THERMOECONOMIC ANALYSIS OF SOLAR ORGANIC
RANKINE CYCLE WITH ZEOTROPIC MIXTURE
FOR POWER GENERATION

THORANIS DEETHAYAT

DOCTOR OF PHILOSOPHY
IN ENERGY ENGINEERING

GRADUATE SCHOOL
CHIANG MAI UNIVERSITY
DECEMBER 2015



THERMOECONOMIC ANALYSIS OF SOLAR ORGANIC
RANKINE CYCLE WITH ZEOTROPIC MIXTURE
FOR POWER GENERATION

THORANIS DEETHAYAT

A THESIS SUBMITTED TO CHIANG MAI UNIVERSITY IN PARTIAL
FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN ENERGY ENGINEERING

GRADUATE SCHOOL, CHIANG MAI UNIVERSITY
DECEMBER 2015



THERMOECONOMIC ANALYSIS OF SOLAR ORGANIC
RANKINE CYCLE WITH ZEOTROPIC MIXTURE
FOR POWER GENERATION

THORANIS DEETHAYAT

THIS THESIS HAS BEEN APPROVED TO BE A PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN ENERGY ENGINEERING

Advisory Committee:

(lsrof. Dr. Tanongkiat Kiatsiriroat)

....... %&.%..,.....Co-advism

(Asst. Prof. Dr. Det Damrongsak)

FAS
e U S———
.................................... Co-advisor
(Asst. Prof. Dr. Det Damrongsak) (Assoc. Prof. Dr. Sate Sampattagul)
adcdlo il
..................................... Member

X
e
NN
=
5
g

(Dr. Atipoang Nuntaphan)

28 December 2015

Copyright © by Chiang Mai University



ACKNOWLEDGEMENTS

The author wishes to express his utmost gratitude to his adviser, Professor
Dr.Tanongkiat Kiatsiriroat for the constructive guidance, suggestion, comments and
discussions throughout every phase of the study. Grateful acknowledgements are made
to the members of the Doctoral Program Committee, Asst. Prof. Dr. Nat Vorayos, Asst.
Prof. Dr. Det Damrongsak, Assoc. Prof. Dr. Sate Sampattagul and Dr. Atipong

Nuntaphan for their valuable comments.

The author is greatly indebted to Prof. Dr. Chi-Chuan Wang from College of
Engineering, National Chiao Tung University, Taiwan for supporting and assistance

during his external training program.

Thanks to the Graduate School, School of Renewable Energy, Maejo University
and Department of Mechanical Engineering, Chiang Mai University for supporting the

test facilities.

Finally, 1 would like to thank my mother, my father, my family, my friends and
the staffs of Thermal Systems Research Unit Laboratory for all of the support, guidance,

care and love throughout my life especially during my doctoral research work.

Thoranis Deethayat



a J a J 14 v o a
’J%’@@yﬁuwuﬁ NTUATICVATHIMAATIQUHNINVDIININTLIINY

a A du A a <Y = o\ o [ a
UNIITITIMAIAIeIHaNT T Instnd miunan
Tl
Y A a I 2
ey IYFIAAIT AN
Seyan Usyanquftiada (3eInTsunaan)
d‘ = a a aan 4 I @
AMzNISNMINYIn .03, NUUNYIA NB3AAS 1591 019138NUT B IMAnN
J v o s 1
IA.A5. IATHF dUAANZNA 919150M1/3n1139W
o [ Q‘{ A 1
HA.AT.LAY A139ANA 919150M1/3n 1159
U v
Unnaee

Y
Aav A

I a v a a
\‘]']u'lfl]ﬂulﬂuﬂ'ﬁﬁﬂlﬂl'lﬂ'lﬁ'Jlﬂﬁ13ﬁlﬁ5ﬂ§ﬂ1ﬁﬁ§@mﬁﬂ’]wm@ﬁ'}§]ﬁ]ﬂﬁlliﬂﬂuﬁ”ﬁ@uﬂ%g

Ssdorfindaroarsnandlo InstndmiunaaTulih nqueaauals 1518 “Figure of Merit, FOM” 18

I

il lumsinsandseaninmneanuiouvesiginsussauaisouniongurgia Iag

Ll

Tda15v191u% To Ins1 naail R245fa/R152a, R245a/R227ca, R245fa/R236¢a, R245¢a/R152a,
R245ca/R227ca LiagR245¢ca/R236ea 1L UE1THIU AU 0INANNFURUETenIlseansom

NANUFoUIEAE FOM dm5unndsiauguminiumin 25-40°C iazqungiiszive 80-

U Q

Y
g =2

130°C ”l@ﬂfaﬂwsmuwu W’]J’J'WJﬁﬂ1‘iﬁ1u1ﬂiﬂﬂ’(ff‘nﬂTil,ﬁ@‘lhvlﬂﬂld‘it’J“ULﬁﬂﬂﬁ/ﬂwaﬂW‘iﬂﬂﬁﬂ\‘umg

U

9 [

a d‘ L= Y 2 [
VBUANTUY gounuNUM Inamesny

o [ = [ a Y [ a a =4 )

disumsanidneninmskaa IWihlaediginsuseAuasounssuuuna lluazuny
HAAAINTDUTIN (CHP-ORC) Fanaa lvedraudernaznaa Iniazanudousin viins
a 4 a J 4 1 v @ a a 4
An1gdd TaglEns sz MinsugmansguunIn unannuiouveeininsussAuaIsounio

Y 1 %
Tanindaanaesiianaziniu luTefra fa9wesigansniny 20 uaz 100 kWe Hazyo3
= a o (% [ A d' [ 1 @ o

TnadToTnsnviinuaieluiginsie R245f/R152a NFadIU 70/30% 32 Tuan1591970 12

~

o ) [ 9 a Y v W a a I A
‘15’311]\1 1IN TUYININ ﬂuﬂUﬂﬁNﬁﬁulV\IV\h"UfN 20 Llag 100 kWe ANINTUIIAUITOUNTINUNIT



a 9 ' = 1w W a a S o 9 a 9
HaAANFoUITIN U5 mgnnandginsussauasounssununa 1 Aununisnda Tvih
4 v W a a A I A a 9 1 =)
1NNEa1911auveIIYINITUIIAUITOUNTINTNTHANANNTDUTIN 20 1A 100 kWe 13510
1 % o o { 9O’ o 1 %
BN 2.91 VIN/AWh 18 2.73 VIN/AWh awaiay NsimdunuiinduluTeRwaminy 5 v/
A A A

a o %’ 9 a U % a a
ans Mrualdduiuisldudr 1dus) dunumswaa ldihvesiginsuseAuarsounidnd

MINAANNUTOUTIV 20 LA 100 kWe HTIAUNINY 5.92 VIN/KWh and 5.74 VIN/KWh 0§18

a d d o o o 1 !
mMsanszranL hvesrmdununzatothay 1 luesmsiunazdaaeniose
Y a9 v 9 d [ dy S o ) o o
aunumskaathmundununzaeihdunazdasaendeiinini hgegataziiga dmsuih
o = a Jd Y g LY = o o o
nulluiemcm miamswzwmmm”hsumimmunuumullﬂamma 2 TS HIULazoas

dy v 9 a 9 ' 9 = = A
@16ﬂL‘]JEJGIE]G]u‘IQ‘LJﬂ'IiWﬁGlV\hW‘]J’J'IﬂﬂW]unuhl‘]JIi’Jm%aiJﬂ'lﬂ’J'liJvl,’Jiﬂﬂ‘V]’sj@]

a

A v v d v a A

MIWATIEHIATHFANAATQUNAINYIININIUTIAUTOUNIITINA VA NN DT 9T 1HAE

Y o = < ' Y A a Y, Y
uuuwaamgmqtytywmﬁuazwawmmmwLﬂmmmﬂ’nmamwamiwam"lvxlﬂmwim

A 1 o w v 1w o o o o a YA
@jll@’lﬂ’lﬁl%ﬂﬁclﬂu NIAIUBIININTLININD 20 LA 100 kWe “]5')111Qﬂ’lﬁﬂ’l\?’]ﬂﬁ’lﬂiﬂwa@llwwuﬁﬂ

= dy Ao & o a J 1 = = Aq YA
97110 8.30 93 20.30 U. WHNAUNVIIFADINAYTEHIN 100 D3 900 AT INUNAT GH’JjJ’JaTISL%ﬂmemEJ

s 1 1

< "9 a Y [ 2 1
1haw wamiﬁﬂmwmmunumiwa@”lW‘V\h i]'lﬂWﬁ\“l\ﬂ‘Llhlalliﬂ 20 L8 100 kWe 1Iﬂ1®§1161,‘11!“]57]\1

[ a

4.38 D19 6.54 VIN/KWh t1az0g 1154 3.86 D19 4.39 VINAWh awd 19y TunsdidgInsusd

a I A a 9 1 "9 a Y =l ] [
AITOUNTYNUNITHNANAITINIDUIIY WL]J'J'lﬁunuﬂ'ﬁWﬁﬁhlww'l 20 01 100 kWe llﬂ’lﬂqﬁlu%:]\‘l

3.74 D4 4.84 1M/kWh 1agog 14539 2.93 849 3.17 1/AWh aud 1A

) [ @ a v @ v A a ¥ { 1 ' o
dmunasaulausa @unuT T adnunsznI19 100 1AL 900 MTIUNAT TIVAD
%I @ = A 9y %I v =) T W a 9 a Y]
uniuluTefwa WedunusrnniniuluTedwaminy s vm/@aas dununiswaa luil 9n
wasnulania 20 wag 100 kWe Haroglus9 8.39 89 10.19 VIN/AWh tazeglugi 7.97 da
o w v o a a A A a 1 1
8.34 UIM/AWh awd ey TunsaidnansussAuasaunseniinmswannuiousau wunaunu
a 9 =l ] ] =1 ] 1 =
mswan 1#h 20 uag 100 kWe Hia10g1ue29 6.40 D3 7.93 VINKWh tazoglur3 6.07 149 6.35
VIN/kWh a9
[ o [ [ a a = a d‘d a 9 1 1 1Y
mslaee CO, dmiuiginsussauasdunidleuiantimsnananufousiu sy
P4 1 1 A~ A dy ~ v I o A a
nza1e1l1au 20 1ag 100 kWe WU NM3lasy CO, WONMIWHNUNYDIAUNVTITOINAD LAg
n15daey CO, HA10g 11529 3.96 0141.44 kgCO,e/kWh 11aZA1982.72 D9 1.90 kgCO,e/kWh

[J @ & = = v g v = ! IS | \ =
AU GBQiJNﬁL‘HiJfJUﬂUHﬂJUUl’UIfJ@L%a Tagnisiaee COzllﬂTE]gGlL!‘]f'N 1.36 ©40.50

kgCO,e/kWh aza10g 11529 1.36 D3 1.11 kgCO,e/kWh audaL



A a Y a Y o v v @ a a ~ A Aa a

LiJ@‘Wi]ﬁillW]u‘lquﬂﬁNEWlllWWWZ‘TTHTlJ’J;,]i]ﬂﬁLliﬂﬂuﬁﬁﬂuﬂigulanﬂ‘V]iJﬂﬁNaG]ﬂ’ﬂiJ
] ' A Vg ' A o A =~ 4 ¥ o
IDUTIVNDITINAAUNUAIUNNUBINITAANIFIIDUNTZIN Gl'Llﬂiil!%36181]1@111LL§$1!13JL!11JIE]
= Y a [ a A 19 Yy 1 Y J =
Aadunu s vn/aas wasnu lausaaztiadaunuluihuwani mslddiwaa 100% ualunsal

Y
a v a3

Y o a a o Aa A A o A oA
u'llluvl,lli'ﬁ]ﬂlcﬁa 20 UIN/an9 (51A19919) Wﬂ\i\iﬂlul’lalﬁﬂ‘ﬂﬂwu‘ﬂ AUNUINTDINAYNIN VIS T

Y Y = ' Y j} a a =] ] a
mmm“lmmmunumgﬂﬂ'nms“lm;mwawamwmﬂqemqmm



Dissertation Title Thermoeconomic Analysis of Solar Organic Rankine
Cycle with Zeotropic Mixture for Power Generation

Author Mr. Thoranis Deethayat
Degree Doctor of Philosophy (Energy Engineering)
Advisory Committee Prof. Dr. Tanongkiat Kiatsiriroat  Advisor

Assoc. Prof. Dr. Sate Sampattakul Co-advisor

Asst. Prof. Dr. Det Damrongsak ~ Co-advisor

ABSTRACT

This research studies thermoeconomic analyses of a modular organic Rankine
cycle (ORC) with solar collectors and biofuels as heat sources for power generation. A
dimensionless term “Figure of Merit, FOM” was used to investigate thermal
performance of low temperature organic Rankine cycle having zeotropic mixtures
which are R245fa/R152a, R245fa/R227ea, R245fa/R236ea, R?245ca/R152a,
R245ca/R227ea and R245ca/R236ea as working fluids. An empirical correlation to
estimate the cycle efficiency from the FOM for all working fluids at the condensing
temperature of 25-40°C and the evaporating temperatures of 80-130°C was developed. It
could be found that the simulation results could validate and fit very well with the

experimental data and other researcher information.

Studies on potentials of power generation by a basic ORC and an CHP-ORC to
generate only electricity and both electricity and thermal were performed by
thermoeconomic analyses. The heat sources of the ORCs came from various kinds of
biomass and biodiesel. The power outputs of ORC were 20 and 100 kWe and the ORC
zeotropic working fluid was R245fa/R152a at 70/30% composition. Hour for power
generation was 12 hours. For biomass, the unit costs of electricity from the 20 kWe and
100 kWe CHP-ORCs were cheaper than those of the basic ORCs. It was found that with
the palm fruit bunch as the energy source, the UCEs for the 20 kWe and 100 kWe CHP-
ORCs were 2.91 Baht/kWh and 2.73 Baht/kWh, respectively. At capital cost of
biodiesel of 5 Baht/liter (assumed free used cooking oil), the UCEs for the 20 kWe and
100 kWe CHP-ORCs were 5.92 Baht/kWh and 5.74 Baht/kWh, respectively.



The sensitivities on the UCE which were palm fruit bunch unit cost, operating
hour and real debt interest rate on the UCE were considered. The results showed that the
palm fruit bunch unit cost and the real debt interest gave the most and least effects on
the UCE.

For biodiesel, the sensitivities on the UCE which were biodiesel capital cost,
operating hour and real debt interest rate on the UCE were considered. It was found that
the biodiesel capital cost gave the most sensitivity on the UCE.

