	 various	 equipment	 such	 as	 blowers,	 fans,	
motors	 and	 pumps	 which	 are	 electric	 driven.	 Hence	 part	 of	 electricity	
generated	by	the	plant	will	be	offset	by	the	energy	consumed	by	the	above	said	
equipment.		

Total	 electricity	 generation	 by	 the	 turbines	 identified	 in	 Table	 5.2,	 calculated	
considering	above	two	factors	are	given	in	Table	5.3.	

Case	 Boiler	
Pressure	(bar)	

Boiler	Temperature	
(0C)	

possible		Elec	Power	
Out	(kW)	

Total	Electricity	net	
Generation	(kWh)	

1	 28 350 1000 															7,095,600	
2	 36 380 1200 															8,514,720	
3	 45 400 1350 															9,579,060	
4	 45 420 1400 															9,933,840	
5	 54 450 1550 												10,998,180	
6	 65 480 1750 												12,417,300	
7	 68 490 1800 												12,772,080	
8	 72 500 1850 												13,126,860	
9	 78 520 1950 												13,836,420	
10	 84 540 2050 												14,545,980

Table 5.3:Electricity Generation by Practical Turbine Capacities Calculated for Section 4.4 Design 

 

5.5.2.2 Electricity	Requirement	of	the	TG	Plant	

Following	table	5.4	indicates	the	electrical	energy	consuming	equipment	of	the	TG	plant	
and	the	expected	annual	energy	consumptions	of	the	same,	when	coal	is	used	as	fuel.	
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Energy	required	by	the	cooling	tower,	chilled	water,	and	condenser	water	pumps	of	the	
absorption	chillers	has	been	omitted	from	below	calculation	assuming	that	it	will	offset	
the	energy	consumed	by	the	same	equipment	of	the	current	air	conditioning	system.		

	

Equipment	
Type	

Application	 Rated	
power(kW)

Count	 Energy		
Consumption(kWh)	

ID	fan	 Flu	gas	suction	 75 1	 532,170	
PA	fan	 Create	fluidized	bed	 20 1	 141,912	
FD	fan	 Draw	air	 80 1	 567,648	
RW	pumps	 Pumping	raw	water	 1.5 1	 7,096	
DMW	pump	 Pumping	treated	water	 1.5 1	 7,096	
BF	pump	 Feeding	water	to	boiler	 95 1	 674,082	
EF	pump	 Discharge	effluent		 0.5 1	 2,365	
Conveyor	
motor	

Supply	Crushed	coal	to	
boiler	

3 1	 21,287	

Coal	crusher	 Coal	preparation	 35 1	 110,376	
Absorption	
chillers	

Electric	applications	in	
the	chiller	

10 2	 110,376	

Total	Energy	Consumption	 2,174,407
Table 5.4: Electricity Use by Plant Equipment for Coal TG Plant 

Following	table	5.5	indicates	the	electrical	energy	consuming	equipment	of	the	TG‐Plant	
and	 the	expected	annual	energy	consumptions	of	 the	same,	when	Bio	mass	 is	used	as	
fuel.	

Equipment	
Type	

Application	 Rated	
power(kW)

Count	 Energy		
Consumption(kWh)

ID	fan	 Flu	gas	suction	 15 1	 															106,434	
PA	fan	 Create	fluidized	bed	 20 	 															141,912	
RW	pumps	 Pumping	raw	water	 1.5 1	 																				7,095	
DMW	pump	 Pumping	treated	

water	
1.5

1	
																				7,095	

BF	pump	 Feeding	water	to	
boiler	

95 1	 															674,082	

EF	pump	 Discharge	effluent		 0.5 1	 																				2,365	
Conveyor	
motor	

Supply	Crushed	coal	
to	boiler	 1	 																	21,286	

Absorption	
chillers	

Electric	applications	
in	the	chiller	

10 2	 															110,376	

Total	Energy	Consumption	 												1,070,647
Table 5.5: Electricity Use by Plant Equipment for Biomass TG 
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5.5.2.3 Operational	and	Labor	Costs	
Similar	 to	 any	 industrial	 plant	 equipment	 Tri‐Generation	 plant	 will	 also	 incur	 an	
additional	 cost	 to	 the	 owner	 in	 terms	 of	 operations	 and	 labor.	 Operation	 cost	 will	
include	Cost	of	spares,	cost	of	chemicals,	cost	of	water	and	administrative	cost.	It	is	very	
difficult	 to	accurately	estimate	these	cost	as	most	of	 these	are	case	specific.	Therefore	
the	cost	 figures	used	 in	 the	 industry	by	 the	 leading	TG	plant	equipment	suppliers	has	
been	 used	 for	 the	 calculation.	 Following	 are	 the	 list	 of	 such	 figures	 obtained	 from	 a	
leading	supplier.		

 Cost	of	Spares	 0.0100 USD/kWh	 (Annual	Escalation	‐	07%)	
 Cost	of	water	 0.0050 USD/kWh	 (Annual	Escalation	‐	05%)	
 Cost	of	Chemicals	 0.0040 USD/kWh	 (Annual	Escalation	‐	05%)	

In	addition	to	above	cost	several	staff	hast	to	be	employed	for	the	operation	of	the	plant	
which	will	 contribute	 to	 labor	 cost	 related	 to	 the	 TG	 plant.	 Since	 the	 plant	 has	 to	 be	
operated	24hours,	four	supervisory	level	staff,	eight	technicians	and	eight	laborers	will	
be	 required	 at	 a	 minimum.	 Based	 on	 this	 manpower	 requirement	 following	 cost	
calculation	 has	 been	 done	 according	 to	 the	 current	 pay	 mechanism	 of	 the	 Textures	
Jersey	

 Supervisor								–		 (2	x	600	$/month	x	12)	=	14,400	$/Yr	
 Technicians						–		 (4	x	450	$/month	x	12)=21,600	$\/Yr	
 Admin																–	 (3	x	350	$/month	x	12)=	12,600	$\/Yr	
 Labourers									–		 (4	x	250	$/month	x	12)	=	12,000	$/Yr	
 Annual		Total		–		 60,600	$/Yr	

.		

5.5.2.4 Fuel	(Coal/Bio	Mass)	Consumption	and	Associated	Costs	
Both	coal	and	bio	mass	consumption	by	each	operating	conditions	have	been	calculated	
considering	the	energy	input	to	the	boiler.	

	

24 365
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Following	 Table	 5.6	 indicates	 the	 fuel	 requirement	 in	 metric	 ton	 for	 each	 category	
calculated	using	the	above	equation.	 
Case	 Boiler		

Pressure(bar)	
Boiler	
Temperature(0C)

coal (MT) Saw	dust	
briquettes	(MT)	

Firewood	(MT)

1	 28 350 20,199	 									30,859		 45,352	
2	 36 380 20,809	 									31,791		 46,721	
3	 45 400 20,994	 									32,074		 47,138	
4	 45 420 21,347	 									32,612		 47,928	
5	 54 450 21,553	 									32,926		 48,390	
6	 65 480 22,366	 									34,170		 50,219	
7	 68 490 22,523	 									34,409		 50,570	
8	 72 500 22,586	 									34,505		 50,711	
9	 78 520 22,920	 									35,016		 51,462	
10	 84 540 23,258	 									35,532		 52,219	

Table 5.6: Fuel Consumption for Coal & Biomass Fired Systems 

5.5.3 Net	Present	Value,	IRR	and	Simple	Payback	
It	is	normal	practice	to	perform	a	net	present	value	analysis	and	calculation	of	internal	
rate	of	return	to	see	if	investing	money	on	a	given	project	is	worthwhile.	Simple	payback	
(SPB)	calculation	indicates	how	long	it	takes	to	recover	the	investment.	

Above	 three	 economical	 parameters	 were	 calculated	 for	 the	 tri	 generation	 plant	
designed	for	the	Textures	Jersey.	Unlike	most	of	the	industries	apparel	industry	is	very	
volatile	 and	 the	 future	 trends	 are	 highly	 unpredictable.	 Therefore	 apparel	 industry	
normally	does	not	make	 investments	considering	 long	periods	 like	20yrs.	Considering	
this	fact	and	the	life	cycle	of	plant	equipment	of	the	tri‐gen	plant,	a	10	year	period	was	
taken	for	the	economical	analysis.		