Thermoeconomic analysis of a modular organic Rankine cycle with evacuated-
tube solar collectors and bioenergy as heat source for power generation was considered.
The ambient temperature and solar radiation data of Chiang Mai, Thailand were taken
as the calculation inputs. The power outputs of the ORC power were 20 and 100 kWe.
Working period for power generation was between 8.30 AM to 8.30 PM and the area of
the evacuated-tube solar collector was between 100-900 m2. Palm fruit bunch was the
biofuel used in the simulation. The results showed that the unit cost of electricity from
the hybrid energy source for 20 and 100 kWe ORCs, with solar collector area between
100 and 900 m? and biofuels, were found to be in a range of 4.38 to 6.54 Baht/kWh and
in a range of 3.86 to 4.39 Baht/kWh, respectively. In cases of 20 and 100 kWe CHP-
ORCs, the UCEs were found to be in a range of 3.74 to 4.84 Baht/kWh and in a range
of 2.93 to 3.17 Baht/kWh, respectively.

For the hybrid energy for solar collector area between 100 and 900 m? with
biodiesel, when the biodiesel cost was at 5 Baht/liter, the UCEs of basic 20 and 100
kWe ORCs were found to be in a range of 8.39 to 10.19 Baht/kWh and in a range of
7.97 to 8.34 Baht/kWh respectively. The UCEs of 20 and 100 kWe CHP-ORC were
also found to be in a range of 6.40 to 7.93 Baht/kWh and in a range of 6.07 to 6.35

Baht/kWh for solar collector area between 100 and 900 m?, respectively.

The CO- emission of the hybrid power plants with palm fruit bunch for 20 and
100 kWe CHP-ORC s, it was found that the CO> emission was decreased with the
increase of solar collector area and the CO2 emissions were found to be in a range of
3.96 to 1.44 kgCO2e/kWh and in a range of 2.72 to 1.90 kgCO2e/kWh, respectively.



Similarly with biodiesel, the CO2 emissions were found to be in a range of 1.36 to 0.50
kgCO2e/kWh and in a range of 1.36 to 1.11 kgCO.e/kWh, respectively.

Considering the UCEs of the CHP-ORCS when the external cost on GHG
emission was included, in cases of palm fruit bunch and biodiesel at 5 Baht/liter (Free
feed stock), the hybrid energy gave more expensive cost than those of the 100 %
biomass but in case of biodiesel at 20 Baht/liter (Market price), the hybrid energy with

some suitable collector areas could get cheaper price than that of the biofuel only.
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1)

2)

3)

4)

STATEMENT OF ORIGINALITY

This study proposed a dimensionless term “Figure of Merit, FOM” which could
be used to investigate thermal performance of low temperature organic Rankine
cycle having zeotropic mixtures as working fluids. An empirical correlation to
estimate the cycle efficiency from the FOM was developed to evaluate cycle

efficiency without any information of thermodynamic properties.

Potentials of power generation by a basic ORC and an CHP-ORC to generate only
electricity and both electricity and thermal were performed by thermoeconomic
analyses. The heat sources of the ORCs came from various kinds of biomass and

biodiesel.

Thermoeconomic analysis of a modular organic Rankine cycle with evacuated-
tube solar collectors and bioenergy as heat sources for power generation was
considered. The ambient temperature and the solar radiation data of Chiang Mai,

Thailand were taken as the calculation inputs.

This research considered the unit cost of electricity, UCE of the CHP-ORC when

the external cost on GHG emission was included.



CHAPTER 1
INTRODUCTION

1.1 Rationale

Thailand energy situation in the last 20 years from 1990, the final energy
consumption was increased rapidly with a growth rate of 4.4 percent per year. At 2010,
the final energy consumption was 2.32 times of that at 1990 or around 71.2 Mtoe. The
energy demand in the next 20 years from 2010 to 2030 will be more than double from
71.2 Mtoe to 162.7 Mtoe as shown in Figure 1.1.

Mtoe
180
Average growth < Historical Projection >
160 | rate (%)
140 1991-2010  2011-2030
TFEC 4.4% 4.2%
GDP 4.5% 4.3%
120 Pop. 0.9% 0.3%
By sector
100 ||industry 5.9% 5.0%
Transport 4.3% 3.5%
80 || Residential 2.2% 3.8%
Commercial 7.5 % 5.5%
60 Others 3.8% 2.1%

i &:/

1990 1995 2000 2005 2010 2015 2020 2025 2030

| @ Industry OTransport O Residential mCommercial & Others]
Note: Others sector consist of agriculture, mining and construction sector Source : DEDE, EPPO,JGSEE

Figure 1.1 Historic and projected Thailand energy consumption, 1990-2030
[Ministry of Energy, 2013].

At present, electricity generation from steam Rankine cycle is still the major way
and usually based on fossil fuels such as coal and natural gas to be energy sources. Heat
supplied from fossil fuel has caused many environmental problems such as air pollution
and global warming which are Carbon Dioxide ( CO; ), Carbon Monoxide ( CO),
Methane (CHa), Sulfur Dioxide (SO;) and Nitrogen Dioxide (NOx).

From Table 1.1, for Thailand CO> emission by sector from 2010-2013, it could be
found that electricity sector released CO2> emission higher than any sector and CO- is

also the main cause of global warming.



Table 1.1 Thailand CO> emission by sector from 2010-2013 [Energy Policy and
Planning Office, 2013].

Sector 2010 2011 | 2012 | 2013
Electricity 89,965 | 87,719 | 95,996 | 96,414
Transportation 57,587 | 59,246 | 61,071 | 62,430
Industrial Process | 54,173 | 57,547 | 62,015 | 62,313
other* 18,6578 | 19,873 | 21,414 | 19,561

Unit: 1,000 tons

Ministry of Energy is targeting to replace 30 percent of total fossil fuel consumption
with renewable and alternative energies by the end of 2036. From Table 1.2, it could be
found that the Government has tried to promote electricity produced mostly from solar
energy, hydro power and biomass and also promoted the communities to generate
electricity which could be managed and maintained by themselves.

Table 1.2 Renewable Energy Development Plan Targets in 2036 [Department of
Alternative Energy Development and Efficiency, 2015].

Electricity Capacity | Unit

MSW 500 MW
Waste from Industry 50 MW
Biomass 5,570 MW
Biogas 1,280 MW
Mini Hydro Power Plant 376 MW
Wind 3,002 | MW
Solar 6,000 MW
Mega Hydro Power Plant 2,906 MW

Thermal Capacity Unit
Waste 495 ktoe
Biomass 22,100 ktoe
Biogas 1,283 ktoe
Solar 1,200 ktoe
Others 10 ktoe

Biofuels Capacity Unit
Biodiesel 14 | ml/day
Ethanol 11.3 | ml/day
Pyrolysis Oil 0.53 | ml/day
CBG 4,800 | ton/day
Others 10 ktoe




Solar radiation in Thailand seems to be high but Thailand is in the monsoon area
where the diffuse solar radiation is around 40-50 % of the global radiation. The annual
direct normal solar radiation is in a range of 1,350-1,400 kWh/m?-yr [Department of
Alternative Energy Development and Efficiency, 2013] which is not high enough for

concentrating solar power (CSP) to generate electrical power.

Non-Concentration solar collector such as flat-plate and evacuated tube solar
collectors could generate heat in a range of 90-120°C. At this range, these collectors

could be taken as heat sources for organic Rankine cycle (ORC).

Organic Rankine cycle (ORC) is a kind of Rankine cycle of which the working fluid
has a low boiling point thus the unit could operate with a low heat source temperature
such as low temperature waste heat, geothermal heat, solar heat or biomass combustion

for generating electricity.

During heat exchanging at the evaporator and the condenser of the ORC cycle, there
were temperature differences between the heat exchanging fluids which generate
irreversibilities at the cycle components then some part of the cycle available work was

destroyed.

Use of zeotropic fluid in the ORC is one method to reduce the temperature
differences during the heat exchanges. The temperature of the zeotropic fluid is
changing during a phase change then the temperature of the cycle working fluid could
follow those of the heat source and the heat sink streams at the evaporator and the
condenser, respectively. With smaller temperature differences compared with the single
working fluid, consequently, the irreversibilities during the heat exchanges are less and

higher cycle work output could be obtained.

In this research work, improvement of solar organic Rankine cycle performance was
performed with zeotropic mixture as working fluid in organic Rankine cycle. A
dimensionless “figure of merit” was proposed for screening suitable zeotropic working
fluid based on thermal efficiency. In addition, integration of bioenergy such as biomass
and biodiesel to be hybrid energy source is also investigated. Thermo-economic
analysis of solar organic Rankine cycle with zeotropic mixture for power generation

was also considered.



1.2 Literature Reviews

The literature review was divided into 2 sections. The first section gave a review
on the organic Rankine cycle and its working fluid. The second section gave a review

on the potential of the organic Rankine cycle with zeotropic working fluid.
1.2.1 The Organic Rankine Cycle and Working Fluid

Increase of fossil fuel consumption has caused environmental problems such as
ozone depletion, global warming and air pollution. A solution for these problems is to
use technology which is environment friendly such as renewable energy to generate
electricity. Organic Rankine cycle (ORC) is also an alternative method which can be
used with geothermal energy [Hettiarachchi, 2006], solar thermal energy [Marion,

2012] and waste heat in a form of combined heat and power (CHP) [Donghong, 2006].

Selection of ORC working fluids based on available heat source, safety and
technical feasibility have been reported by many researchers. Maizza and Maizza, 2001,
Saleh et al. 2007 and Drescher and Bruggemann 2007 analyzed performances and
properties of different working fluids for an ORC application. Some important
properties of a good working fluid were low specific volumes, low toxicity, low ozone
depletion potential (ODP), low global warming potential (GWP) and low flammability.
Tchanche et al. 2009 presented R134a was the most suitable for small scale solar
application with maximum temperature heat source 90°C. R152a, R600a, R600 and
R290 also offered good performances but needed safety precautions. Another property
that must be considered is saturation vapor line of working fluid. The slope of the
saturation line in the T-s diagram depends on the fluid types. Mago et al. 2008 reported
a dry and isentropic fluid gave better thermal efficiencies because they did not condense

during the fluid went through the turbine.

To screen out the appropriate working fluid for ORC system, many specific

thermos-physical properties have to be considered. Kuo et al. 2009 proposed a

0.8
dimensionless “figure of merit (FOM)” which was defined as FOM =/a°! (—T“’”d) ,

evap

This term was used to screen working fluid at various condensing/evaporation

temperatures. The thermal efficiency decreased with the increase of FOM.



Some researchers proposed many methods to improve the performance of ORC,
Mago et al. 2008 analyzed and compared regenerative cycle with basic ORC using dry
fluids, The regenerative ORC gave higher thermal efficiency compared with the basic
ORC and also decreased heat input to produce the same power. Somayaji et al. 2006
reported the effect of superheating of dry fluid on the thermal efficiency of basic ORC.
It was noted that the thermal efficiency was slightly decreased or remains

approximately constant with the increment of the turbine inlet temperature.
1.2.2 Organic Rankine Cycle Performance with Zeotropic Working Fluid

During heat exchanging at the evaporator and the condenser of the ORC cycle,
there were temperature differences between the streams of the heat source and the heat
sink with the ORC working fluid, respectively. The temperature differences generate
irreversibilities at the cycle components then some part of the cycle work was
destroyed.

Use of a zeotropic fluid in the ORC is one method to reduce the temperature
differences among those of the heat source and the heat sink with the ORC working
fluid. Since the temperature of zeotropic fluid is changing during a phase change then
the temperature of the working fluid could follow those of the heat source and the heat
sink streams at the evaporator and the condenser, respectively with smaller temperature
differences compared with the single working fluid. Consequently, the irreversibilities
during the heat exchanges are less which results in higher cycle work output. Moreover,
some working fluid blend might be friendlier to the environment. The ODP or GWP
will be less than those of the single component.

Li et al. 2011 investigated the influence of evaporating temperature and internal
heat exchanger. Three pure fluids (R123, R141b and R245ca) and one mixture
(R141b/RC318) were used as working fluids. They concluded that the ORC efficiency
of the mixture R141b/RC318 would be better than R141b after adding an internal heat
exchanger. Wang and Zhao 2009 compared three different compositions by mass
(0.9/0.1, 0.65/0.35 and 0.45/0.55) of R245fa/R152a to pure R245fa at a low temperature
solar ORC. For zeotropic mixtures, a significant increase of thermal efficiencies could

be obtained when the outlet of evaporator is superheated with IHE. Heberle et al. 2012



presented simulations for ORC with isobutene/isopentane and R227ea/R245fa mixtures
as working fluids. The composition of mixture, heat source temperature and temperature
difference of cooling water were the concerned parameters. The second law efficiency
increased in a range of 4.3% to 15% for mixtures compared to pure fluids for a heat
source temperature under 120°C. Chys et al. 2012 used zeotropic as the working of
ORC systems when the heat source temperatures were at 150°C and 250°C. They found
a potential increment of 16% and 6% in the system efficiency, respectively. The power
generation at optimal condition could be increased by 20% for the low temperature heat

source comparing with the pure working fluids.

From the previous studies, it could be seen that ORC can be converting low
temperature heat source to generate electricity and ORC operating with zeotropic fluids
can achieve higher efficiencies compared to typical ORC with single fluids. In this
study, thermoeconomic analysis and performance modeling of an ORC with hybrid
solar/biofuel were carried out. The ORC in this study was a modular unit of 20 and 100
kWe output that could be implemented in an office or small community. Hot water to
generate heat at ORC evaporator came from evacuated tube solar collectors, biofuel was
burnt to generate an auxiliary heat when the solar radiation level was not high enough.
Selection of zeotropic working fluid in the cycle was found out from the related
parameter and the dimensionless “figure of merit” was developed to screen suitable

zeotropic working fluid.

1.3 Objective of the Present Study

1.3.1 To study parameters which affect the zeotropic organic Rankine cycle
performance, both the first and the second laws of thermodynamics and find out the

suitable zeotropic fluid for the ORC.

1.3.2 To generate thermoeconomic analysis of an ORC with hybrid solar/biofuel

as energy source and find out the unit cost of the output.



1.4 Scope of This Study
1.4.1 ORC capacity was not over 100 kWe.
1.4.2 Evaporating temperature was between 80-130 °C.

1.4.3 The weather data of the Chiang Mai, Thailand were taken as the input

information for the simulation.

1.4.4 Evacuated tube solar collector was used in the simulation.

1.5 Benefit of This Study

1.5.1 A dimensionless “figure of merit” to screen zeotropic fluid for ORC

system was presented.

1.5.2 Thermoeconomic analysis of an ORC with hybrid solar and biofuel and the

unit cost of the output could be carried out.

1.6 Keywords

Organic Rankine cycle, Zeotropic fluid, Solar collector, Power Generation,
Thermoeconomic analysis, Figure of Merit.



CHAPTER 2
THEORY

2.1 Organic Rankine Cycle (ORC)

Organic Rankine cycle (ORC) is a kind of Rankine cycle of which the working
fluid has a low boiling point thus the unit could operate with a low heat source
temperature. ORC is a well-known technology since the early 70’s [Hung et al., 1997].
Most of ORC power plants have been built and the heat sources mainly come from low
temperature waste heat, geothermal heat, solar energy or biomass combustion for

generating electricity.
2.1.1 ORC Thermodynamics Cycle

A diagram of the basic ORC system is shown in Figure 1. The system consists
of an evaporator, a turbine, a condenser and a pump. The working fluid leaves the
condenser is designated as saturated liquid (state 1) and the pump supplies the working
fluid to the evaporator (state 2) where it is heated and vaporized by a heat source. The
generated high pressure vapor or high pressure superheated vapor (state 3) flows
through the turbine to produce power. The low pressure vapor then exits the turbine
(state 4) and enters into the condenser to reject heat to a heat sink. The condensed

working fluid at the condenser outlet is pumped back to the evaporator.

Heat Source
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iy 1 f
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Figure 2.1 ORC basic components.



The slope of the saturation curve in the T-s diagram depends on the type of
working fluid. An isentropic fluid has infinitely large slope; a wet fluid has a
negative slope, while a dry fluid has a positive slope. Dry and isentropic fluids show
better thermal efficiencies because they do not condense after the fluid goes through
the turbine as opposed to wet fluids that produce condensates after the fluid
expansion. The comparisons of the temperature-entropy diagram for isentropic, wet

and dry fluids are shown in Figure 2.2.

Figure 2.2 shows T-s diagrams of the ideal ORC. The process 1-2 is isentropic
compression for liquid pumping and the process 3-4 is isentropic expansion in the
turbine. But in practice, there are effects of heat loss and friction on the cycle
performance therefore, the actual exit states of the pump and the turbine become

states 2a and 4a, respectively as shown in Figure 2.3.

_____

(a) Isentropic Fluid. (b) Wet Fluid. (¢) Dry Fluid.

Figure 2.2 T-s diagram of the ideal ORC [Mago et al. 2008].



(a) Wet Fluid. (b)Dry Fluid.

Figure 2.3 T-s diagram of the actual ORC [Saleh et al. 2007].

2.1.2 Thermodynamics Analysis

Detailed analysis of the ORC system is summarized as follows:

Pump

Where

; mgrv1(Py—Pq)
—_ ———— 2.1
iy, = 2l @)

Wp = mg(hzq — hy). (2.2)

W, = Work rate from pump (kW)

mr = Mass flow rate of refrigerant (kg/s)
P, = Pressure at state 1 (kPa)
P, = Pressure at state 2 (kPa)
Np = Isentropic efficiency of pump
hy = Enthalpy at state 1 (kJ/kg)
hyq = Enthalpy at state 2a (kJ/kQg).
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Evaporator

Qg = 1ig(hs = hyg). (2.3)
Where Qg = Heat rate for evaporator (kW)

hs = Enthalpy at state 3(kJ/kg).
Turbine

Wr = 1ig(hs = hy)nr- (2.4)
Where Wy = Work rate from turbine (kW)

h, = Enthalpy at state 4(kJ/kg).
Condenser

Qc = mg(hsa — hy). (2.5)
Where Qc = Heat loss from condenser (kW)

h,, = Enthalpy at state 4a (kJ/kg).
Cycle Efficiency

1% law efficiency

_ Wp—Wp

QE (26)

ni

2.2 Improvement of ORC Efficiency by Zeotropic Working Fluid

During heat exchanging in the evaporator and the condenser of the ORC cycle,
there were temperature differences between the streams of the heat source and the heat
sink with the ORC working fluid, respectively. The temperature differences generate
irreversibilities at the cycle components then some part of the cycle work was

destroyed.

11



Use of zeotropic fluid in the ORC is one method to reduce the temperature
differences between the heat source and the heat sink with the ORC working fluid at the
evaporator and the condenser. Since the temperature of the zeotropic fluid is changing
during a phase change then the temperature of the working fluid could follow those of
the heat source and the heat sink streams at these components, respectively with smaller
temperature differences compared with the single working fluid. Consequently, the
irreversibilities during the heat exchanges are less which results in higher cycle work
output. Moreover, some working fluid blend might be friendlier to the environment. The
ODP or GWP will be less than those of the single component [Wang et al. 2010].

T4

Figure 2.4 T-s Diagrams compared between single working fluid (dotted line)

and zeotropic fluid (solid line).

Chys et al. 2012 analyzed performance of a low temperature ORC using
Hexane/Pentane compared with Pentane as shown in Figure 2.5 The results showed that
the zeotropic gave better performance since there were gliding temperatures during heat
exchanges in the evaporator and the condenser thus the total area in the T-s diagram

which represented the total work output was higher than that of the single fluid.
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Figure 2.5 T-s diagrams of an ORC (a) zeotropic mixtures of Hexane/Pentane 0.5/0.5
(b) Pentane [Chys et al. 2012].

2.3 The Solar ORC with Bio-oil or Biomass as Auxiliary Heat Source

Figure 2.6 shows a diagram of an ORC with solar collectors and bio-oil and

biomass as energy source for generating hot water to the ORC.

There is a water closed loop to extract heat from the solar thermal system and

the heat is transferred to the ORC evaporator. If the heat rate and the hot water

temperature are not high enough the auxiliary heat will be generated from bio-oil or

biomass combustion in a furnace.

Hot Warter
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Combustion
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Condenser

|
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Figure 2.6 Diagram of solar ORC with bio-oil or biomass as auxiliary heat source.
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2.3.1 Solar Collector

Solar collector is an equipment that absorbs and transforms solar energy into

thermal energy to working fluid, liquid or air, which is moving in the collector.

There are 2 types of solar collector: a non-concentrating solar collector and a
concentrating solar collector. At present, concentrating solar power (CSP) technology
can be exploited through three different systems, i.e. the parabolic trough system, the
tower system and the dish/Stirling engine system. All the CSP technologies will be
appropriate for countries having high direct normal solar radiation. There were some
reports showed that the average direct normal solar radiation values for the power
generation should be above 1500 kWh/m?-year [IEA, 2003].

For Thailand, the annual direct normal solar radiation was in a range of 1350-
1400 kWh/m?-year [Potentials of solar power, 2006], which was rather low for the CSP

technologies.

Wibulswas, P. 1998 and Vorayos, N. et al. 2009 reported the diffuse component
of the solar radiation in Thailand was quite high since the country was in the monsoon
area and it was about 50% of the total radiation. A solution for this problem (low annual
direct normal solar radiation) was the use of evacuated-tube solar collectors instead of
solar concentrators as a heat source to generate hot water for running organic Rankine

cycle (ORC) to generate electrical power.

Non—concentrating collector such as flat- plate solar collector and evacuated-

tube solar collector are shown in Figure 2.7.

14



Figure 2.7 Flat-plate solar collector and evacuated-tube solar collector
[Solar collector, 2014].

An evacuated-tube solar collector in Figure 2.8 is composed of a set of vacuum
glass tubes. The air between the absorber and the glass tube is pumped out, generating a
vacuum. This mechanism creates excellent insulation, trapping the heat inside and
makes the solar collector performance be highly efficient.

Each absorber tube is a heat pipe which contains the substance that could
vaporize at low temperature. When the tube absorbs solar energy, the vapor will float up

15



to the bulb heat exchanger which is inserted into a water passage tube outside the glass
tube to heat the hot water that circulating in the system. After heating the hot water, the

substance will condense and return back to the heat pipe tube to reabsorb the solar heat.

heat exchanger

hot fluid
to storage
tank. where it

!, : ~
heats water cooled — bquid in pipe

fluid from heat turns to hot
nl 2 vapor, which

storage tank pipe aats the
fluid flowing

theough heat
exchanger

Figure 2.8 Components of evacuated-tube solar collector [Solar collector, 2014].

For solar collector, the heat gain rate from the solar collector can be

calculated from

Qcou = Ac[Ir (va) = Up(Tym — To)]- (2.7)

Where Q.. = the heat gain rate from the solar collector (kW)

A, = the area of solar collector (m?)

Ir = the total solar radiation on the tilted surface (W/m?)

Ta = the optical efficiency of collector

U,  =the overall heat loss coefficient (W/m?. K)

T,n = the average absorbing plate temperature (°C)

T, = the ambient temperature (°C).

16



In practice, the value of the average absorbing plate temperature is rather
difficult to get the exact value, therefore, the average fluid temperature (Tf,,) is used

instead. The above equation could be modified as

Qcont = AcF'[Ir(ta) = Uy (Tpm — T (2.8)

Where F’ is the collector efficiency factor which is the ratio of actual heat gain to that

when the average temperature of the absorber plate is the same as T, which is

Tri=Tro
Trm = # (2.9)

Where Ty; = the temperature of fluid entering solar collector (°C)

Ty, = the temperature of fluid leaving solar collector (°C).

The equation could also be rewritten in the form of
Qcoll = ACFR [IT(Ta) - UL(Tfi 3 Ta)]- (2-10)

Where Fy is called the heat removal factor which is the ratio of actual heat gain to that

when the absorber plate has a temperature of T;.

2.3.2 Thermal Energy Storage

A set of solar collectors with a thermal energy storage supplies heat for thermal
applications. An energy balance for the non-stratified thermal energy storage and the

temperature of water in the thermal energy storage can be evaluated from

dTs . . .
Mst T Qcou — Quseful — Qioss- (2.11)
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Where
Quseful = mWCp (TTL - TFL)r (2-12)

Quoss = UA(Ts — T,). (2.13)

Substitute equations (2.10), (2.12) and (2.13) into equation (2.11), the

temperature of water in the storage tank can be calculated from

At ;
TEHAE = T 4 FC,,{ACFR []T(-L-a) — Uy (Ty;i — Ta)] — 1y Cp (T, — Try) —

UA(T; — T}. (2.14)
Where M = the mass of water in thermal energy storage (kg)
Cy = the specific heat of water (kJ/kg.K)
13 = the temperature of water at time t (°C)

TEHAL = the temperature of water at time t + At (°C)

t = time (5).

2.3.3 Solar Fraction
The solar fraction (SF) is the amount of heat supplied by solar thermal
system divided by the total heat demanded by the ORC system. It could be

expressed as

_ Z(QsolarAt)
28 Y(Qroaalt) (215)

Where
> Qso1ar At = the total heat supplied by the solar thermal system
Y Q10aq At =the total heat load for supplying to the ORC.
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2.4 ORC for Combined Heat and Power

Combined Heating and Power (CHP) is a system that simultaneously generates
electricity and useful heating from a combustion fuel or other kinds of heat sources. In
this system, modular organic Rankine cycle having low temperature heat from solar
energy coupled with bio-oil or biomass as auxiliary could be used for power generation,
the exhausted gas from biomass or bio-oil combustion could be used for water heating,

therefore, higher overall efficiency could be obtained compared with conventional heat

engine.
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Figure.2.9 A CHP ORC system with solar energy and bio-oil or biomass as

energy input.
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From Figure 2.9, the combined heat and power ORC unit could generate both

electricity and heating then the total efficiency could be calculated by

Enet+(QHwout XAt) (2 16)
HTAC+Z(mbiomass,bio oit HHV)'

Ncup =

Where Quuwoue 1S the useful heat for other thermal applications (kW), At is the
operating hour.

It could be noted from equation (2.16) that the overall efficiency of the CHP is
higher than that of the ORC for power generation only.

2.5 Thermo-economics

Thermo-economics is a combination of exergy analysis and economic principle
to provide the effective cost of the products or useful energy outputs with different

qualities.

Thermo-economic balance for any unit based on exergy and cost balances could

be formulated as [Thermoeconomics, 2005]
Cp & Ci'l’l + Cout + ZO&M' (217)

Where C'p is the cost rate of power, C;,, and C,,,; are the cost rates according to inlet and

outlet streams and Zg,, is the capital investment and operating & maintenance cost.

With exergy costing, each of the cost rates is evaluated in term of the associated
rate of exergy transfer and unit cost as

cpEp = CinEin + CourEour + Z. (2.18)
Where c = Cost per unit of exergy (Baht/s)
E = Rate of exergy (kW)
Z = Cost rate of investment and operating &

maintenance cost (Baht/s).
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In the study, electrical energy and useful heat are the required outputs of the
ORC as shown in Figure 2.10 and 2.11.

Basic ORC system

E EG
Exhausted Gas
|

Hot water in—» VVB' Ce
Furnace ORC —®7r~
. -«—Hot water out—— .
ZwH Zorc
Heat sources
from biomass/
bio-oil

A

Figure 2.10 Basic ORC system.

For basic ORC as shown in Figure 2.10, we consider a control volume enclosing
the system. Heat from solar energy or biomass or bio-oil enters the water heater and
there is exhausted gas leaving the furnace. The total cost to produce the electricity and
exhausted gas equals the cost of the entering heat sources plus the investment cost and
the operating maintenance cost of the water heater and the ORC. This could be
expressed by.

Ce + Co = Cus + Zwn + Zore + Zoam (2.19)
Where C = the cost rate of the respective stream
Zyy = the cost rate of investment in water heater
Zorc = the cost rate of investment in ORC

Zoam = the cost rate of investment in operating & maintenance.
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For simplicity, we assume the exhausted gas is discharged directly to the
surrounding with negligible cost. Thus equation (2.19) could be reduced as follow

Ce = CHS + ZWH + ZORC + ZO&M' (220)

Then, with equation (2.20), the above equation could be

ceW, = cusEns + Zwn + Zore + Zogu- (2.21)
CHP ORC system
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Figure 2.11 CHP ORC system.

In our CHP ORC as shown in Figure 2.11, the gas from biomass or bio-oil
combustion could be used for water heating, therefore, higher overall efficiency could
be obtained compared with the basic ORC.

22



The total cost to produce the electricity including the costs of exhausted gas and
hot water equals the cost of the entering heat sources which are the cost of cold water
plus the cost of investment and operating & maintenance and the cost of water heater,

the cost of heat exchanger and the cost of ORC. This could be expressed by
Ce + Cic + Cuwour = Cus + Cowin + Zux + Zwn + Zore + Zoam (2.22)

Where C is the cost rate of the respective stream and Zyx, Zwu, Zorc: Zogm are
the cost rate of investment in heat exchanger, water heater, ORC and operating &

maintenance, respectively.