The	economical	analysis	was	conducted	for	all	ten	selected	operating	conditions	and	for	
three	different	fuels,	namely;	coal,	saw	dust	briquettes	and	fire	wood,	which	results	in	
30	different	cases.	Sample	calculation	for	each	fuel	type	is	given	in	Appendix	C,	D	&	E.	

	

5.5.3.1 Economic	Analysis	for	Coal	Fired	System	
Positive	NPV	over	10	year	period	(Figure	25),	IRR	higher	than	the	current	discount	rate	
(Figure	26)	and	the	payback	in	the	range	of	4	years	(Figure	27)	indicates	that	investing	
on	 a	 tri‐generation	 plant	 is	 economically	 highly	 favorable.	 Though	 none	 of	 the	
calculated	parameters	(NPV,	IRR,	SPB)	exhibit	a	uniform	trend,	it	is	evident	that	higher	
temperature	 and	 pressure	 points	 results	 in	 better	 values	 for	 all	 three	 parameters.	
However	change	in	each	parameter	with	various	operating	conditions	is	not	substantial	
for	 a	 management	 to	 take	 decision	 on	 an	 optimum	 condition.	 Hence	 capital	 in	 hand	
plays	a	huge	roll	 in	selecting	an	operation	condition	as	higher	pressure/temperatures	
require	higher	investments.			Other	non‐economical	parameters	such	as	emissions,	Ash	
disposal,	 coal	 storage,	 supply	 chain	 issues,	 safety	 requirement	 also	 may	 consider	 in	
selecting	the	operating	conditions.										
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1 2.447 	
	 	 	 	 	

For	Briquettes	with	9.5%	moisture	content:	
19,924 1 0.095 2447 0.095 17,7985 / 	

	
Similarly	for	the	firewood:	

19,924 1 0.3 2447 0.3 13,2135 / 	
	
In	addition	to	above	the	severe	contrast	between	the	prices	of	the	two	type	of	bio	mass	
contributes	to	major	differences	in	economic	parameters.	
As	shown	in	Figure	28,	in	briquettes	system,	capital	requirement	for	increase	operating	
pressure	 and	 temperature	 steadily	 increase	 while	 NPV	 is	 maintained	 positive.	 	 This	
scenario	is	same	for	the	fire	wood	boilers.	NPV	of	both	cases	does	not	indicate	much	of	a	
variation	whereas	NPV	of	fire	wood	system	very	high	(~4	times	the	capital)	as	shown	in	
Figure	29	owing	to	the	higher	saving	resulted	from	cheap	fuel	cost.	

Simple	paybacks	of	two	systems	also	do	not	vary	much	with	the	operating	pressure	and	
temperatures	 as	 shown	 in	 Figure	 31.	 	Here	 again	 the	 fire	wood	 system	 indicates	 pay	
backs	as	small	as	1.6	yrs	(almost	half	of	briquettes	and	coal	systems)	due	to	extremely	
low	fuel	prices.		As	shown	in	Figure	30,	IRR	of	both	Biomass	fuel	types	exhibit	the	same	
patterns.		

Similar	 to	 coal	 powered	 systems	 economic	 parameters	 do	 not	 exhibit	 substantial	
variation	 at	 different	 operating	 conditions.	 Therefore	 capital	 in	 hand	 should	 be	
considered	 in	 selecting	 a	 suitable	 operating	 condition.	 Other	 non‐economical	
parameters	 also,	 such	 as	 Ash	 disposal,	 storage,	 supply	 chain	 issues	 and	 safety	
requirement	has	to	be	considered	in	selecting	the	operating	conditions.										
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When	compared	to	each	other	purely	on	economic	terms,	biomass	fired	tri‐generation	
plant	 is	 economically	 attractive	 than	 the	 coal	 fired	 plant.	 Three	main	 contributors	 to	
these	economically	attractive	results	are	the	lower	price	of	bio	mass,	lower	capital	cost	
of	bio	mass	tri‐gen	plant	and	higher	electricity	consumption	by	the	auxiliary	equipment	
of	the	coal	fired	plants.	

If	uninterrupted	supply	of	bio	mass	can	be	assured,	economically	optimal	solution	is	to	
go	for	a	bio‐mass	fired	Tri	Generation	plant.			

	

	

5.5.4 Environmental	Issues	to	be	Tackled	by	Textures	Jersey	with	Tri‐Gen	

 Greenhouse	Gas	(GHG)	Emissions	
One	 of	 the	main	 reasons	 for	 implementing	 TG	 plants	 is	 to	 harness	 the	maximum	
amount	 of	 energy	 thereby	 reduces	 the	 GHG	 emissions.	 Sri	 Lankan	 apparel	 sector	
also	is	under	great	pressure	from	their	international	buyers	and	the	government	to	
reduce	 the	emissions.	 	However,	as	 indicated	 in	 the	below	Figure	32,	 it	 is	evident	
that	use	of	coal	will	further	increase	the	emission	when	compared	with	the	current	
emission	quantities.	This	happens	due	to	offset	of	emission	reduction	achieved	by	
generating	 electricity	 and	 eliminating	 electricity	 requirement	 for	 chillers	 by	 the	
excessive	 coal	 combustion.	 Coal	 combustion	 release	 CO2,	 N2O	 and	 CH4	 that	
contributes	to	 the	global	warming	and	the	Figure	32	 indicates	the	equivalent	CO2	
emission	by	all	greenhouse	gases.		

However,	the	GHG	emission	can	be	drastically	reduced	as	shown	in	figure	32	by	use	
of	 biomass	 (both	 briquettes	 and	 firewood)	 if	 the	 CO2	 emission	 by	 the	 same	 is	
assumed	to	be	zero.					

 SO2	Emissions	
Coal	 has	 a	 certain	 percentage	 of	 Sulphur.	 Coal	 is	 imported	 from	 Indonesia	 for	
current	major	 local	applications	such	as	 coal	power	plants	 run	by	 the	 local	utility	
companies.	 Hence	 same	 coal	 will	 have	 to	 be	 used	 by	 the	 tri‐gen	 plants	 if	
implemented.	Typical	Indonesian	coal	has	lower	Sulphur	content	and	it	is	about	1%	
as	 a	 fraction	 of	 mass.	 Therefore,	 400	 to	 470	MTs	 of	 SO2	 will	 be	 released	 to	 the	
environment	 if	coal	 is	used	for	the	TG	plant,	depending	on	the	operating	pressure	
and	temperature.	

 Combustion	Ash		
Any	solid	fuel	fired	boiler	generates	bottom	ash	after	the	combustion	process.	Coal	
and	biomass	are	no	difference.	 	 Locally	used	coal	has	approximate	ash	 content	of	
about	 6%	 (source:	 Holcim	 test	 report)	 whereas	 bio	 mass	 has	 approximate	 ash	
content	 of	 about	 4.3%	 (source:	 ITI	 test	 report).	 Therefore	TG	plant	 fired	 by	 both	
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fuel	 types	will	 result	 in	1,200	 to	1,800	MTs	of	 solid	waste	 (ash)	 annually.	 Proper	
disposal	methods	 such	 reuse	 in	 cement	manufacturing	 has	 to	 be	 implemented	 to	
avoid		

 Airborne	Particles	
When	 solid	 fuel	 like	 biomass	 or	 coal	 is	 combusted	 certain	 percentage	 of	 ash	 get	
airborne	 and	 exist	 the	 chimney	with	 the	 flu	 gas.	 This	 airborne	 particles	 then	 get	
carried	by	the	wind	and	can	get	deposited	in	the	neighboring	area.		
	
Unlike	 biomass,	 coal	 can	 create	 more	 airborne	 particles	 in	 form	 of	 dust	 during	
loading,	unloading,	storing,	crushing	and	conveying.			

 Water	and	Land	Contaminating	
This	happens	 if	 coal	 is	used.	Normally	 coal	 is	 stored	 in	outdoor	before	 it	 is	being	
used.	During	 such	 time,	 rain	 falls	on	 to	 stored	 coal	 can	wash	away	 solid	particles	
and	can	contaminate	the	local	water	bodies	and	the	surrounding	land.	

 Transport	Related	Emissions	
Proposed	plant	 that	was	 subjected	 to	 study	will	 require	20,000	 to	40,000	MTs	of	
solid	 fuel	 (coal	 or	 biomass)	 depending	 on	 the	 fuel	 type	 and	 operating	
pressure/temperature.	 Handling	 of	 these	 quantities	 will	 require	 lot	 of	
transportation	which	again	contributes	harmful	emissions.		