For simplicity, we assumed the cold water entering the heat exchanger with
negligible exergy and cost, the exhaust gas was discharged directly to the surrounding
with negligible cost. Thus equation (2.22) could be reduced as

Ce + Cuwour = Cus + Zux + Zwu + Zorc + Zogm- (2.23)

It could be noted that the exergy costings of the power and the exergy in the generated

hot water were assumed to be similar. Therefore, with (2.24) we have
Ce (We + EHWout) = cusEus + Zwn + Zore + Zux + Zoam- (2.24)

The exergy analysis was used to explain the outputs which were useful heat and
power obtained from CHP ORC in following Chapters.
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CHAPTER 3

PARAMETRIC ANALYSIS ON MODULAR ORGANIC RANKINE
CYCLE PERFORMANCE

To improve ORC efficiency, a concept of a zeotropic working fluid of which the
temperatures during boiling and condensation are changing with the temperatures of
heat source and heat sink, respectively, could be applied. Due to the temperature
differences during heat exchanging were less than those of the single working fluid then
the thermodynamic irreversibilities in these components could be reduced which
resulted in higher work output. Wang et al. 2010 compared performance of low
temperature ORC using pure fluid (R245fa) and its mixture (R245fa/R152a) based on
the experimental study. It could be found that thermal efficiency of the zeotropic fluid
was higher than that of pure R245fa. Similar results was found by Dong et al. 2014 who
investigated the performance of a high-temperature ORC (heat source at 280°C) with
zeotropic mixtures of siloxanes as working fluids. Chys et al. 2012 also considered
thermal performances of ORC systems having zeotropic mixture as working fluid for
heat source at temperature of 150 - 250 °C. The cycle efficiency could be increased
about 6 - 16%. Heberle et al. 2012 presented the second law efficiency of an ORC with
isobutane/isopentane and R227ea/R245fa as working fluids. The second law efficiency

increased 4.3% to 15% for the zeotropic mixtures compared with fluids.

The thermal efficiency of an ORC system was completely related to many
thermophysical properties. Recently Kuo et al. 2009 studied relationships of
thermodynamic properties of many working single fluids which affected ORC thermal
efficiency. The properties could be consolidated in a dimensionless group called Figure
of Merit, FOM which included Jacob number, evaporation and condensing
temperatures. Lower the FOM value, higher the ORC thermal efficiency could be
achieved. The FOM could also be used to screen working fluid to get high ORC

performance.

24



In this chapter, a technique proposed by Kuo et al. 2009 was modified to find
out a correlation between the cycle efficiency and FOM of small-scale ORC at
evaporating temperature of 80-130°C and condensing temperature of 25-40°C with
zeotropic mixtures in case of ideal cycle. The correlation data could also be used to
estimate the cycle efficiency for real cycles. It could be noted that only dry fluid having

positive slope of saturated vapor line in T-s diagram or isentropic fluid were considered.
3.1 ORC Thermodynamics Cycle

Fig. 3.1 (a) shows the ORC configuration which is consisted of a pump, an
evaporator, an expander and a condenser. The working fluid leaves the condenser as
saturated liquid (state 1) and it is pumped to the evaporator (state 2) to be heated and
vaporized by various heat sources such as waste heat, hot water from solar heat or
geothermal energy, etc. The generated high pressure vapor (state 3) flows into the
expander to generate power and thereafter the low pressure vapor exits the expander
(state 4) to the condenser where the vapor is condensed by rejecting heat to cooling
water. The condensed working fluid at the condenser outlet is pumped back to the
evaporator, and a new cycle begins. All the above described processes are shown in
temperature-entropy diagrams for ideal ORCs with single and zeotropic working fluids

as shown in Figs. 3.1 (b) and (c), respectively.

In Fig. 3.1 (c) it could be seen that during heat exchanging at the evaporator and
the condenser of the ORC, there were temperature differences between the streams of
the heat source and the heat sink with the ORC working fluid, respectively. The
temperature differences generate irreversibilities at the cycle components then some part

of the available cycle work was destroyed.
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Figure 3.1 Thermodynamic cycles of ideal ORC for single and zeotropic working fluids.

The energy balance at each component could be summarized as follows:

Pump:
iy _ mw(P,—Pq)
Wo =", (3.1)
W, = m(h, — hy). (3.2)
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Evaporator:

QE =m(h; — hy). (3.3)
Turbine:
Wy = m(hs — hy)ny. (3.4)
Condenser:
Qc = M(hgq — hy). (3.5)
Thermal efficiency:
o= Tt (3.6)

For ideal cycle, the expansion work and the compression work are isentropic. The states

of the working fluid entering the expander and the pump are saturated.

In real practice, the isentropic efficiencies during expansion and the compression
are less than 100%. For simplicity, the compression work is rather small and it could be

neglected then the actual cycle efficiency could be calculated by

Nactual cycle = Nth ideal X nisentropic turbine (3-7)

The cycle efficiency for each working fluid could be calculated from the above

equations at various evaporating and condensing temperatures.

Kuo et al. 2009 consolidated the related parameters which affected the ORC
thermal efficiency. A term called “Figure of Merit, FOM” was defined as

0.8
Figure of Merit (FOM) = Ja®* (M> . (3.8)

Tevap

This dimensionless term includes the Jacob number, evaporating and condensing

: : A -
temperatures. Jacob number is defined as Ja = C}f—T , Cp represents the average specific
fg

heat evaluated from the mathematical mean of the condensing and evaporating
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temperature, AT is the temperature difference between evaporator and condenser

temperatures, where h¢, denotes the latent heat at evaporation temperature.

FOM increases when the evaporating temperature decreases or the condensing
temperature increases. These also result to the decreases in the output work and the

cycle efficiency.

The cycle efficiency could be calculated from thermodynamics properties
following equations (3.1-3.7) at various condensing and evaporating temperatures. It
could be noted that the cycle efficiency depended strongly on the FOM from eqn (3.8).
Lower the value of FOM, higher the thermal efficiency of the ORC could be achieved.

In this study, various single and zeotropic working fluids were considered. The

conditions for the calculation of ideal ORC were given in Table 3.1.

Table 3.1 The conditions for calculating ideal ORC performance.

Parameter Data
Isentropic efficiency of pump (7,,) 1
Isentropic efficiency of turbine () 1
Evaporating temperature 80-130°C
Condensing temperature 25-40°C
The ambient temperature 25°C

3.2 Working fluids

For low temperature ORC, the heat source could come from low temperature
waste heat, geothermal heat, solar heat or biomass combustion to generate hot water
stream having temperature of about 80-130°C. The hot water supplies heat at the ORC
evaporator. The ORC working fluids could be screened out from its environment
impacts: low ozone depression potential, ODP; low global warming potential, GWP and
low atmospheric life time, ALT; its chemical stability in the operating temperature
range and its thermal stability. Five working fluids, R245fa, R152a, R227ea, R245ca
and R236fa and their blendings in form of zeotropic fluids were selected. The fluids
physical properties and the environmental data of each single and zeotropic working
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fluids were shown in Tables 3.2 and 3.3, respectively. The thermodynamic properties of

the single fluids and their mixtures could be obtained from REFPROP, 2013.

Table 3.2 Physical and environmental data of the working fluids. [Tchanche, 2009]

Physical Data Environmental Data
Substance M Teri Peri T. (°C ALT ODP le(\)lop Type
(kgrkmol) | ¢C) | (Mpa) | )| ) o
R245fa | 134.05 | 15401 | 365 | 1514 | 76 | 0o | 710 | Dry
R245ca | 134.05 | 17442 | 393 | 2513 | 62 | O | 693 | Dry
R236ea | 15204 | 13929 | 35 | 619 | 8 0 | 710 | Dry
R227ea | 170.03 | 101.75 | 2.925 | -16.34 | 342 | 0 | 3220 | Dry
R152a 6605 | 1133 | 452 | 24 | 14 | 0 | 124 | Wet
R123 15293 | 1837 | 367 | 278 | 13 | 002 | 77 'S;?ém

Table 3.3 Physical data of the zeotropic working fluids. [REFPROP, 2013]

Physical Data

Substance Mass Fraction M Perit
kakmon | | vpay
R245fa/R152a 90/10 121.54 147.44 3.91
R245fa/R152a 80/20 111.16 141.36 4.07
R245fa/R152a 70/30 102.42 136.29 4.20
R245fa/R227ea 90/10 136.95 149.57 3.65
R245fa/R227ea 80/20 139.97 144.86 3.63
R245fa/R227ea 70/30 143.13 139.89 3.59
R245ca/R236ea 90/10 135.65 170.98 3.93
R245ca/R236ea 80/20 137.3 167.42 3.90
R245ca/R236ea 70/30 138.98 163.77 3.85
R245ca/R227ea 90/10 136.95 169.37 3.98
R245ca/R227ea 80/20 139.97 163.64 3.97
R245ca/R227ea 70/30 143.13 157.35 3.94
R245ca/R152a 90/10 121.54 166.05 4.30
R245ca/R152a 80/20 111.16 157.57 4.49
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Physical Data
Substance Mass Fraction M Perit
Tcrit (OC)
(kg/kmol) (Mpa)
R245ca/R152a 70/30 102.42 149.19 4.57
R245fa/R236ea 90/10 135.65 151.88 3.63
R245fa/R236ea 80/20 137.3 149.82 3.61
R245fa/R236ea 70/30 138.98 147.85 3.58

3.3 Results and Discussion
Single Fluids
Ideal Cycles:

Fig. 3.2 shows correlation between the ideal cycle efficiency calculated from
equations (3.1-3.6) and the FOM for various single working fluids, when the
evaporating and the condensing temperatures are prescribed. With a selected working
fluid, Ja could be estimated followed by the FOM. It could be seen that lower the FOM
resulted in higher the thermal efficiency. Thus the term FOM could also be used to
screen working fluid to get high thermal efficiency at the same evaporating and

condensing temperatures.
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Figure 3.2 The correlation between the ideal cycle efficiency and the FOM for various
single working fluids, condensing and evaporating temperatures.
From Fig. 3.2, the thermal efficiency (n.,) could be expressed as a function of

the condensing temperature (T,,,,4) and FOM as

Nen idear = [40.44 — 0.17Tpng + 0.0035T2 ;] + [—132.76 + 3.604T.ppg —
0.0428TZ, ,]FOM. (3.9)

Experimental Cycle

Single Fluid:

From equation (3.7), the actual thermal efficiency for single fluids could be evaluated
by multiplying 1.1 :qea: BY the isentropic efficiency of expander. A set of experimental
data from a commercial modular ORC was taken to verify the calculation from the
proposed method. The specification of the commercial modular ORC was given in

Table 3.4 The testing results were shown in Table 3.5
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Table 3.4 The specification of the commercial modular ORC.

R245fa hot water source, 3P 380V 50HzInduction generator

ORC type

Gross power:20kW

| Net power:16 kW

Refrigerant | R245fa

Semi-hermetic twin screw type expander with direct drive induction

Capacity:260kW

Hot water

Expander generator
Model:RC2-300 300CMH displacement
volume
SUS 316 plate type heat exchanger, Z400H x 136
Hot water inlet 110°C flow rate:150LPM
Evaporator

connection:3" JIS10K

Shell and tube heat exchanger

Shell: Carbon steel 12" x 3000mmL

Condenser | Tube:3/4" copper tube with inner and outer low fin tube

Cooling water: inlet 30°C

Outlet 35°C

Flow rate: 810 LPM

Water connection:4"

Flange

Table 3.5 Testing data of the commercial modular ORC.

Descriptions Condition 1 Condition 2 Condition 3 | Unit

Evaporator

Hot water inlet 116 107.8 97 | °C

Heat source capacity 244 238.3 228.8 | KW
Condenser

Cool water inlet 28 28 28 | °C

Heat sink capacity 219 215.6 210.9 | KW
Expander

Expander inlet pressure 1097.1 1120 1074 | kPa-Abs

Expander outlet pressure 227.4 227.4 227 | kPa-Abs

Expander inlet temperature 93.7 94.6 92.8 | °C

Expander outlet

temperature 37.1 37 37 |°C

Isentropic Efficiency of 71.4 67.9 56.6 | %
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Descriptions Condition 1 Condition 2 Condition 3 | Unit
The Expander
Cycle Efficiency 9.40 8.81 7.37 | %

From equation (9), the ideal ORC cycle efficiencies at the same conditions as
given in Table 3.3 were found to be 12.92%, 13.08%, 12.80% respectively. With the

isentropic efficiencies at the expander, the actual cycle efficiencies were found to be

close to those of the real cycle. The deviations of the results from the real values were

shown in Table 3.6.

Table 3.6 Comparison of the results from the proposed method with real cycle

Table 3.4.

efficiency.
Descriptions Condition 1 | Condition 2 | Condition 3 | Unit

Ideal Cycle Efficiency from eqn.(3.9) 12.92 13.08 12.8 | %
Isentropic Efficiency of The

714 67.9 56.6 | %
Expander
Cycle Efficiency (from the present

9.23 8.88 7.25 | %
method)
% Difference from Real Cycle from

1.81 0.79 1.63 | %

The results by this method were also compared with those given by Saleh et al.

[13] as shown in Table 3.7 and very good agreements of these results were found.
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Table 3.7 Comparison of the results calculated from this study with Saleh, 2007.

Mth % Difference from

Working

Fluid Salehet | This Saleh et al.

al. study

R245fa 12.52 12.89 2.96
R245ca 12.79 13.13 2.66
R152a 8.82 8.59 2.61
R227ea 9.2 8.90 3.26
R236ea 12.02 12.46 3.66

Operating conditions: The evaporating temperatures for R245fa, R245ca and R236ea
was 100°C, the evaporating temperatures for R152a and R227ea were 72.59°C and
83.88°C, respectively. The condensing temperature was 30 °C and the isentropic

efficiency of turbine was 0.85.

Zeotropic Mixture
Ideal Cycle

In this studies, 6 zeotropic mixtures, R245fa/R152a, R245fa/R227ea,
R245fa/R236ea, R245ca/R152a, R245ca/R227ea and R245ca/R236ea were considered.
The mass fractions of R245fa and R245ca were recommended not to be less than 70%
[5, 12]. Fig. 3.3 shows the correlation between the ideal cycle efficiency with
FOMzeotropic for these zeotropic refrigerants compared with that for R245fa. The
evaporating temperature and the condensing temperature for the FOMzeotropic Calculation
were taken from saturated liquid at the evaporating pressure and saturated vapor at the
condensing pressure, respectively. It could be seen that high disorders of the data points

were found with the zeotropic working fluids.
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Figure 3.3 The correlation between the ideal cycle efficiency with FOMzeotropic for

zeotropic refrigerants.

The deviation of cycle efficiency from the single fluid was mainly due to gliding

temperatures of the zeotropic fluids as shown in Table 3.8.
Table 3.8 Gliding temperatures when the evaporation temperature was at 80-130°C.

The condensing temperature was at 25-40°C.

Mass Evaporation temperature (°C)
Fraction 80 90 100 | 110 | 120 | 130
R245fa/R152a 90/10 6.66 | 6.12 | 556 | 4.96 | 4.29 | 3.48
R245fa/R152a 80/20 8.76 | 8.02 | 7.23 | 6.35 | 5.32 | 3.99
R245fa/R152a 70/30 892 | 812 | 7.23 | 6.22 | 4.99 | 3.20
R245fa/R227ea 90/10 319 | 292 | 264 | 236 | 2.05 |1.71
R245fa/R227ea 80/20 519 | 475 | 429 | 3.79 | 3.25 | 2.59
R245fa/R227ea 70/30 6.25 | 5.69 | 5.09 | 445 | 3.70 | 2.73
R245ca/R236ea 90/10 144 | 136 | 1.28 | 1.20 | 1.11 | 1.01
R245ca/R236ea 80/20 235 | 222 | 209 | 194 | 1.79 | 161
R245ca/R236ea 70/30 281 | 266 | 249 | 231 | 211 | 1.89
R245ca/R227ea 90/10 543 | 506 | 469 | 431 | 3.93 | 351

Working Fluid
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Mass Evaporation temperature (°C)
Fraction 80 90 100 | 110 | 120 | 130
R245ca/R227ea 80/20 893 | 834 | 7.73 | 7.09 | 6.41 | 566
R245ca/R227ea 70/30 10.94 | 10.21 | 9.43 | 8.60 | 7.67 | 6.61
R245ca/R152a 90/10 11.63 | 10.90 | 10.14 | 9.33 | 8.46 | 7.50
R245ca/R152a 80/20 15.08 | 14.12 | 13.08 | 11.93 | 10.64 | 9.14
R245ca/R152a 70/30 15.36 | 14.29 | 13.11 | 11.78 | 10.24 | 8.34
R245fa/R236ea 90/10 046 | 043 | 0.39 | 0.35 | 0.31 | 0.27
R245fa/R236ea 80/20 0.69 | 0.63 | 0.58 | 0.52 | 0.46 | 0.38
R245fa/R236ea 70/30 0.74 | 068 | 0.61 | 0.55 | 0.48 | 0.40

Working Fluid

Figure 3.4 shows the deviation of FOMzeotropic fOr zeotropic working fluids from
FOM for single fluid. Higher the gliding temperature resulted in higher deviation from
the single fluid. The deviation D could be empirically related with the gliding
temperature as

D= 0.0004-Tg2 + 0.0004Tg + 0.0047. (3.10)
- 0.4+ y=-0.0004x2 - 0.0004x + 0.9953
50_35 i R2=0.8557
E*E 0.3 -
5 0.25 -
= 02 -
015 -
: 0.1 - ¢
e
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Figure 3.4 The deviations of FOM for all zeotropic working fluids in this studies from

that of single fluid.

The FOMzeotropic for zeotropic mixture then could be modified as

FOMzeotropic = F(FOMsingle)- (3.11)
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Where F is the correction factor: F=(1-D) =[1 — (—0.0004Tg2 —0.0004T; +
0.9953)].

From equation 3.11, a correlation between the ideal thermal efficiency and the
FOM eotropic at various condensing temperatures and evaporating temperatures could
be presented and the results were shown in Fig. 3.5. Now the data points could be
presented orderly. Again, it could be seen that lower the FOMzeotropic resulted in higher

the thermal efficiency.
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Figure 3.5 The correlation of the cycle efficiency with the FOM,.,¢yqpic Tor

R245fa/R152a and R245ca/R152a at various compositions.

We could express the thermal efficiency (n:,) as a function of the condensing

temperature (T¢onq) and the FOM ¢otropic S

Nen = [40.44 — 0.17T,ppq + 0.0035T2 ;] + [—132.76 + 3.604T,ppq —
0'0428T620nd]FOMzeotropic- (3-12)

For zeotropic working fluids, the calculated efficiency from equation (3.12) was
compared with the results of Li et al. [14]. The ORC used a zeotropic mixture which
was R245fa/R152a (0.8/0.2) at evaporating temperature of 90-110 °C and condensing
temperature of 25 °C. The efficiencies were calculated from thermodynamic properties.
Very good agreements between our results from equation (3.12) with those of the

literature were found as shown in Table 3.9.
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Table 3.9 Comparison of the results calculated from this study with Li 2014.

Nth %
Evaporating | | jerar | This orereneE
Temperature [14] | study from
(°C) Lietal.
90 11.65 10.97 5.86
100 12.45 12.00 3.61
110 13.12 12.83 2.20

3.4 Conclusion

The thermal efficiency of an ORC system could be indicated by a dimensionless
term, Figure of Merit (FOM) which covered parameters such as Jacob number,
evaporating and condensing temperatures of the ORC. The FOM could be used to
screen the working fluids to get high thermal efficiency at prescribed evaporating and

condensing temperatures. Lower the FOM resulted in higher thermal efficiency.

For zeotropic working fluid, FOM must be modified by multiplying a correction

factor F which relied on the gliding temperature of the zeotropic mixture.

A model to predict the zeotropic ORC efficiency was developed. The results

could be fitted very well with those from the literature.
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CHAPTER 4

THERMOECONOMIC ANALYSIS OF A MODULAR ORGANIC
RANKINE CYCLE WITH BIOFUEL AS HEAT SOURCE

In this chapter, a study on potentials of power generation by a basic ORC and an
ORC to generate only electricity and both electricity and thermal energy (combined heat
and power, CHP-ORC) was performed by thermoeconomic analysis. The heat sources

of the ORCs came from various kinds of biomass and biodiesel.
4.1 Organic Rankine Cycle with Bioenergy as Heat Source

Figure 4.1 shows a schematic diagram of an organic Rankine cycle with biofuel
which is biomass or biodiesel as heat source. The system was consisted of a water
heater having a combustion chamber for biofuel burning. The hot water at a suitable
temperature was fed and transferred heat to the ORC evaporator and after that returned
back to the heater. For the ORC cycle , the working fluid left the condenser as saturated
liquid (state 1) and it was pumped to the evaporator (state 2) where it was heated and
left the evaporator as saturated vapor at high pressure (state 3). The fluid expanded
through the turbine to generate work and entered the condenser (state 4). After heat
rejection to a heat sink, the condensed working fluid was at state 1 and the new cycle

restarted.
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Figure 4.1 Organic Rankine cycle with biofuel as heat source.

4.2 Working Fluid

From Chapter 3, it could be found that the zeotropic working fluid
R245fa/R152a at the composition of 70/30% was appropriate for Thailand climate to
get high thermal efficiency and the fluid at this composition was carried out throughout

this study. The T-s diagram of the ORC for this working fluid was given in Fig. 4.2.

\ 4

Figure 4.2 T-s diagram of zeotropic fluid R245fa/R152a at composition of 70:30.
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4.3 Combined Heat and Power (CHP)

From basic ORC in Figure 4.3 the exhaust gas from biofuel combustion could be
recovered to generate hot water for other thermal processes as a combined heat and
power (CHP) in Fig. 4.4. Now the CHP could simultaneously generate electricity and

useful heat thus higher overall efficiency could be obtained.

Exhaust Gas

Hot water in—|

Waler Heater
e—Hol water out——

ORC
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Figure 4.3 A basic ORC system.
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Figure 4.4 A CHP-ORC system.
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4.4 Biomass and Biodiesel

Biofuel could be converted into energy by various processes such as direct
combustion and gasification, etc. In this study, thermal heat from direct burning of
biomass or biodiesel to generate hot water for the ORC was performed.

Various kinds of biomass for direct combustion were shown in Table 4.1. The
heating values and the prices of the residues were also given.

Table 4.1 Heating values and prices of biomass residues [Biomass, 2013].

Higher Lower
_ Ash | heating heating Price
Type of Biomass
(%) value value (Baht/ton)
(kJ/kg) (kJ/kg)
Rice Husk 12.65 14,755 13,517 1,600
Rice Straw 10.39 13,650 12,330 1,225
Sugar Cane Leaves
6.10 16,794 15,479 1,125
and Tops
Rubber wood 1.59 10,365 8,600 1,300
Palm Fruit Bunch 2.03 9,196 7,240 514
Corncob 0.9 11,298 9,615 1,100
Cassava 1.5 7,451 5,494 950
Eucalyptus Bark 2.44 6,811 4,917 700

The biodiesel used in this study was produced from used cooking oil and its

heating value was around 39,310 kJ/kg. [Ngammuang, 2015]
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The heat rate at the ORC evaporator (Qz) was assumed to be the same as the heat

rate from fuel combustion(Qpeqcer) Which could be calculated by

Qheater = Nyy (mbiofuelHHV)- (4- l)

Where ny,y is the combustion efficiency of biofuel burning (decimal), 7p;o fyer
is the biofuel consumption (kg/s) and HHYV is the higher heating value of biomass
(kJ/kg).

4.5 Exergy Costing
Exergy costing is generally taken as a tool to analyze energy quality of thermal
systems including the energy cost in term of exergy cost rate or exergy costing.
For basic ORC
ceWe = CruetEfuer + Zore + Zoam (4.2)
Where c,, crye are the exergy costing of the power and biofuel (Baht/kWh),
W,is the electrical power output from cycle (kW),Efuel is the exergy rate of biofuel

(KW) and Zyrc, Zosu are the cost rates of net investment in ORC including salvage

value and the operating & maintenance (Baht/h), respectively.

For CHP ORC
Ce(We + EHWout) = CfuelEfuel + Zore + Zux + Zogm (4.3)
Where c,, cgye; are the exergy costing of the power and biofuel (Baht/kwh), W,
is the electrical power output from cycle (kW), Efuel, Epwoue are the exergy rates of

biofuel and generated hot water from exhaust gas (kW) and Zorc, Zyx, Zosm are the
cost rates of net investment of ORC, heat exchanger and operating & maintenance

(Baht/h), respectively.

It could be noted that the exergy costings of the power and exergy in the generated

hot water were assumed to be the same.
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Table 4.2 Cost data used for the thermoeconomic analyses of basic ORC and CHP-ORC
for biomass as heat source.
Investment cost for ORC 20kwW

ORC power plant 20 kW (Baht/unit) 1] 1,500,000
Biomass Furnace and heat exchanger (Baht/unit) [*] 200,000
Heat Exchanger for exhaust gas from biomass (Baht/unit) [*] 50,000
Land for ORC and feedstock storage (m?) [ 80
Investment cost for ORC 100kW
ORC power plant 100 kW (Baht/unit) [*] 4,000,000
Biomass Furnace and heat exchanger (Baht/unit) [*] 2,700,000
Heat Exchanger for exhaust gas from biomass (Baht/unit) (! 100,000
Land for ORC and feedstock storage (m?) %I 160

Operating & Maintenance (O&M) cost

Operating & maintenance equipment cost (% of investment cost 1

per year)E!

Financial parameters

Real debt interest rate, ig (%) 1 6
Salvage value (% of investment cost) 10
Depreciation period, n (year) 20

*Investment cost for land was 1250 Baht/m?
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for biodiesel as heat source.

Table 4.3 Cost data used for the thermoeconomic analyses of basic ORC and CHP-ORC

Investment cost for ORC 20kW

ORC power plant 20 kW (Baht/unit) 1] 1,500,000
Biodiesel burner and heat exchanger (Baht/unit) ™ 200,000
Heat Exchanger for exhaust gas from biodiesel (Baht/unit) [*! 50,000
Land for ORC and feedstock storage (m?) [?I 40
Investment cost for ORC 100kW
ORC power plant 100 kW (Baht/unit) [*] 4,000,000
Biodiesel burner and heat exchanger (Baht/unit) ™ 2,000,000
Heat Exchanger for exhaust gas from biodiesel (Baht/unit) ! 100,000
Land for ORC and feedstock storage (m?) [’ 80
Operating & Maintenance (O&M) cost
Operating & maintenance equipment cost (% of investment cost 1
per year) I
Financial parameters
Real debt interest rate, ig (%)% 6
Salvage value (% of investment cost) 10
Depreciation period, n (year) 20

*Investment cost for land was 1250 Baht/m? [2]
[1] Market cost

[2] Treasury Department, 2015

[3] Thawonngamyingsakul, 2013

[4] Karellas et al., 2011

The conditions for the basic ORC and the CHP-ORC analyses were

1. The total power output from the ORC were 20 kWe and 100kWe.

2. The furnace for water heating efficiency from biomass combustion was 70%

[European Wood-Heating Technology Survey, 2014].

[European Wood-Heating Technology Survey, 2014].
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4. Evaporating temperature were 80°C t0110°C for 20 kWe and 100 kWe and
condensing temperature was 40°C.

5. lsentropic efficiency of turbine was 0.8.

6. Generator efficiency and mechanical efficiency were 0.9.

7. 50% of heat loss in the exhaust gas after combustion could be recovered and it
was used to generate hot water for other thermal processes. The hot water
temperature could be heated up to 80°C from its inlet temperature at 28°C in a
heat exchanger having an effectiveness (&) of 0.85.

8. The ORC working fluid were R245fa and R245fa/R152a at composition
70/30%, the properties were based upon REFPROP [10].

4.6 Results and Discussion
4.6.1 Heat input

From eqgn 3.12 in Chapter 3, with the prescribed values of the ORC evaporating
and condensing temperatures then the cycle efficiency could be evaluated. For the
electrical power outputs at 20 kWe and 100 kWe with the generator efficiency and the
mechanical efficiency at the turbine, the heat rates at the evaporator (Qg) could be
estimated. The results were shown in Figures 4.5 and 4.6. Increase of the evaporating
temperature resulted in higher the cycle efficiency then the input heat rate at the
evaporator decreased. At the evaporating temperature of 110°C, with R245fa working
fluid, the heat rate inputs for 20kW. and 100kW. ORC were 213.16kW and
1,065.82kW, respectively. For R245fa/R152a zeotropic working fluid at 70:30
composition, the heat rate inputs were 201.80 kW and 1009 kW, respectively.