 Indirect	Deforestation		
In	this	analysis	it	has	been	assumed	that	bio	mass	would	come	from	wood	waste	or	
from	trees	commercially	grown	for	firewood.		However	currently	there	is	no	proper	
mechanism	 to	 check	 the	 actual	 source	 of	 the	 biomass.	 	 There	 have	 been	 many	
incidents	of	deforesting	 for	 firewood.	 If	 that	happens,	whole	purpose	of	using	bio	
mass	will	be	lost	
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process	heating	can	enjoy	economic	benefits	by	shifting	to	coal	or	bio	mass	fired	TG	
plant.	 	 However	 NPV,	 IRR	 and	 the	 payback	 time	 will	 vary	 with	 the	 parameters	
unique	to	the	place	where	TG	plant	is	implemented.	Therefore	it	is	advisable	to	do	
an	 economic	 analysis	 after	 doing	 a	 schematic	 design	 considering	 following	
guidelines.	

 Infrastructure	
One	must	investigate	whether	the	necessary	infrastructure	is	in	place	to	implement	
a	TG	Plant.	First	 requirement	 is	 space.	Normally	most	of	 the	 local	apparel	 factory	
buildings	occupied	most	of	 the	 land	of	the	 located	site,	 leaving	 little	space	for	this	
kind	 of	 projects.	 TG	 plants	 need	 adequate	 space	 for	 place	 the	 boilers,	 turbines,	
cooling	towers,	water	treatment	plants,	other		plant	equipment,	fuel	storage	and	etc.	
Each	of	 these	has	 to	be	places	with	adequate	maintenance	access	and	with	 safety	
clearances.	Further	the	availability	of	transport	access	to	transport	&	erect	the	plant	
and	to	transport	fuel	should	also	be	considered.			

 Plant	Capacity	
Boiler	 and	 the	 turbine	 are	 the	 two	main	 components	 in	 a	 TG	 plant,	 of	which	 the	
capacity	affect	the	economics	of	the	total	plant.	Rest	of	the	plant	has	to	be	designed	
according	to	the	capacities	of	these	two	components.	It	is	always	important	to	size	
the	 plant	 considering	 the	 process	 heat	 requirement	 rather	 than	 considering	 the	
electricity	demand,	because	there	is	no	alternative	source	for	heating.	On	the	other	
hand,	excess	electricity	can	be	 fed	to	the	grid,	 if	any	or	electricity	shortage	can	be	
obtained	 from	 the	 grid,	 once	 the	 plant	 is	 sized	 to	meet	 process	 heating	 demand.	
Therefore,	optimum	boiler	capacity	can	be	arrived	by	addition	of	all	process	steam	
mass	flow	rates	and	the	steam	mass	flow	rate	required	by	absorption	chillers	(this	
is	the	minimum	boiler	capacity	possible).		
Selecting	a	boiler	with	higher	capacity	than	the	minimum	steam	requirement	allows	
the	user	to	have	a	bigger	turbine	and	thereby	generate	higher	amount	of	electricity.	
Difference	between	 costs	 of	 self‐generated	 kWh	electricity	 and	purchased	 kWh	 is	
marginal	as	Industrial	electricity	price	in	Sri	Lanka	is	heavily	subsidized.	Therefore	
cost	 saving	 by	 increased	 self‐generations	 not	 substantial	 compared	 to	 the	 capital	
cost	 incurred	 in	purchasing	higher	capacity	boiler	and	 turbine.	However	even	 the	
subsidized	 grid	 electricity	 is	 not	 cheap	 enough	 to	 use	 for	 heating	purposes	when	
compared	with	the	cost	of	fuels	such	as	HFO,	coal	and	biomass.	

 Plant	Architecture	
Plant	 architecture	 depends	 mainly	 on	 how	 and	 at	 what	 point	 one	 is	 going	 to	
obtained	 process	 steam	 from	 the	 cycle.	Main	 options	 are	 to	 directly	 obtain	 some	
steam	from	the	boiler	through	PRV,	tapping	the	boiler	at	suitable	pressure	levels	or	
selecting	 the	 turbine	 to	 have	 an	 exit	 steam	 pressure	 at	 highest	 pressure	 level	
required.	Both	 first	and	third	options	reduce	the	electricity	generation	capacity	of	
the	 TG	 plant	 and	 require	 additional	 fuels	 as	 steam	 is	 obtained	 through	 PRVs.	



M.Sc. Thesis  

 

55 | P a g e  
 

Therefore	tapping	the	turbine	at	suitable	pressure	level	gives	the	optimum	benefits	
to	a	given	boiler	capacity.			

 Optimum	Operating	conditions	
At	a	minimum,	any	selected	operating	pressure	and	temperature	should	be	able	to	
provide	enough	steam	at	suitable	quality	at	the	turbine	exit	 to	run	the	absorption	
chillers.	 Further,	 as	 shown	 in	 the	 calculations,	 operating	 at	 higher	 pressures	 and	
temperatures	 gives	 better	 economical	 and	 environmental	 performance.	 Since	 the	
process	 heating	 requirement	 is	 anyway	 met,	 increased	 P	 &	 T	 will	 increase	 the	
savings	 only	 by	 offsetting	 electricity	 drawn	 from	 the	 grid.	 Further	 this	 increase	
requires	 additional	 capital.	 As	 explained	 earlier	 designing	 the	 plant	 considering	
electricity	 generation	 is	 not	 very	 profitable.	 Therefore	 one	 must	 decide	 the	
minimum	 operating	 P&T	 considering	 energy	 availability	 to	 the	 absorption	 chiller	
and	whether	to	increase	the	pressure	than	the	minimum	can	be	decided	considering	
the	available	capital.			

 Operating	hours	
Textures	Jersey,	which	was	subjected	to	analysis	operate	24	hours	a	day.	The	longer	
operating	hours	have	contributed	a	 lot	 to	 the	shorter	paybacks	of	 the	 investment,	
extremely	attractive	NPV	and	IRR.	Had	the	plant	ran	on	typical	12	hour,	10	hours	or	
8	hour	shift	the	payback	times	becomes	non	attractive	as	there	is	no	change	in	the	
investment.	 Negative	 NPVs	 will	 be	 resulted	 for	 certain	 operating	 conditions.	
Moreover,	starting	and	shutting	off	this	kind	of	a	plant	every	day	is	not	advisable	as	
these	 plant	 are	 meant	 to	 run	 continuously.	 Options	 available	 for	 factories	 with	
shorter	shift	are	to	either	to	have	another	turbine	(without	tapings)	to	run	during	
the	 off	 hours	 or	 to	 run	 the	 existing	 turbine	by	 rejecting	 heat	 via	 a	 cooling	 tower.	
Both	 these	 options	 seriously	 affects	 the	 economics	 and	 therefore	 case	 by	 case	
economical	analysis	is	required.			

 Fuel	Selection	
Firewood,	Saw	dust	briquettes	and	coal	are	preferred	as	 the	 fuel	over	HFO	 in	 the	
respective	order.		Biomass	is	preferred	over	coal	owing	to	two	main	reasons.	First	is	
the	reduce	capital	 requirement	as	TG	plant	become	 less	complicated	compared	to	
the	 coal	 fired	 system	as	 it	does	not	 require	 complex	 fuel	preparation	and	 feeding	
system.	 This	 makes	 the	 Bio	 mass	 system	 more	 economically	 attractive.	 It	 also	
creates	much	lower	net	CO2	emission	compared	to	a	coal	fired	system.		
In	economic	 terms,	 fire	wood	 is	preferred	over	saw	dust	briquettes	due	 to	~40%	
lower	cost	per	MJ	and	lower	capital	cost.	Cost	per	MJ	of	bio	mass	is	slightly	higher	
than	that	of	the	coal,	yet	 it	 is	economically	attractive	due	to	previously	mentioned	
reasons.	 However	 the	 main	 advantages	 of	 coal	 are	 the	 availability	 and	 the	 well	
establish	 supply	 chain.	 Whether	 large	 quantities	 of	 bio	 mass	 can	 be	 sourced	
continuously	throughout	the	year	is	doubtful.	Therefore	one	must	not	venture	in	to	
bio‐mass	fired	TG	plant	until	continuous	supply	is	ensured.			
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6 Conclusion	

Increased	demand	for	fossil	 fuel	and	the	conflicts	 in	the	major	oil	producing	countries	
has	 led	fossil	 fuel	price	to	 increase	up	to	a	 level	which	 is	almost	unbearable	to	the	Sri	
Lankan	 industry.	 Among	 all,	 apparel	 manufacturing	 is	 one	 of	 the	 severely	 affected	
industries	by	the	sudden	fuel	price	hikes.	As	a	result	of	the	global	trend	of	sustainable	
development,	pressure	 from	various	 institutes	 to	minimize	 the	emissions	by	 reducing	
the	energy	consumption,	is	another	major	challenge	faced	by	the	local	apparel	industry.	
A	 typical	 Sri	 Lankan	 apparel	 manufacturing	 factory	 requires	 electricity	 to	 run	 its	
machineries,	air	conditioning	&	Ventilation	system,	lightings	and	utility	equipment	like	
compressors	and	pumps.	Fossil	fuels	like	Diesel	and	furnace	oil	are	used	to	run	boilers	
to	generate	 steam	required	 for	manufacturing	process.	Tri‐generation	has	never	been	
used	by	the	local	apparel	industry	as	a	solution	for	the	ever	increasing	energy	cost.	The	
main	objective	of	this	research	was	to	evaluate	the	feasibility	of	tri‐generation	if	used	in	
apparel	industry	and	thereby	provide	set	of	generalized	guidelines	to	the	local	apparel	
sector	 to	 identify	 the	 economical,	 environmental	 and	 technical	 challenges	 and	 the	
benefits	that	they	would	come	across	in	implementing	a	Tri‐Generation	plant.	As	per	the	
research	 results	 it	 is	 evident	 that	 apparel	 factories	 that	 utilize	 HFO	 can	 enjoy	
economical	benefits	by	implementing	a	TG	plant	run	by	coal	or	bio	mass.		

After	 the	 local	 apparel	 sector	 was	 studied	 it	 was	 found	 out	 that	 all	 factories	 can	 be	
categorized	in	to	five	main	types.	Out	of	that	knitting	and	weaving	was	identified	as	the	
most	suitable	type	to	implement	a	TG	plant.	Textures	Jerseys	which	is	a	knitting	facility	
was	 selected	 for	 the	 pilot	 study.	 After	 conducting	 a	 detail	 energy	 audit	 the	 end	 use	
quantities	were	 estimated.	 Simultaneously,	 the	 possible	 combinations	 for	 a	 TG	 plants	
were	 also	 identified	 based	 on	 the	 energy	 flow	 in	 the	 facility.	 Out	 of	 numerous	
combinations,	two	most	practical	solutions	were	evaluated	using	Engineering	Equation	
Solver.	Then	the	results	were	used	to	arrive	at	optimal	solution.	After	designing	a	detail	
schematic	of	the	plant	NPV,	IRR,	Payback	environmental	impact	analysis	was	conducted	
assuming	the	fuel	as	coal,	saw	dust	briquettes	and	firewood.		General	guidelines	on	TG	
for	local	apparel	sector	were	then	developed	based	on	analysis	result.	

Results	of	the	energy	audit	conducted	at	the	textures	jersey	is	presented	in	the	Chapter	‐
03.	It	has	a	peak	electricity	demand	of	about	3400	kW	and	uses	of	staggering	8.9	million	
liters	of	heavy	fuel	oil	annually.	Facility	need	about	6MT	of	steam	at	10	bar	and	10MT	of	
steam	at	6	bar.		Recent	fuel	oil	price	increase	has	resulted	in	more	than	50%	reduction	
in	 its	 net	 profit,	 making	 the	 facility	 good	 candidate	 to	 implement	 a	 Tri‐generation	
system.	 In	 the	next	 section	all	 possible	 combinations	 for	Tri‐	Generation	 system	have	
been	identified.	When	these	options	were	analyzed	using	manual	calculations	and	EES	
several	important	facts	were	revealed	that	ultimately	lead	to	the	optimal	solution.	Some	
of	the	most	prominent	facts	revealed	are	as	follows.	
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 Tapping	off	high	pressure	steam	from	the	 turbine	 is	more	economical	compared	to	
obtaining	steam	through	a	PRV.	Capital	saving	is	possible	as	former	needs	a	smaller	
capacity	boiler	to	generate	a	given	amount	of	electricity.		

 Lower	 overall	 energy	 cost	 	 for	 Increased	 operating	 pressure	 and	 temperature	 of	 a	
given	boiler	capacity	

 Lower	 overall	 energy	 cost	 achieved	 by	 lowest	 capacity	 boiler	 at	 a	 given	 operating	
pressure	and	temperature	

 Sizing	 the	 plant	 to	meet	 the	 electricity	 results	 in	 lower	 energy	 cost	 saving	 due	 to	
increased	fuel	cost	

 Steam	 exiting	 from	 the	 turbine	 has	 to	 be	 at,	 at	 least	 1atm	 to	 be	 able	 to	 use	 for	
absorption	 chiller.	 Availability	 of	 excess	 energy	 at	 exit	 indicates	 room	 for	
optimization.	

 Use	condensing	type	turbines	negates	the	economical	benefits	of	eliminated	energy	
wastage	due	to	cost	

 In	 a	 back	pressure	 type	 turbine,	 Excess	 energy	 available	 for	 absorption	 chiller	 can	
only	 be	 reduced	 by	 reducing	 the	 steam	mass	 flow	 rate.	 Hence,	 it	 is	 obvious	 that	 a	
smallest	 possible	 boiler	 has	 to	 be	 operated	 in	 the	 suitable	 pressure	 to	 obtain	
optimum	results.		

 However	 boiler	 must	 have	 a	 capacity	 that	 at	 least	 is	 sufficient	 to	 meet	 the	 total	
process	steam	requirement	of	the	factory.		

Economical	 analysis	 conducted	 for	 the	 plant	 designed	 for	 Textures	 Jersey	 based	 on	
above	 factors,	 exhibit	 very	attractive	 results	 for	 all	 three	 fuels	namely;	 coal,	 saw	dust	
briquettes	 	 and	 firewood.	 Biomass	 fired	 systems	 indicates	 highly	 favorable	 GHG	
emission	reduction	whereas	coal	fired	system	increases	the	overall	emissions.		

It	was	further	noted	that	these	economical	results	are	highly	depended	on	the	various	
local	parameters	unique	 to	a	given	 facility.	Hence	universal	 approach	 to	economically	
implement	a	TG	plant	that	would	suit	any	given	apparel	factory	is	not	possible.	However	
following	general	limitations	can	be	imposed.	

 Any	 facility	 can	 enjoy	 economic	 benefits,	 by	 low	 cost	 heat	 source	 and	 electricity	
saving	by	TG.	But	the	NPV,	IRR	&	SPB	depend	on	local	parameters.	

 Size	the	plant	considering	process	heating	requirement	as	electricity	generation	not	
profitable	due	to	subsidized	tariff.	Hence	select	the	smallest	possible	boiler		

 Avoid	PRVs	
 Select	P&T	considering	capital	and	energy	available	to	Absorption	chillers	
 Suitable	only	for	24h	operations		
 Firewood,	 Saw	 dust	 briquettes	 and	 coal	 are	 preferred	 as	 the	 fuel	 over	 HFO	 in	 the	
respective	order	

 Cost	of	retrofitting	is	marginal	compared	to	the	total	investment.	
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One	of	the	most	prominent	facts	in	the	results	is	the	extremely	favorable	economic	and	
environment	 result	 of	 the	 bio	 mass	 fired	 Tri‐Generation	 plants.	 Such	 systems	 are	
technically	also	simple	compared	to	coal	systems.	Paddy	husk,	hey,	commercially	grown	
firewood,	municipal	solid	waste,	timber	mill	wastes	are	the	most	common	types	of	bio	
mass	available.	Further	research	should	be	carried	out	on	how	to	improve	the	biomass	
supply	chain,	how	to	efficiently	utilize	the	available	bio	mass,	how	to	create	a	market	for	
bio	mass	and	how	to	avoid	harvesting	natural	forests	for	bio	mass.	Another	important	
area	 to	 study	 is	 how	 to	 create	 a	 certificate	 system	 or	 special	 tariff	 for	 self‐generated	
electricity	 that	 would	 encourage	 the	 industry	 to	 implement	 tri‐generation.	 Study	 on	
implementing	methodologies	to	obtain	benefits	from	carbon	credits	is	also	important.		