46



320
o W,=20kW
300 -
280 WR245fa
< 260 -
<
L
O 240 - -
220 +
|
200 -
180 . . .
80 90 100 110
Evaporating Temperature (°C)

Figure 4.5 Heat rate input at various values of evaporating temperature for 20kWe
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Figure 4.6 Heat rate input at various values of evaporating temperature for 100kWe
ORC.
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4.6.2 The values of unit cost of generated electricity (UCE) for the basic
ORC and the CHP-ORC with biomass as heat source.

Figs. 4.7 and 4.8 show UCEs of 20 kW, and 100 kW, basic ORC, respectively.
The daily operating hour was 12 hour per day, the real debt interest rate was 6%

annually and the heat sources of ORC came from various kinds of biomass.

For 20 kW, and 100 kW, basic ORC with R245fa working fluid, it could be
found that the UCE for palm fruit bunch was lowest as 4.15 and 3.74 Baht/kWh,
respectively even the HHV of palm fruit bunch was low but the price per ton was
cheapest as given in Table 4.1. For R245fa/R152a zeotropic fluid at composition of
70:30 with the palm fruit bunch, it was found that the UCEs could be decreased
compared with the single fluid. At 20 kW and100kW ORC, the UCEs were 3.76
baht/kWh and 3.57 Baht/kWh, respectively.

In Figures 4.9 and 4.10, when the exhausted gas from biomass combustion was
used to generate hot water in other process (CHP-ORC), for 20kW and 100 kW, it could
be found that UCE was decreased. With palm fruit bunch, for the zeotropic fluid, the
UCEs were decreased from 3.76 to 2.91 Baht/kWh and 3.57 to 2.73 Baht/kWh for the
20 and the 100kWe ORC, respectively.

UCE (Baht/kWh)
OFRPNWPAMUUIOONOWO

m R245fa R245fa0.7R152a0.3

Figure 4.7 UCEs from various kinds of biomass at operating hour of 12hr/day, id=6%
for the 20 kWe basic ORC.
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Figure 4.8 UCEs from various kinds of biomass at operating hour of 12hr/day, id=6%,

the 100 kWe basic ORC.
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Figure 4.9 UCEs from various kinds of biomass at operating hour of 12hr/day, id=6%
for the 20 kWe basic ORC and CHP-ORC.

49



__
P

UCE (Baht/kWh)
v W//
i
W%
i
i
7

& o > X ") > Nl
5 K3 K & &~ & S S
' ha S > S ¥ L o Y
¢ ¢ & F & F© &
RS S < &
&\e Q&&Q o
%‘0

#» R245fa0.7R152a0.3  mR245fa0.7R152a0.3 CHP

Figure 4.10 UCEs from various kinds of biomass at operating hour of 12hr/day, id=6%
for the 100 kWe basic ORC and CHP-ORC.
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4.6.4 Sensitivity Analysis

In this section, sensitivity analyses of the parameters those affect the electricity
unit cost of the CHP-ORC system with the R245fa/R152a zeotropic fluid at
composition of 70:30 were considered. The parameters were: the palm fruit bunch unit
cost of 300-700 Baht/ton, the operating hour of 8-12 hour/day and the real debt interest
rate of 4-8%. From Fig.4.11, it was found that the palm fruit bunch unit cost and the real

debt interest gave the most and least effects on the UCE.

If the 20kWe and 100kWe CHP-ORCs operated at 12 hours/day, 6% real debt

interest rate and palm fruit bunch unit cost of 300 Baht/ton, the unit cost of electricity

was 2.82 Baht/kWh and 2.65 Baht/kWh, respectively.

60
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i
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%

(a) CHP ORC 20 kW
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Figure 4.11Sensitivity analyses on UCE with varying unit costs of biomass,
operating hours and interest rates. The reference conditions are: Palm fruit
bunch unit cost = 514 Baht/ton, operating hour= 12hr/day and real debt interest
rate =6%. R245fa/R152a zeotropic fluid at composition of 70:30 was the ORC

working fluid.

4.6.5 The values of unit cost of generated electricity (UCE) for the basic
ORC and the CHP-ORC with biodiesel as heat source.

Fig. 4.12 shows UCEs of basic ORC andCHP-ORC 20 kW and100 kW,
respectively. The working fluid was zeotropic fluid R245fa/R152a at composition
70/30%. The daily operating hour was 12hour per day, the real debt interest rate was 6%

and heat sources of ORC came from biodiesel.

For basic ORC of 20 kW and 100 kW, it could be found that UCE with capital
cost of biodiesel as 5 Baht/liter was 7.77 and 7.53 Baht/kWh, respectively.

When the exhaust gas from biodiesel burner was used to generate hot water in
other process (CHP-ORC), for 20kW and 100 kW, it could be found that UCEs was
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decreased from 7.77 to 5.92 Baht/kWh and 7.53 to 5.74 Baht/kWh for 20 and 100 kWe
ORC, respectively.
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Price of Biodiesel (Baht/liter)

Figure 4.12 UCEs from various values of biodiesel price at operating hour of
12hr/day, 1d=6% for the basic ORCs and the CHP-ORCs. R245fa/R152a
zeotropic fluid at composition of 70:30 was the ORC working fluid.

4.6.6 Sensitivity Analysis in Biodiesel as Heat source

Sensitivity analyses of the parameters those affect the electricity unit cost of the
CHP-ORC system were considered. The parameters were the biodiesel capital cost of 5-
25 Baht/liter, the operating hour of 8-12 hour/day and the real debt interest rate of 6-
10%. From Fig.4.12, it was found that the biodiesel capital gave the most sensitivity on
the UCE.
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Figure 4.13 Sensitivity analyses on UCE with varying unit costs of biodiesel,
operating hours and interest rates. The reference conditions are: biodiesel capital cost =
15 Baht/liter, operating hour= 12hr/day and real debt interest rate =6%.
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4.7 Conclusion

For biomass and biodiesel, the unit costs of electricity from the 20 kWe and 100
kWe CHP-ORCs were cheaper than those of the basic ORCs. It was found that with the
palm fruit bunch as the energy source, the UCEs for the 20 kWe and 100 kWe CHP-
ORCs were 2.91Baht/kWh and 2.73 Baht/kWh, respectively. At capital cost of biodiesel
of 5 Baht/liter, the UCEs for the 20 kWe and 100 kWe CHP-ORCs were 5.92 Baht/kWh
and 5.74 Baht/kWh, respectively.

The sensitivities on the UCE which were palm fruit bunch unit cost, operating hour
and real debt interest rate on the UCE were considered. The results showed that the
palm fruit bunch unit cost and the real debt interest gave the most and least effects on
the UCE.

For biodiesel, the sensitivities on the UCE which were biodiesel capital cost,
operating hour and real debt interest rate on the UCE were considered. It was found that

the biodiesel capital cost gave the most sensitivity on the UCE.
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CHAPTER 5

THERMOECONOMIC ANALYSIS OF A MODULAR ORGANIC
RANKINE CYCLE WITH HYBRID SOLAR

COLLECTORS/BIOFUELS AS HEAT SOURCE

In this chapter, thermoeconomic analysis of a modular organic Rankine cycle
with evacuated-tube solar collectors and bioenergy as heat source for power generation
was presented. The ambient temperature and solar radiation data of Chiang Mai,
Thailand were taken as the calculation inputs. Furthermore, CO2 emission of an ORC

with hybrid solar and biofuels was also investigated.

5.1 Organic Rankine Cycle with Hybrid Solar Collectors/Biofuels

Figure 5.1 shows a schematic diagram of an ORC which consists of a set of
solar collectors with water storage and a biofuel combustion chamber. There was a
water closed loop to extract heat from solar thermal system and the heat was transferred
to the ORC evaporator (process 2-3). If the heat rate and the hot water temperature are
not high enough the auxiliary heat will be generated from biodiesel or biomass

combustion in the combustion chamber.
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Figure 5.1 Organic Rankine cycle with solar collectors with biofuels as auxiliary heat.

For the ORC cycle, the working fluid left the condenser as saturated liquid (state
1) and it was pumped suppli es to the evaporator (state 2) where it was heated and left
the evaporator as saturated vapor at high pressure (state 3). The fluid expanded through
the turbine to generate electrical power and entered the condenser (state 4). After heat
rejection to a heat sink, the condensed working fluid was at state 1 and the new cycle

restarted. All the described processes were shown in a T-s diagram in Figure 5.2.

v

Figure 5.2 T-s diagram of ORC
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For simplicity in the analysis, the pressure drops in the evaporator, the
condenser, the solar collector, the heat exchanger and the piping system, were ignored.

The energy equations of the all components were summarized in eqn. (2.1)-(2.6).

For evacuated-tube solar collector, the useful heat rate from the solar collector

could be calculated from
Qcoll = ACFR [IT(Ta) - UL(Tfi - Ta)]- (5-1)

In case of collector connected in series, the values of Fi(ta) and FrU, could be

developed. Oonk et al. 1979 have shown in equations following:

—_(1—=\N
Fr(ra) = Fiy (va); [ (5.2)
- 1-(1-K)N

1FRr1UL4

where K=A and N is the number of the solar collector units in series

me

connection.
The suffix 1 refers to the values quoted from the tested data of the solar collector

The model for evaluating the temperature of water in the thermal energy storage
was applied from lump model by considering the storage be non-stratified. With finite
difference method, the temperature of water in the thermal energy storage could be

evaluated from

At : . J

Tst+At = Tst + ch (Qcoll ) Quseful B Qloss)' (5-4)
Quseful = mWCp (Tr, — Try), (5.5)
Qloss = UA(TS - Ta)- (5.6)
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5.2 Conditions for Analysis

In this study, a set of evacuated-tube solar collectors with Fi(za) of 0.81, FRU,
of 2.551 W/m?K (Thawonngamyingsakul C., 2013) was used for generating hot water.
The power outputs of the system were 20 kWe and 100 kWe. The ORC working fluid
was zeotropic working fluid R245fa/R152a at composition 70/30%. The weather data
of Chiang Mai was taken as input data of the calculation and the time step (At) at 5 min
was used for system simulation. The area of the solar collectors was between 100 and
900 m2. Each row of the solar collector set had 5 units each of 2 m? in series connection.
The solar collector was tilted at the angle from horizontal plane similar to the latitude of
Chiang Mai and south facing. The working hour for power generation was 12 hours
between 8.30 AM to 8.30 PM. The overall heat loss coefficient (UA) from the thermal
energy storage was 5 W/K (Thawonngamyingsakul., 2013) and the pressure of the

thermal energy storage was 5 bar for preventing water boiling in the storage tank.

The conditions for the basic ORC and the CHP-ORC analyses were

1. The total power outputs from the ORC were 20 kWe and 100kWe.

2. The furnace for water heating efficiency from biomass combustion was
70%[European Wood-Heating Technology Survey, 2014].

3. The burner for water heating efficiency from biodiesel combustion was
80%][European Wood-Heating Technology Survey, 2014].

4. The ORC will be operated when the supplied hot water was at 120 °C.

5. Evaporating temperature of the ORC was 110°C for 20 kWe and 100 kWe and
the ORC condensing temperature was 40°C.

6. The turbine isentropic efficiency was 0.8.

7. The generator efficiency and the mechanical efficiency at the turbine/generator
each was 0.9.

8. 50% of heat loss in the exhaust gas after combustion could be recovered and it
was used to generate hot water for other thermal processes. The hot water
temperature could be heated up to 80°C from its inlet temperature at 28°C in a
heat exchanger having an effectiveness (&) of 0.85.

9. The ORC working fluid was R245fa/R152a at a composition of 70/30% and the
properties were based upon REFPROP 2013.
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5.3 System Performance

The water in the storage tank was heated up by biomass energy first and the water
temperature could reach 120°C from the initial value of 28°C. The biomass energy was
prolonged till the solar energy was high enough to generate hot water for the ORC then
the biomass combustion stopped and the auxiliary heat was carried out again when the
solar energy intensity was not available.

Figure 5.3 shows an example of water storage temperature history of the 20 kWe
ORC with hybrid solar energy/biomass as heat sources. It could be seen that the
temperature generated by solar energy could be over 120°C when the solar irradiation
was rather high around 10:00 AM-01:30 PM. Before and after this period biomass

energy was taken to maintain the temperature.
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Figure 5.3 The temperature histories of the storage water temperature for 20 kWe
ORC with 500m? of the solar collectors.

Figure 5.4 shows the energy supplies from solar energy and biomass (palm fruit
bunch) energy in each month for the 20 kWe ORC with 200 m? and 700 m? solar
collector areas. Higher the solar collector area resulted in lower the heat input from the
biomass. It could be noted that high fraction of heat input from solar energy could be
obtained during the 3™ — 4" months due to high solar energy intensity. Figure 5.5 also
shows the annual solar fraction for the 20 kWe ORC of which the value was increased

with the increment of the solar collector area.
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Figure 5.4 The supplied heat inputs from solar energy and biomass energy in each

month for the 20 kWe ORC with 200 and 700 m? of solar collector areas.
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Figure 5.5 The annual solar fraction of the 20 kwWe ORC with various solar collector
areas.

The results for the 100 kWe ORC were similarly to those of the 20 kWe ORC as
shown in Figures 5.6-5.7. Anyhow the solar fraction was less than that of the previous

case.
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Figure 5.6 The supplied heat inputs from solar energy and biomass energy in each

month for the 100 kWe ORC with 200 and 700 m? of solar collector areas.

0.25 1 100 kWe
¢
0.2 - .
S 0.15 ¢
g o
o IS
8 01 -
3 ¢
¢
0.05 - .
OT T T T T T T T 1
100 200 300 400 500 600 700 800 900
Area (m2)

Figure 5.7 The annual solar fraction of the 100 kWe ORC with various solar

collector areas.
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5.4 Thermoeconomic Analysis

In this part, the thermoeconomic analyses of 20 and 100 kWe basic ORC and
CHP-ORC with hybrid solar energy/ biofuel as heat source were carried out. The ORC
working fluid was R245fa/R152a at a composition of 70/30%. The cost data

information for the calculations were given in Tables 5.1 and 5.2.

Table 5.1 Cost data used for the thermoeconomic analysis of CHP-ORC for solar

collectors and biomass as heat source.