Finally	it	is	evident	that	the	local	apparel	sector	can	be	benefited	from	implementing	Tr‐
Generation	plants	by	meeting	economical	goals	in	sustainable	manner.		
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Appendix		A:	Electricity	Demand	Variation	with	the	Time	of	
the	Day	
Following	are	the	data	obtained	during	the	energy	audit	by	fixing	data	loggers	to	the	
main	incoming	buss	bars	of	the	main	electrical	switch	board.	

Time	 Demand	(kVA)	 Power	Factor	 Active	Power	(kW)	

12:00	AM	 2,545.1	 				0.94	 																				2,394.89	
12:15	AM	 2,530.6	 				0.94	 																				2,386.33	
12:30	AM	 2,494.4	 			 0.93	 																				2,319.81	
12:45	AM	 2,517.9	 				0.93	 																				2,341.69	
1:00	AM	 2,528.8	 				0.93	 																				2,356.82	
1:15	AM	 2,603.1	 				0.94	 																				2,457.34	
1:30	AM	 2,537.5	 				0.93	 																				2,354.82	
1:45	AM	 2,560.1	 				0.94	 																				2,414.18	
2:00	AM	 2,571.1	 				0.95	 																				2,432.22	
2:15	AM	 2,585.0	 				0.95	 																				2,450.55	
2:30	AM	 2,611.8	 				0.95	 																				2,473.40	
2:45	AM	 2,630.6	 				0.94	 																				2,472.73	
3:00	AM	 2,609.0	 				0.93	 																				2,434.22	
3:15	AM	 2,573.1	 				0.93	 																				2,400.67	
3:30	AM	 2,628.2	 				0.93	 																				2,446.86	
3:45	AM	 2,688.0	 				0.93	 																				2,494.43	
4:00	AM	 2,590.2	 				0.93	 																				2,408.84	
4:15	AM	 2,706.5	 				0.93	 																				2,503.53	
4:30	AM	 2,636.4	 				0.94	 																				2,486.16	
4:45	AM	 2,765.9	 				0.96	 																				2,641.45	
5:00	AM	 2,725.5	 				0.95	 																				2,589.21	
5:15	AM	 2,750.6	 				0.95	 																				2,599.32	
5:30	AM	 2,806.6	 				0.94	 																				2,643.83	
5:45	AM	 2,751.5	 				0.93	 																				2,558.87	
6:00	AM	 2,794.7	 				0.95	 																				2,643.75	
6:15	AM	 2,733.7	 				0.95	 																				2,605.25	
6:30	AM	 2,807.5	 				0.96	 																				2,683.98	
6:45	AM	 2,791.6	 				0.96	 																				2,677.19	
7:00	AM	 2,847.8	 				0.96	 																				2,736.72	
7:15	AM	 2,788.7	 				0.96	 																				2,671.59	
7:30	AM	 2,814.1	 				0.96	 																				2,707.15	
7:45	AM	 2,857.2	 				0.96	 																				2,748.60	
8:00	AM	 3,128.8	 				0.95	 																				2,978.61	
8:15	AM	 3,120.0	 				0.96	 																				2,998.31	
8:30	AM	 3,048.8	 				0.96	 																				2,935.96	
8:45	AM	 3,075.8	 				0.97	 																				2,974.34	
9:00	AM	 3,058.0	 				0.96	 																				2,932.59	
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9:15	AM	 3,090.3	 				0.96	 																				2,951.19	
9:30	AM	 3,291.0	 				0.94	 																				3,093.56	
9:45	AM	 3,195.2	 				0.95	 																				3,022.67	
10:00	AM	 3,285.1	 				0.95	 																				3,130.73	
10:15	AM	 3,222.7	 				0.95	 																				3,071.27	
10:30	AM	 3,278.2	 				0.95	 																				3,120.80	
10:45	AM	 3,238.4	 				0.95	 																				3,076.46	
11:00	AM	 3,144.6	 				0.95	 																				2,990.49	
11:15	AM	 3,390.2	 				0.95	 																				3,227.47	
11:30	AM	 3,277.3	 				0.96	 																				3,133.12	
11:45	AM	 3,195.9	 				0.96	 																				3,052.11	
12:00	PM	 3,350.4	 				0.95	 																				3,196.32	
12:15	PM	 3,293.8	 				0.95	 																				3,132.40	
12:30	PM	 3,277.5	 				0.95	 																				3,126.75	
12:45	PM	 3,282.1	 				0.95	 																				3,117.99	
1:00	PM	 3,277.5	 				0.95	 																				3,107.04	
1:15	PM	 3,221.3	 		 	0.95	 																				3,066.67	
1:30	PM	 3,181.2	 				0.95	 																				3,031.64	
1:45	PM	 3,066.7	 				0.96	 																				2,931.75	
2:00	PM	 3,173.0	 				0.95	 																				3,001.67	
2:15	PM	 3,265.4	 				0.95	 																				3,085.80	
2:30	PM	 3,315.0	 				0.95	 																				3,139.30	
2:45	PM	 3,282.9	 				0.95	 																				3,102.35	
3:00	PM	 3,301.9	 				0.95	 																				3,149.99	
3:15	PM	 3,292.8	 				0.95	 																				3,131.42	
3:30	PM	 3,221.2	 				0.95	 																				3,066.58	
3:45	PM	 3,233.5	 				0.95	 																				3,084.73	
4:00	PM	 3,307.1	 				0.95	 																				3,138.39	
4:15	PM	 3,239.5	 				0.95	 																				3,077.48	
4:30	PM	 3,342.7	 				0.95	 																				3,185.59	
4:45	PM	 3,243.5	 				0.95	 																				3,091.04	
5:00	PM	 3,291.7	 				0.96	 																				3,150.19	
5:15	PM	 3,177.5	 				0.96	 																				3,053.56	
5:30	PM	 2,989.0	 				0.96	 																				2,857.53	
5:45	PM	 2,965.9	 				0.96	 																				2,844.25	
6:00	PM	 2,902.0	 				0.97	 																				2,803.30	
6:15	PM	 2,934.0	 				0.95	 																				2,793.16	
6:30	PM	 2,893.2	 				0.95	 																				2,739.84	
6:45	PM	 2,931.4	 				0.94	 																				2,764.34	
7:00	PM	 2,957.1	 				0.95	 																				2,818.07	
7:15	PM	 2,996.1	 				0.95	 																				2,855.27	
7:30	PM	 2,925.1	 				0.96	 																				2,793.48	
7:45	PM	 2,946.6	 				0.95	 																				2,805.20	
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8:00	PM	 2,908.8	 				0.95	 																				2,769.17	
8:15	PM	 2,915.8	 				0.95	 																				2,778.74	
8:30	PM	 2,922.7	 				0.95	 																				2,785.30	
8:45	PM	 2,843.2	 				0.95	 																				2,701.08	
9:00	PM	 2,841.0	 				0.95	 																				2,707.51	
9:15	PM	 2,836.3	 				0.96	 																				2,725.73	
9:30	PM	 2,764.1	 				0.95	 																				2,636.95	
9:45	PM	 2,685.0	 				0.97	 																				2,615.16	
10:00	PM	 2,653.7	 				0.95	 																				2,507.70	
10:15	PM	 2,739.0	 				0.93	 																				2,544.52	
10:30	PM	 2,706.7	 				0.94	 																				2,549.68	
10:45	PM	 2,705.6	 				0.94	 																				2,537.84	
11:00	PM	 2,652.0	 				0.94	 																				2,484.90	
11:15	PM	 2,693.2	 				0.95	 																				2,545.04	
11:30	PM	 2,691.2	 				0.94	 																				2,540.48	
11:45	PM	 2,662.9	 				0.95	 																				2,524.43	
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Appendix	B:EES	Calculation	Programs	(Section	3.2.1	&	3.2.2)	
The EES simulation program was based on proposed schematic designs for each approach. Following 

is the calculation procedure used in brief. 

1. Selecting a F&A rated boiler capacity 

2. Taking operating pressures and temperatures to a table, here operating points in 

industrial applications were considered.  

3. Enthalpy of Steam exits the boiler will be decided by operating point. 

4. Supplying 6Tons of steam at 10bar for finishing process with keeping the room for 

1bar pressure loss in distribution system. 

5. Supplying 10Tons of steam at 7bar for dyeing process with keeping the room for 

1bar pressure loss in distribution system. 

6. Assuming 85% of steam will return as condensate at 700C. This has been assumed 

according to the past factory data. 

7. Boiler feed water temperature is calculated according to the percentage of 

condensate and fresh water. 

8. Boiler actual generation capacity is calculated according to the feed water 

temperature. 

9. “Turbine IN” steam enthalpy is calculated according to the steam temperature and 

pressure. No pressure drop is taken into the account due to proximity of boiler and 

the turbine‐generator. 

10. “Turbine OUT” steam enthalpy is calculated assuming 1bar back pressure at turbine 

out. 

11. The “Power IN” to the turbine is calculated with change of enthalpy and flow rate in 

each step whilst tapping steam at 10bar and 7bar to cater the Finishing and Dyeing 

process. 0.85 of isentropic efficiency is considered for each step. 

12. The “Gross Power Out” from turbine generator is calculated with 0.65 turbine 

mechanical efficiency and 0.98 generator electrical efficiency. 

13. The power available to run the absorption chiller is calculated with the waste heat. 

14. Required coal consumption is calculated with 0.8 boiler efficiency and 26,000 kJ/kg 

calorific value of coal. Coal calorific value is taken from a recent lab test report. 

15. The annual CO2e is calculated with coal emission rates. 
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"Option	02:	Calculations	Based	on	Process	Heating	Demand	(Approach	02)"	
 
Cap_br= 30000 [kg/hr] Boiler rated capacity" 
h_b= Enthalpy (steam, P=P_b, T=T_b) "Enthalpy of steam exits boiler" 
 
"Finishing Process" 
P_f= 10 [bar] "+1 bar for line pressure drop" 
{T_f= Temperature (steam, P=P_f, X=1)} 
{h_f= Enthalpy (steam, P=P_f, T=T_f)}  
Cap_f= 6000 [kg/hr]"Finishing steam requirement with future expansion" 
 
"Dyeing Process" 
P_d= 7 [bar]"+1 bar for line pressure drop" 
{T_d= Temperature (steam, P=P_d, X=1)} 
{h_d= Enthalpy (steam, P=P_d, T=T_d)} 
Cap_d= 10000 [kg/hr]"Dyeing steam requirement" 
 
"Assume boiler feedwater temperature is at 70C and 85% condensate returns" 
T_cw= 70 [C]   "Condensate at 70C" 
T_mw= 30 [C]   "make-up water at 30C" 
h_cw= Enthalpy (Water, T=T_cw, X=0) "Enthalpy of condensate" 
h_mw= Enthalpy (Water, T=T_mw, X=0) "Enthalpy of make-up water" 
T_fw= 0.85 * T_cw + 0.15 * T_mw "Boiler feed water temperature" 
h_fw= 0.85 * h_cw + 0.15 * h_mw "Boiler feed water enthalpy" 
 
"Boiler Actual Generation Capacity" 
Cap_bg= Cap_br * (h_b - Enthalpy (Water, T=100[C], X=0)) / (h_b - h_fw)    
T_tur_in= T_b– 0   
P_tur_in= P_b - 0   
"Turbine IN steam enthalpy" 
h_tur_in= Enthalpy (Steam, T=T_tur_in, P=P_tur_in)S_tur_in 
 
"Turbine Tapping Point 1 - Finishing" 
 
"Enthalpy for Isentropic expansion through turbine" 
h_tap1_is = Enthalpy (Steam, P=P_f, S=S_tur_in) 
"Assuming 0.85 of isentropic efficiency" 
0.85= (h_tur_in - h_tap1) / (h_tur_in - h_tap1_is)  
T_tap1= Temperature (Steam, P=P_f, H=h_tap1)"Tapped steam temperature" 
S_tap1= Entropy (Steam, P=P_f, T=T_tap1)"Tapped steam entropy" 
 
"Turbine Tapping Point 2 - Production" 
 
"Enthalpy for Isentropic expansion through turbine" 
h_tap2_is = Enthalpy (Steam, P=P_d, S=S_tap1) 
"Assuming 0.85 of isentropic efficiency" 
0.85 = (h_tap1 - h_tap2) / (h_tap1 - h_tap2_is) 
T_tap2= Temperature (Steam, P=P_d, H=h_tap2)"Tapped steam temperature" 
S_tap2= Entropy (Steam, P=P_d, T=T_tap2) "Tapped steam entropy" 
"Turbine Out" 
P_tur_out= 1 [bar]"Turbine out pressure for Back-pressure turbine" 
"Enthalpy for Isentropic expansion through turbine" 
h_tur_out_is= Enthalpy (Steam, P=P_tur_out, S=S_tap2) 
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"Assuming 0.85 of isentropic efficiency" 
0.85= (h_tap2 - h_tur_out) / (h_tap2 - h_tur_out_is)  
"Exit steam temperature" 
T_tur_out= Temperature (Steam, P=P_tur_out, H=h_tur_out) 
S_tur_out= Entropy (Steam, P=P_tur_out, T=T_tur_out)"Exit steam entropy" 
 
"Turbine Out Put" 
Pw_tur_in = (Cap_bg*(h_b-h_tap1)+(Cap_bg-Cap_f)*(h_tap1-h_tap2)+(Cap_bg-
Cap_f - Cap_d) * (h_tap2 - h_tur_out) ) / 3600 
Eff_tur= 0.65"Turbine mechanical efficiency" 
Eff_ele= 0.98"Generator electrical efficiency" 
Pw_tur_out= Pw_tur_in * Eff_tur * Eff_ele"Gross power generation" 
 
"Power Availble to Chiller" 
P_Av_Ch = ((Cap_bg - Cap_f - Cap_d) * (h_tap1 - h_cw) ) / 3600 
 
"Power Availble to Chiller" 
P_Av_Ch = ((Cap_bg - Cap_f - Cap_d) * (h_tap1 - h_cw) ) / 3600 
 
B_eff = .80 "Boiler Efficiency" 
 
B_en=(Cap_bg/3600)* (h_b - h_fw) "Energy Output of Boiler" 
 
Coal_cal = 26000 [kJ/kg] "Calorific Value of Coal" 
 
M_coal=(B_en / (B_eff*Coal_cal) )*3600*24*26*12/1000 "Annual coal 
consumption" 
 
CO2_coal = M_coal*2.321 "CO2e emission per annum" 
 
E_annual= Pw_tur_out*24*26*12 

 

"Option	02:	Calculations	Based	on	Process	Heating	Demand	(Approach	02)"	
 
Cap_br= 30000 [kg/hr] Boiler rated capacity" 
h_b= Enthalpy (steam, P=P_b, T=T_b) "Enthalpy of steam exits boiler" 
 
"Finishing Process" 
P_f= 10 [bar] "+1 bar for line pressure drop" 
Cap_f= 6000 [kg/hr]"Finishing steam requirement with future expansion" 
 
"Dyeing Process" 
P_d= 7 [bar]"+1 bar for line pressure drop" 
{T_d= Temperature (steam, P=P_d, X=1)} 
{h_d= Enthalpy (steam, P=P_d, T=T_d)} 
Cap_d= 10000 [kg/hr]"Dyeing steam requirement" 
 
"Assume boiler feedwater temperature is at 70C and 85% condensate returns" 
T_cw= 70 [C]   "Condensate at 70C" 
T_mw= 30 [C]   "make-up water at 30C" 
h_cw= Enthalpy (Water, T=T_cw, X=0) "Enthalpy of condensate" 
h_mw= Enthalpy (Water, T=T_mw, X=0) "Enthalpy of make-up water" 
T_fw= 0.85 * T_cw + 0.15 * T_mw "Boiler feed water temperature" 



M.Sc. Thesis  

 

66 | P a g e  
 

h_fw= 0.85 * h_cw + 0.15 * h_mw "Boiler feed water enthalpy" 
 