Investment cost for ORC

20 kWe 100 kWe
ORC power plant (Baht/unit) & 1,500,000 4,000,000
i [1]
Biomass Furnace and h_eat exchanger 200000 2,700,000
(Baht/unit)
Thermal Storage (Baht/Unit) [ 70,000 70,000
Heat Exchanger for exhaust gas from
biomass (Baht/unit) ] R0,000 100,000
2
Land for ORC and f[e;?dstock storage (M) 80 160
- 2
Evacuated-tube sola[rllcollectors (Baht/m?) 5,000

Operating & Maintenance (O&M) cost

Operating & maintenance equipment cost

(% of investment cost per year) [l 1
Palm Fruit bunch (Baht/ton) 514
Financial parameters
Real debt interest rate, i (%)M 6
Salvage value (% of investment cost) 10
Depreciation period, (year) 20

*Investment cost for land was 1250 Baht/m?
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Table 5.2 Cost data used for the thermoeconomic analysis of CHP-ORC for solar
collectors and biodiesel as heat source.

Investment cost for ORC

20 kWe 100 kWe
ORC power plant (Baht/unit) 11 1,500,000 4,000,000
Biodiesel blzgl:hr ;Sr?itr)]?ﬂt exchanger 200,000 2,700,000
o | o | oo
Thermal Storage (Baht/Unit) ™ 70,000 70,000
Land for ORC and f[%adstock storage (m?) 40 80
Evacuated-tube sola[r1 ]collectors (Baht/m?) 5,000

Operating & Maintenance (O&M) cost

Operating & maintenance equipment cost

(% of investment cost per year) [°l !

Biodiesel (Baht/liter) [l 5
Financial parameters

Real debt interest rate, ig (%) 6

Salvage value (% of investment cost) 10

Depreciation period, (year) 20

*Investment cost for land was 1250 Baht/m?

[1] Market cost

[2] Treasury Department, 2015
[3] Thawonngamyingsakul, 2013
[4] Biomass Price, 2013

[5] Karellas et al., 2011
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The unit cost of electricity from palm fruit bunch and biodiesel versus collector
area were shown in Figures 5.8 and 5.9. It was found that the UCEs increased with the
increase of the collector area and the UCE from palm fruit bunch was lower than that of
the biodiesel. For biomass, the UCEs of basic ORC at 20 and 100 kWe from palm fruit
bunch were found in a range of 4.38 to 6.54 Baht/kWh and in a range of 3.86 to 4.39
Baht/kWh for solar collector area between 100 and 900 m?, respectively, the UCEs of
CHP-ORC 20 and 100 kWe were found in a range of 3.74 to 4.84 Baht/kWh and in a
range of 2.93 to 3.17 Baht/kWh for solar collector area between 100 and 900 m?,

respectively.

For biodiesel at capital cost of biodiesel as 5 Baht/liter (Assume feedstock), the
UCEs of basic ORC 20 and 100 kWe were found in a range of 8.39 to 10.19 Baht/kWh
and in a range of 7.97 to 8.34 Baht/kwWh for solar collector area between 100 and 900
m?, respectively, the UCEs of CHP-ORC 20 and 100 kWe were found in a range of 6.40
to 7.93 Baht/kWh and in a range of 6.07 to 6.35 Baht/kWh for solar collector area
between 100 and 900 m?, respectively.

It could be noted that the UCE from the CHP-ORC was lower than that of the
basic ORC. Use of biodiesel was still more expensive than that of biomass fuel. The
hybrid energy also gave higher UCE than the biofuel energy.
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Figure 5.8 UCEs from palm fruit bunch at operating hour of 12hr/day, id=6% for the

basic ORCs and the CHP-ORCs at 20kWe and 100 kWe versus solar collector area.
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Figure 5.9 UCEs from biodiesel at operating hour of 12hr/day, id=6% for the basic

ORCs and the CHP-ORCs at 20k\We and 100 kWe versus solar collector area.

5.5 CO2 Emission of Hybrid Power Plant

To consider the CO2 emission of the ORCs with hybrid solar and biofuel energy,
from Thailand Greenhouse Gas Management Organization 2015, the carbon emission
factors from biomass and biodiesel for boiler combustion were 0.693 kgCOze/kg and
1.0634 kgCO2e/kg, respectively. With palm fruit bunch for ORCs of 20 and 100 kWe, it
was found that the CO emission was decreased with the increasing of solar collector
area due to very low emission during operation from solar energy system. The CO:
emission was found to be in ranges of 3.96 to 1.44 kgCO2e/kWh and 2.72 to 1.90

kgCO.e/kWh, respectively. Example of calculation was shown in Appendix B.

With biodiesel for ORCs of 20 and 100 kWe, the trends of the CO> emission
were similar to the previous case. The emissions were in ranges of 1.36 to 0.50
kgCO2e/kWh and 1.36 to 1.11 kgCO2e/kWh, respectively. All the results were shown in
Figure 5.10.
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Figure 5.10 CO2 emissions for 20 kWe and 100 kWe ORCs with hybrid solar and
biofuel energy at various solar collector areas.

Figure 5.11 shows the UCE for CHP-ORC when external cost on GHG emission
was included. The external cost was taken from marginal abatement cost of biofuel
combustion in boiler for Thailand [Chamsilpa, 2015] which was 0.69 Baht/kwWh.
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Figure 5.11 The UCE for 20 and 100 kWe CHP-ORC with hybrid solar and biofuel

energy at various solar collector areas include with the external cost of GHG emission.

In Figure 5.12, for hybrid solar and biodiesel, when the biodiesel capital cost
was at 20 Baht/liter (market price), it could be found that the hybrid energy could be
more advantage that that of biodiesel only. The UCE of CHP ORC for 20 kWe which
included the external cost of GHG emission was found to be lowest at 26.58 Baht/kWh
for 800 m? solar collector areas, compare to those of biodiesel only, which was 31.53
Baht/kwh. But when the solar collector area was over 800m? the UCE tended to
increase slightly due to the higher cost of the solar system with the nearly constant

biodiesel consumption.
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Figure 5.12 The UCE for 20 kWe CHP-ORC with hybrid solar and biodiesel (Capital
cost 20 Baht/liter) at various solar collector areas include with the external cost of GHG

emission.

In Figure 5.13, The UCE including external cost of GHG emission of 100 kWe
CHP ORC for hybrid solar and biodiesel compared to those of biodiesel only which was
31.15 Baht/kWh and when solar collector areas over 300 m2. The value was lower than
that of the biodiesel only at 31.35 Baht/kWh. After this condition the UCE decreased
with the solar collector area.
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cost 20 Baht/liter) at various solar collector areas include with the external cost of GHG

emission.
5.6 Conclusion

The conclusions in this chapter are as follows:
1. The unit cost of electricity from hybrid solar collector area between 100 and 900
m? with biofuels, for biomass, the UCEs of basic ORC at 20 and 100 kWe from palm
fruit bunch were found to be in a range of 4.38 to 6.54 Baht/kWh and in a range of 3.86
to 4.39 Baht/kwh for solar collector area between 100 and 900 m?, respectively. The
UCEs of 20 and 100 kWe CHP-ORCs were found to be in ranges of 3.74 to 4.84
Baht/kWh and 2.93 to 3.17 Baht/kWh, respectively.

For biodiesel cost at 5 Baht/liter (free feedstock assumption), the UCEs of basic
ORC at 20 and 100 kWe were found to be in ranges of 8.39 to 10.19 Baht/kWh and 7.97
to 8.34 Baht/kWh for solar collector area between 100 and 900 m?, respectively. The
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UCEs of CHP-ORC at 20 and 100 kWe were found to be in ranges of 6.40 to 7.93
Baht/kWh and 6.07 to 6.35 Baht/kWh for solar collector area between 100 and 900 m?,

respectively.

2. The CO2 emission of hybrid power plant with palm fruit bunch for CHP-ORCs
of 20 and 100 kWe was decreased with the increase of solar collector area and the CO-
emissions were found to be in ranges of 3.96 to 1.44 kgCO2e/kWh and 2.72 to 1.90
kgCO2e/kWh, respectively. For biodiesel, the values were found to be in ranges of 1.36
to 0.50 kgCO2e/kWh and 1.36 to 1.11kgCO2e/kWh, respectively.

3. For hybrid solar and biodiesel, when the biodiesel cost was at 20 Baht/liter
(market price), the UCE of CHP ORC for 20 kWe including the external cost of GHG
emission was found to be less with the increase of the solar collector area. The value
was lowest at 26.58 Baht/kWh for 800 m? solar collector areas, compare to that of
biodiesel only, which was 31.53 Baht/kWh. But when the solar collector area was over
800m?, the UCE tended to increase slightly due to the higher cost of the solar system

with the nearly constant biodiesel consumption.
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CHAPTER 6

CONCLUSIONS

In this research, thermoeconomic analyses of a modular basic and CHP organic
Rankine cycle with hybrid solar collectors/biofuels energy as heat source for power
generation were presented. A dimensionless term called “Figure of Merit” for predicting
cycle efficiency and suitable zeotropic working fluid were proposed. The unit cost of
electricity and CO2 emission compared between basic ORC and CHP-ORC with hybrid
solar collectors/biofuels energy was also considered. The conclusions of the results

were as follows:

6.1 Parametric Analysis on Modular Organic Rankine Cycle Performance

A dimensionless term, the “Figure of Merit” (FOM) was proposed, to investigate
the thermal performance of a low temperature, organic Rankine cycle using six
zeotropic mixtures (R245fa/R152a, R245fa/R227ea, R245fa/R236ea, R245ca/R152a,
R245ca/R227ea and R245ca/R236ea) as working fluids. An empirical correlation was
developed to estimate the cycle efficiency from the FOM for all working fluids at
condensing temperatures of 25-40°C and evaporating temperatures of 80-130°C. The
model results fit very well with both the experimental data and that from other

researchers.

6.2 Thermoeconomic Analysis of a Modular Organic Rankine Cycle with Biofuels

as Heat Source

For biomass and biodiesel, the unit costs of electricity for 20 kWe and 100 kWe
CHP-ORCs were cheaper than those of the basic ORCs. With the palm fruit bunch as
the energy source, the UCEs for the 20 kWe and 100 kWe CHP-ORCs were 2.91
Baht/kWh and 2.73 Baht/kWh, respectively. At biodiesel cost of 5 Baht/liter, the UCEs
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for the 20 kWe and 100 kWe CHP-ORCs were 5.92 Baht/kWh and 5.74 Baht/kWh,
respectively.

The sensitivities on the UCE which cover palm fruit bunch unit cost, operating hour
and real debt interest rate on the UCE were considered. The results showed that the
palm fruit bunch unit cost and the real debt interest gave the most and the least effects
on the UCE.

For biodiesel, the sensitivities on the UCE were biodiesel cost, operating hour and
real debt interest rate on the UCE. It was found that the biodiesel cost gave the most

sensitivity on the UCE.

6.3 Thermoeconomic Analysis of a Modular Organic Rankine Cycle with Hybrid

Solar Collectors/Biofuels as Heat Source

Thermoeconomic analysis of a modular organic Rankine cycle with evacuated-tube
solar collectors and bioenergy as heat source for power generation under the Chiang
Mai climate was considered. The area of solar collector was between 100 and 900 m?
and the ORC zeotropic working fluid was R245fa/R152a at composition of 70:30%.
The palm fruit bunch and biodiesel were biofuels used in the thermoeconomic analyses.

The conclusions of the results were as follows:

6.3.1 Thermoeconomic Analyses of the System
The unit cost of electricity from palm fruit bunch and biodiesel versus collector
area between 100 and 900 m? was evaluated. For biomass, the UCEs of basic ORC at 20
and 100 kWe from palm fruit bunch were in ranges of 4.38 to 6.54 Baht/kWh and 3.86
to 4.39 Baht/kWh for solar collector area between 100 and 900 m?, respectively. For 20
and 100 kWe CHP-ORC, the values were in ranges of 3.74 to 4.84 Baht/kWh and 2.93
to 3.17 Baht/kWh, respectively.

For biodiesel cost at 5 Baht/liter (free feedstock assumption), the UCEs of basic
ORC 20 and 100 kWe were found in ranges of 8.39 to 10.19 Baht/kWh and 7.97 to 8.34
Baht/kWh for solar collector area between 100 and 900 m?, respectively. In case of 20
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and 100 kWe CHP-ORCs, the values were in ranges of 6.40 to 7.93 Baht/kWh and 6.07
to 6.35 Baht/kWh for solar collector area between 100 and 900 m?, respectively.

6.3.2 CO2 Emission of a Modular Organic Rankine Cycle with Hybrid Solar

Collectors/Biofuels as Heat Source.

The COz emissions of hybrid power plant with palm fruit bunch for 20 and 100
kWe CHP-ORCs were decreased with the increase of solar collector area and the CO-
emissions were found to be in ranges of 3.96 to 1.44 kgCO2e/kWh and 2.72 to 1.90
kgCO2e/kWh, respectively. With biodiesel, the values were in ranges of 1.36 to 0.50
kgCO2e/kWh and 1.36 to 1.11 kgCO2e/kWh, respectively.

When biodiesel cost was at 20 Baht/liter (market price), the UCEs including the
GHG external cost for 20 and 100 kWe CHP-ORCs, were decreased with the increase
of solar collector area. The lowest UCE values for 20 kWe and 100 kWe were 26.58
Baht/kwWh at 800 m? and 31.35 Baht/kWh at 300 m? of solar collectors, respectively.

6.4 Recommendation for Future Works

The long term experiment of a modular organic Rankine cycle with hybrid solar
collectors/biofuels as heat source under real practice should be carried out to compare
the data with the simulation results. The exhaust gas from biofuel combustion could be
used to generate hot water for other process or preheat water in thermal storage before

entering evaporator in the ORC to improving the cycle efficiency.