"Boiler Actual Generation Capacity" 
Cap_bg= Cap_br * (h_b - Enthalpy (Water, T=100[C], X=0)) / (h_b - h_fw)    
T_tur_in= T_b– 0  
P_tur_in= P_b - 0   
"Turbine IN steam enthalpy" 
h_tur_in= Enthalpy (Steam, T=T_tur_in, P=P_tur_in) S_tur_in 
 
"Turbine Tapping Point 1 - Dyeing" 
 
"Enthalpy for Isentropic expansion through turbine" 
h_tap1_is = Enthalpy (Steam, P=P_f, S=S_tur_in) 
"Assuming 0.85 of isentropic efficiency" 
0.85= (h_tur_in - h_tap1) / (h_tur_in - h_tap1_is) 
T_tap1= Temperature (Steam, P=P_f, H=h_tap1)"Tapped steam temperature" 
S_tap1= Entropy (Steam, P=P_f, T=T_tap1)"Tapped steam entropy" 
 
 
 
"Turbine Out" 
P_tur_out= 1 [bar]"Turbine out pressure for Back-pressure turbine" 
"Enthalpy for Isentropic expansion through turbine" 
h_tur_out_is= Enthalpy (Steam, P=P_tur_out, S=S_tap1) 
"Assuming 0.85 of isentropic efficiency" 
0.85= (h_tap1 - h_tur_out) / (h_tap1 - h_tur_out_is)  
"Exit steam temperature" 
T_tur_out= Temperature (Steam, P=P_tur_out, H=h_tur_out) 
S_tur_out= Entropy (Steam, P=P_tur_out, T=T_tur_out)"Exit steam entropy" 
 
"Turbine Out Put" 
Pw_tur_in = (Cap_bg-Cap_f)*(h_b-h_tap1)+(Cap_bg-Cap_f- Cap_d)*(h_tap1- 
h_tur_out) ) / 3600   
Eff_tur= 0.65"Turbine mechanical efficiency" 
Eff_ele= 0.98"Generator electrical efficiency" 
Pw_tur_out= Pw_tur_in * Eff_tur * Eff_ele"Gross power generation" 
 
"Power Availble to Chiller" 
P_Av_Ch = ((Cap_bg - Cap_f - Cap_d) * (h_tap1 - h_cw) ) / 3600 
"Power Availble to Chiller" 
P_Av_Ch = ((Cap_bg - Cap_f - Cap_d) * (h_tap1 - h_cw) ) / 3600 
B_eff = .80 "Boiler Efficiency" 
B_en=(Cap_bg/3600)* (h_b - h_fw) "Energy Output of Boiler" 
 
Coal_cal = 26000 [kJ/kg] "Calorific Value of Coal" 
M_coal=(B_en / (B_eff*Coal_cal) )*3600*24*26*12/1000 "Annual coal 
consumption" 
CO2_coal = M_coal*2.321 "CO2e emission per annum" 
 
E_annual= Pw_tur_out*24*26*12 
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Appendix	C	:NPV,	IRR	and	Payback	Calculation	for	Coal	at	28bar	and	350oC	

Common	Data	

Average	Electricity	Tariff	 0.0928	 $/kWh	

Demand	cost		 6.80	 $/kVA	

Current	Price	of	Fuel	Oil	 0.720	 $/Ltr	

Annual	Electricity	Requirement	 23,960,000	 kWh	

Average	Electricity	Demand	 3,400	 kVA	

Electricity	reused	by	the	Tri‐gen	 2,174,407	 kWh	

Electricity	demand	by	the	Tri‐gen	 332	 kVA	

Electricity	Consumption	By	VC	Chillers	 2,308,435	 kWh	

Electricity	Demand	By	VC	Chillers	 439	 kVA	

Fuel	Oil	Consumption	 5,340,000	 Ltr	

Current	Price	of	Coal		 149	 $/Tr	

Plant	factor	 90%

Case	Specific	Data	

Electricity	Generated	by	Steam	Turbine	 7,095,600	 kWh	

Electricity	Demand	met	by	Tri‐gen	 1,000	 kVA	

Coal	Consumption	by	Tri‐Gen	 20,199	 TR	

Capital	 4,200,000	 $	

Annual	Operational	Cost		 0.0160	 $/kWh	

Annual	Labour	Cost		 0.0085	 $/kWh	

Assumptions	

Annual	Discount	rate	 10.00%

Annual	Average	Operational	cost	increase		 6.3%

Annual	Labour	cost	increase	 5.0%

Annual	Fuel	oil	price	Escalation	 10%

Annual	electricity	cost	escalation	 5%

Annual	Coal	cost	escalation	 10%
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Annual	Cost	Saving	Calculation	
Year		 0	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	

Energy	Cost	with	Current	System	 		 		 		 		 		 		 		 		 		 		 		

Annual	electricity	cost	 		 2,500,928	 2,625,974	 2,757,273	 2,895,137	 3,039,894	 3,191,888	 3,351,483	 3,519,057	 3,695,010	 3,879,760	

Annual	Fuel	Oil	Cost	 		 3,844,800	 4,229,280	 4,652,208	 5,117,429	 5,629,172	 6,192,089	 6,811,298	 7,492,428	 8,241,670	 9,065,837	

Current	Total	Energy	Cost	 		 6,345,728	 6,855,254	 7,409,481	 8,012,566	 8,669,065	 9,383,977	 10,162,780	 11,011,484	 11,936,680	 12,945,597	

		 		 		 		 		 		 		 		 		 		 		 		

Energy	Cost	With	Tri	Gen	 		 		 		 		 		 		 		 		 		 		 		

Annual	Supplementary	Electricity	Cost	($)	 		 1,739,671	 1,826,655	 1,917,987	 2,013,887	 2,114,581	 2,220,310	 2,331,326	 2,447,892	 2,570,286	 2,698,801	

Annual	Supplementary	Fuel	Oil	Cost	($)	 		 384,480	 422,928	 465,221	 511,743	 562,917	 619,209	 681,130	 749,243	 824,167	 906,584	

Annual	Cost	of	Coal	 		 3,009,653	 3,310,619	 3,641,680	 4,005,848	 4,406,433	 4,847,077	 5,331,784	 5,864,963	 6,451,459	 7,096,605	

Annual		Labor	cost	($)	 		 60,600	 63,630	 66,812	 70,152	 73,660	 77,343	 81,210	 85,270	 89,534	 94,010	

Annual	Operation	Cost($)	 		 113,530	 120,625	 128,164	 136,175	 144,685	 153,728	 163,336	 173,545	 184,391	 195,916	

		 		 		 		 		 		 		 		 		 		 		 		

New	Total	Energy	Cost	 		 5,307,934	 5,744,456	 6,219,864	 6,737,805	 7,302,277	 7,917,666	 8,588,786	 9,320,912	 10,119,837	 10,991,916	

		 		 		 		 		 		 		 		 		 		 		 		

Investment	 	(4,200,000)	 		 		 		 		 		 		 		 		 		 		

Net	Profit	(Net	saving)	 	(4,200,000)	 1,037,794	 1,110,798	 1,189,617	 1,274,761	 1,366,789	 1,466,311	 1,573,995	 1,690,572	 1,816,842	 1,953,682	

Present	value	of	cash	flow	(Rs)	 ‐4,200,000	 943,449	 918,015	 893,777	 870,679	 848,668	 827,694	 807,708	 788,664	 770,519	 753,229	

Simple	Payback	 4.05	
NPV	 4,222,403
IRR	 27.54%
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Appendix	D	:NPV,	IRR	and	Payback	Calculation	for	Saw	Dust	Briquettes	at	
28bar	and	350oC	
	

Common	Data	
Average	Electricity	Tariff	 0.0928	 $/kWh	
Demand	cost		 6.80	 $/kVA	
Current	Price	of	Fuel	Oil	 0.720	 $/Ltr	
Annual	Electricity	Requirement	 23,960,000	 kWh	
Average	Electricity	Demand	 3,400	 kVA	
Electricity	reused	by	the	Tri‐gen	 1,070,642	 kWh	
Electricity	demand	by	the	Tri‐gen	 157	 kVA	
Electricity	Consumption	By	VC	Chillers	 2,308,435	 kWh	
Electricity	Demand	By	VC	Chillers	 439	 kVA	
Fuel	Oil	Consumption	 5,340,000	 Ltr	
Current	Price	of	Briquettes	 104	 $/Tr	
Plant	factor	 90%

Case	Specific	Data	
Electricity	Generated	by	Steam	Turbine	 7,095,600	 kWh	
Electricity	Demand	met	by	Tri‐gen	 1,000	 kVA	
Coal/Bio	Mass	Consumption	by	Tri‐Gen	 30,859	 TR	
Capital	 3,295,000	 $	
Annual	Operational	Cost		 0.0160	 $/kWh	
Annual	Labour	Cost		 0.0085	 $/kWh	

Assumptions	
Annual	Discount	rate	 10.00%
Annual	Average	Operational	cost	increase		 6.3%
Annual	Labour	cost	increase	 5.0%
Annual	Fuel	oil	price	Escalation	 10%
Annual	electricity	cost	escalation	 5%
Bio	Mass	cost	escalation	 10%
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Annual	Cost	Saving	Calculation	
Year		 0	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	

Energy	Cost	with	Current	System	 		 		 		 		 		 		 		 		 		 		 		

Annual	electricity	cost	 		 2,500,928	 2,625,974	 2,757,273	 2,895,137	 3,039,894	 3,191,888	 3,351,483	 3,519,057	 3,695,010	 3,879,760	

Annual	Fuel	Oil	Cost	 		 3,844,800	 4,229,280	 4,652,208	 5,117,429	 5,629,172	 6,192,089	 6,811,298	 7,492,428	 8,241,670	 9,065,837	

Current	Total	Energy	Cost	 		 6,345,728	 6,855,254	 7,409,481	 8,012,566	 8,669,065	 9,383,977	 10,162,780	 11,011,484	 11,936,680	 12,945,597	

		 		 		 		 		 		 		 		 		 		 		 		

Energy	Cost	With	Tri	Gen	 		 		 		 		 		 		 		 		 		 		 		

Annual	Supplementary	Electricity	Cost	($)	 		 1,622,921	 1,704,067	 1,789,270	 1,878,734	 1,972,670	 2,071,304	 2,174,869	 2,283,613	 2,397,793	 2,517,683	

Annual	Supplementary	Fuel	Oil	Cost	($)	 		 384,480	 422,928	 465,221	 511,743	 562,917	 619,209	 681,130	 749,243	 824,167	 906,584	

Annual	Cost	of	Coal/Bio	Mass	 		 3,209,348	 3,530,283	 3,883,311	 4,271,642	 4,698,806	 5,168,687	 5,685,555	 6,254,111	 6,879,522	 7,567,474	

Annual		Labor	cost	($)	 		 60,600	 63,630	 66,812	 70,152	 73,660	 77,343	 81,210	 85,270	 89,534	 94,010	

Annual	Operation	Cost($)	 		 113,530	 120,625	 128,164	 136,175	 144,685	 153,728	 163,336	 173,545	 184,391	 195,916	

		 		 		 		 		 		 		 		 		 		 		 		

New	Total	Energy	Cost	 		 5,390,878	 5,841,533	 6,332,778	 6,868,445	 7,452,739	 8,090,270	 8,786,100	 9,545,781	 10,375,407	 11,281,667	

		 		 		 		 		 		 		 		 		 		 		 		

Investment	 	(3,295,000)	 		 		 		 		 		 		 		 		 		 		

Net	Profit	(Net	saving)	 (3,295,000)	 954,850	 1,013,722	 1,076,704	 1,144,120	 1,216,327	 1,293,707	 1,376,680	 1,465,703	 1,561,273	 1,663,930	

Present	value	of	cash	flow	(Rs)	 ‐3,295,000	 868,045	 837,787	 808,943	 781,450	 755,243	 730,264	 706,455	 683,761	 662,132	 641,517	

Simple	Payback	 3.4508	
NPV	 4,180,597
IRR	 31.91%
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Appendix	E:NPV,	IRR	and	Payback	Calculation	for	Firewood	at	28bar	and	
350oC	

Common	Data	

Average	Electricity	Tariff	 0.0928	 $/kWh	

Demand	cost		 6.80	 $/kVA	

Current	Price	of	Fuel	Oil	 0.720	 $/Ltr	

Annual	Electricity	Requirement	 23,960,000	 kWh	

Average	Electricity	Demand	 3,400	 kVA	

Electricity	reused	by	the	Tri‐gen	 1,070,642	 kWh	

Electricity	demand	by	the	Tri‐gen	 157	 kVA	

Electricity	Consumption	By	VC	Chillers	 2,308,435	 kWh	

Electricity	Demand	By	VC	Chillers	 439	 kVA	
Fuel	Oil	Consumption	 5,340,000	 Ltr	
Current	Price	of	Firewood	 48	 $/Tr	

Plant	factor	 90%

Case	Specific	Data	

Electricity	Generated	by	Steam	Turbine	 7,095,600	 kWh	

Electricity	Demand	met	by	Tri‐gen	 1,000	 kVA	

Firewood	Mass	Consumption	by	Tri‐Gen	 45,352	 TR	

Capital	 3,265,000	 $	

Annual	Operational	Cost		 0.0160	 $/kWh	

Annual	Labour	Cost		 0.0123	 $/kWh	

Assumptions	
Annual	Discount	rate	 10.00%
Annual	Average	Operational	cost	increase		 6.3%
Annual	Labour	cost	increase	 5.0%
Annual	Fuel	oil	price	Escalation	 10%
Annual	electricity	cost	escalation	 5%
Firewood	cost	escalation	 10%
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Annual	Cost	Saving	Calculation	
Year		 0	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	

Energy	Cost	with	Current	System	 		 		 		 		 		 		 		 		 		 		 		

Annual	electricity	cost	 		 2,500,928	 2,625,974	 2,757,273	 2,895,137	 3,039,894	 3,191,888	 3,351,483	 3,519,057	 3,695,010	 3,879,760	

Annual	Fuel	Oil	Cost	 		 3,844,800	 4,229,280	 4,652,208	 5,117,429	 5,629,172	 6,192,089	 6,811,298	 7,492,428	 8,241,670	 9,065,837	

Current	Total	Energy	Cost	 		 6,345,728	 6,855,254	 7,409,481	 8,012,566	 8,669,065	 9,383,977	 10,162,780	 11,011,484	 11,936,680	 12,945,597	

		 		 		 		 		 		 		 		 		 		 		 		

Energy	Cost	With	Tri	Gen	 		 		 		 		 		 		 		 		 		 		 		

Annual	Supplementary	Electricity	Cost	($)	 		 1,622,921	 1,704,067	 1,789,270	 1,878,734	 1,972,670	 2,071,304	 2,174,869	 2,283,613	 2,397,793	 2,517,683	

Annual	Supplementary	Fuel	Oil	Cost	($)	 		 384,480	 422,928	 465,221	 511,743	 562,917	 619,209	 681,130	 749,243	 824,167	 906,584	

Annual	Cost	of	firewood	 		 2,176,883	 2,394,571	 2,634,028	 2,897,431	 3,187,174	 3,505,891	 3,856,481	 4,242,129	 4,666,342	 5,132,976	

Annual		Labor	cost	($)	 		 87,600	 91,980	 96,579	 101,408	 106,478	 111,802	 117,392	 123,262	 129,425	 135,896	

Annual	Operation	Cost($)	 		 113,530	 120,625	 128,164	 136,175	 144,685	 153,728	 163,336	 173,545	 184,391	 195,916	

		 		 		 		 		 		 		 		 		 		 		 		

New	Total	Energy	Cost	 		 4,385,413	 4,734,171	 5,113,262	 5,525,490	 5,973,925	 6,461,935	 6,993,208	 7,571,791	 8,202,118	 8,889,054	

		 		 		 		 		 		 		 		 		 		 		 		

Investment	 								(3,265,000)	 		 		 		 		 		 		 		 		 		 		

Net	Profit	(Net	saving)	 								(3,265,000)	 1,960,315	 2,121,083	 2,296,219	 2,487,076	 2,695,140	 2,922,042	 3,169,572	 3,439,694	 3,734,562	 4,056,543	

Present	value	of	cash	flow	(Rs)	 ‐3,265,000	 1,782,104	 1,752,961	 1,725,183	 1,698,706	 1,673,470	 1,649,417	 1,626,492	 1,604,642	 1,583,819	 1,563,973	

Simple	Payback	 1.6655	
NPV	 13,395,768
IRR	 67.56%
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Appendix	F	:	Calorific	Value	Test	for	Saw	Dust	Briquette

 