In addition, the ORC could recover heat from exhaust gas of a gas heat engine such
as that in biogas or landfill gas power plants to generate secondary power thus the

overall efficiency of these power plants could be improved.
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APPENDIX 1

TOTAL AND AVERAGE SOLAR RADIATION ON TILTED
SURFACE AND THE AMBIENT TEMPERATURE AT
CHIANG MAI
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Figure A.1 Total solar radiation on the 18° titled surface at Chiang Mai.
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The External Cost of GHG Emission
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2.1 The External Cost of GHG Emission

Example: The hybrid solar/biomass ORC 20 kWe @ Solar Collector area
500 m? was used Biomass 251,311 kg/year. The external cost of GHG
emission per kWh was calculated as follow:

Carbon Emission for biomass = 0.693 kgCO.e/kg
Carbon Emission =0.693x251,311 kgCO,/year
=174,158.52 kgCO,/year
ORC 20 kWe, Total electricity generation =87,600 kWh/year
Carbon Emission =174,158.52/87,600 =1.988 kgCO,/kWh
From [Chamsilpa et al., 2015]
The external cost of GHG Emission was 0.69 Baht/kWh
High heating value of palm fruit bunch was 9,196 kJ/kg
=~ The external cost of GHG emission per kgCO,
=0.69x9,196/(3600x0.693)
=2.54 Baht/kgCO,
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In this study, performance of a 50 kW organic Rankine cycle (ORC) with internal heat
exchanger (IHE) having R245fa/R152a zeotropic refrigerant with various compositions
was investigated, The [HE could reduce heat rate at the ORC evaporator and better cycle
efficiency could be obtained. The zeotropic mixture could reduce the irreversibilities
during the heat exchanges at the ORC evaporator and the ORC condenser due to its gliding

temperature; thus the cycle working temperatures came closer to the temperatures of the
Ke-VWO_rdS»' . heat source and the heat sink. In this paper, effects of evaporating temperature, mass
Orga“Tc Rankine cycle fraction of R152a and effectiveness of internal heat exchanger on the ORC performances
;’T:;::II l;i;;_’:;‘:‘;ier for the first law and the second law of thermodynamics were considered. The simulated
Zeotropic refrigerait results showed that reduction of R245fa composition could reduce the irreversibilities at
the evaporator and the condenser. The suitable composition of R245fa was around 80%
mass fraction and below this the irreversibilities were nearly steady. Higher evaporating
temperature and higher internal heat exchanger effectiveness also increased the first law
and second law efficiencies. A set of correlations to estimate the first and the second law
efficiencies with the mass fraction of R245fa, the internal heat exchanger effectiveness
and the evaporating temperature were also developed.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

At present, demand and cost of electricity increase rapidly and moreover, higher greenhouse gas and other emissions due
to power generation are obtained. Many methods have been reported to reduce the fossil fuel consumption and organic
Rankine cycle (ORC) [1-4]| is a promising technology to generate electricity. The cycle uses low boiling point working fluid
then it could be operated with low grade heat sources such as industrial waste heat and renewable energy, for example,
geothermal energy, solar energy and biomass, etc.

To improve ORC thermal performance, an internal heat exchanger could be conducted to exchange heat between the
fluid leaving the turbine and that before entering the evaporator to reduce heat rate input of the cycle. Guo et al. [5]
analyzed and compared performance of an ORC with internal heat exchanger to that of a basic ORC, using R600a, R245fa and
R290 as working fluids. With a heat source temperature at 160 °C, compared to the basic ORC, the thermal efficiency of the

* Corresponding author.
E-mail address: kiatsiriroat_t@yahoo.co.th (T. Kiatsiriroat).

http://dx.doi.org/10.1016/j.csite.2015.09.003

2214-157X[© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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Nomenclature v specific volume, m?/kg
& effectiveness

G heat capacity, J/kg-K

h specific enthalpy, J/kg Subscripts

i irreversibility, W

M mass fraction of R245fa, % 1, 2, 2a,...8 state point

m mass flow rate, kg/s evap evaporator

P pressure, kPa PUMP  pump

s specific entropy, J/kg-K 1st the 1st law

T temperature, °C, K TUR turbine

Q heat input, W C condenser

w work, W HE heat exchanger

n efficiency, %

modified ORC could be increased by 14%.

Selection of organic working fluid must be performed carefully by considering safety and environmental properties assessment
such as atmospheric life time (ALT), ozone depletion potential (ODP), global warming potential (GWP) including appropriate values
of cycle temperature and pressure. Hung et al. [6] studied an ORC using different fluids among wet, dry and isentropic fluids. Dry
and isentropic fluids showed better thermal efficiencies and moreover, they did not condense during expansion in the turbine thus
less damage in the machine was obtained. Tchanche et al. [7] analyzed thermodynamic characteristics and performances of 20
fluids in a low-temperature solar organic Rankine cycle and R134a was recommended. Recently, there was a report showing other
suitable working fluids for low temperature heat source which were R123 and R245fa.

During heat exchanging in the evaporator and the condenser of the ORC cycle, there are temperature differences be-
tween the heat exchanging fluids which generate irreversibilities at the cycle components; then some part of the cycle
available work is destroyed. Use of zeotropic fluid in the ORC is one method to reduce the temperature differences during
the heat exchanges. The temperature of the zeotropic fluid is changing during a phase change and the temperatures of the
cycle working fluid could follow those of the heat source and the heat sink streams at the evaporator and the condenser,
respectively. With smaller temperature differences compared with the single working fluid, consequently, the irreversi-
bilities during the heat exchanges are less and higher cycle work output could be obtained. Heberle et al. [8] studied the
second law efficiencies of zeotropic mixtures as the working fluids for a geothermal ORC. The results showed that the
efficiency was increased up to 15% compared to that of pure fluid for heat source temperature below 120 °C. Deethayat et al.
|9] studied a basic ORC using R245fa/R152a as the working fluids and the irreversibilities at the evaporator and the con-
denser were found to be less than those of the unit using single R245fa. Anyhow, there was a limit of R152a composition due
to its high flammability when the value was over 30% [10].

In this study, performance analysis of a 50 kW ORC with internal heat exchanger was studied when the working fluid was a
mixture of R245fa/R152a. A hot water stream at 115 °C was taken as a heat source at the evaporator and a cool water stream fixed
at 27 °C was conducted as a heat sink at the condenser. The effects of evaporating temperature, mass fraction of R245fa and
effectiveness of internal heat exchanger on the ORC performances following the first law and the second law of thermodynamics

were considered.
Heat Source—:
7~ o
Evaporater ’
P Turbine W

W s

Q¢
Condenser| (=)

Pu mp
j 1 17— Heat Sink

Fig. 1. The components in basic ORC.
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w

Heat Source—s
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Q¢
= Evaporater

Heat
2 >( ) Exchanger

e
w p::)/ Pump)

Condenser

1

Fig. 2. The components in ORC with internal heat exchanger.
2. Methodology

The organic Rankine cycle has the same principle as the steam Rankine cycle as shown in Fig. 1 but the cycle uses organic
working fluids instead of water. Fig. 2 shows the ORC with internal heat exchanger for exchanging heat between the
working fluid leaving the turbine and that entering the evaporator for improving the cycle efficiency. Fig. 3 describes
processes in T-s diagrams for single dry working fluid and zeotropic mixture. It could be noted that for the cycle with
zeotropic mixture, the working fluid temperature is not constant during phase-change and follows the heat source or the
heat sink temperature then the irreversibilities at the evaporator and the condenser could be less compared with those for
the single fluid.

For simplicity in the analysis, some assumptions were taken as follows: steady state conditions, no pressure drops in the
components. The energy equations of the all components were summarized as follows:

The basic ORCPump:

Wp= mv, ( Pz — P1)

p [¢))
va=m(h2a_h1) 2)
Evaporator:
Qe=ri(hs—hsq) 3)
Turbine:
a b
i T

S S
Fig. 3. T-s diagram of the ORC for dry working fluid.
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W=t (hs—ha)ry @
Condenser:

Qc=1it(hag—h) o)
The 1st law of efficiency:

?713=—WT —We

Qg ©)

The ORC with internal heat exchangerEvaporator:

Qe=ri( h3—hang) @
Condenser:

Qc=rit(hapg—hy) @)
Internal heat exchanger:

Q =Cpaa( Taa—Tang )=11Cpna (orig—Tha ) )

Que=e (G}, (Taa—Toa)- (10)
Irreversibilities at the evaporator and the condenser,Evaporator:

I= mw[ (hs — heur) — To(ss— Se)] % mR[(h3 —hy) — To(s3 — 52)]- an
Condenser:

I=my[ (ha — ) — To(sa —s1) | — me[ (hs — h7) — To(ss —s7) |- 12)

The 2nd law efficiencies; q

mig[ (hs = ha) = (h2 = hy) |
miw| (hs — hene) — To(ss — Sens) | (13)

M2nd~

3. Conditions for the ORC Calculation
The conditions for the ORC calculation were:

1. The temperature of heat source was 115 °C.

2. The ambient temperature was 25 °C.

3. The cooling water temperature at the condenser was 27 °C.

4. The evaporation temperature (saturated condition} ranged from 70 to 100 °C.

14

12

hy  hiang
e
10
S S Py
B
A =
Sl Pt e L e R
g TE g
%6 il R1526/R24588 Tevap 70°C
T«Z = @ = R152a/R245fa Tevap 85°C
E

ke RISZ2/R2ASH Tevap 100°C
= m= RI520/R245fs Tovep 0°C (HX)
-~ RIS22/R245f Tevap 85°C (HX)

e RISTA/R2456a Tovep 100°C (HX)

ES

)

0
70% 75% 80% 85% 90% 95% 100%
mass fraction of R245fa (%)

Fig. 4. The 1st law efficiencies of the basic ORC and the ORC with internal heat exchanger at various evaporating temperatures and mass fractions of
R245fa. The internal heat exchanger effectiveness was 0.6.
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13

12 D .

seuedesss R1520/R2456a Tevap 70°C (E=0.6)
5 = @ = RI523/R245f Tevap 70°C (£=0.7)

RI152a/R245f Tevap 70°C (£-0.8)
=== R1520/R245f Tovap 85°C (8=0.6)
6 ——s— R152a/R245fa Tevap 85°C (8=0.7)
R1524/R245a Tovap §5°C (E=0.8)
5 —a: » RI520/R2456 Tevap 100°C (E=0.6)

et R1522/R245 5 Tevap 100°C (E=0.7)

g+ = R1520/R245f Tevap 100°C (E=0.8)

70% 5% 0% 85% 90% 95% 100%
mass fraction of R245fx (%)

Fig. 5. The 1st law efficiency of the ORC with internal heat exchanger at various mass fractions of R245fa and various effectiveness of internal heat
exchanger.

Isentropic efficiency of pump (sp;p) was 0.8.

Isentropic efficiency of turbine () was 0.85.

The turbine work was at 50 kW.

The thermal-physical properties of the working fluids were evaluated from REFPROP [11].

The set pinch-point temperatures between the heat exchanging fluids (ATPP) at the evaporator and the condenser were
6 °C and 3 °C, respectively.

10. The effectiveness (&) of internal heat exchanger was 0.6-0.8.

LN W

4. Results and discussion

Fig. 4 shows the first law efficiencies of the basic ORC and the ORC with internal heat exchanger at various values of
evaporating temperatures and mass fractions of R245fafR152a. The effectiveness of internal heat exchanger is 0.6. Higher
evaporation temperature resulted in higher efficiencies. More mass fraction of R152a or less mass fraction of R245fa gave
better performance since less irreversibilities at the evaporator and the condenser were obtained. The efficiency was highest
when the R245fa fraction was around 80% and the value was rather steady when the fraction was less than this value. It
could be noted that the ORC with internal heat exchanger gave better performance since the internal heat exchanger re-
duced the heat rate input at the evaporator.

Fig. 5 shows the effect of the internal heat exchanger effectiveness on the first law efficiency of the ORC with internal
heat exchanger. Higher effectiveness and evaporation temperature resulted in higher efficiency. Again, the first law effi-
ciency was highest when the R245fa fraction was around 80%.

Figs. 6 and 7 show irreversibilities during heat exchanges at the evaporator and the condenser of the ORC with internal

50

= + ~RIS2W/R245f Tevep 70°C (B0.7)
5 <o+ RI520/R245%5 Tevap 70°C (8=0.8)
~ o= RIS20/R245% Tevap 85°C (E=0.7) - »
40 RIS20/R245% Tevep 85°C (E-0.8) -
-
g 35 ——t—R1520/R245¢1 Tevap 100°C (6=0.7) ',’
E —o— RIS2/R2456 Tevap 100°C (£=0.8) Pt 7
e S i
E s s e e LT T T g
5 5 _h
e e i s
e
15 T = S
10
5
0
0% 75% 80% 85% 9% 95% 100%
mass fraction of R2451a (%)

Fig. 6. Irreversibilities at the evaporator.
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°

— + —R1520/R245 Tevap HPC (E=0.7)
R1520/R245%2 Tevap 70°C (£-05)
~ 4= RI520/R245%s Tovap 85°C (6=0.7)
RIS28/R245f: Tevep 85°C (E-0.5)
—+— RI524R2458: Tevap 100°C (8=0.7)
—o— R1520/R248fa Tevap 100°C (80.8)

TIrreversibilities of condenser (kW)
=N WA LN ® e

o == e
0% 75% 80% 5% 90% 95% 100%
mass fraction of R245fa (%)

Fig. 7. Irreversibilities at the condenser.

heat exchanger, respectively. It could be seen that the irreversibilites for the mixture at the evaporator decreased compared
with those for the single fluid due to lower temperature gaps between the heat exchanging fluids. For the working blend, as
the R245fa composition decreased, at the evaporator, it was found that the temperature gap of the heat exchanging fluids
was reduced and then less irreversibility was obtained. Anyhow, it could be found that the temperature difference slightly
increased when the R245fa composition was over around 80-90% (R152a composition of 20-10%). Higher evaporator
temperature also resulted in lower irreversibility since the temperature gap between the heat source and the cycle working
fluid was less. The results were similar at the condenser.

Fig. 8 shows the second law efficiency of the ORC with internal heat exchanger. It could be seen that the value was
highest when the R245fa composition was around 80% (R152a at 20%) since lowest irreversibilities at the evaporator and at
the condenser were found. Higher evaporating temperature and higher internal heat exchanger effectiveness also resulted
in higher efficiency.

Some of the simulation results were given in Table 1. A correlation to predict the first and the second law efficiencies
could be given in forms of

7715::0- 1 75860-061€8M*°»1543Tg£35 (1 4)
772nd=1 i | 8360'049061\/]_0']3183-&;371 (] 5)

It should be noted that the model could predict all of the data within + 5% variation and the standard deviations were
0.0178 and 0.0234, respectively.

5. Conclusion

R245fa/R152a, a zeotropic refrigerant was used as a working fluid in a 50 kW ORC with internal heat exchanger. The
results showed that the temperature gliding during the phase change of mixture could decrease ireversibilities at the
evaporator and the condenser of the cycle thus the first law and the second law efficiencies could be improved. Decrease of
R245fa or increase of R152a compositions generated higher temperature gliding of the cycle working fluid. The suitable
composition of R245fa was around 80% mass fractions. When the R245fa composition was less than this, the first law, the
second law efficiencies and the irreversibilities at the evaporator and the condenser were nearly steady. Higher evaporating

~
£
g = + = RI520/R245fa Tevap 0°C (8=0.7) i 9
.
5 © RIS20/R2451 Tovap 70°C (6=0.8) T "
N ~ @~ RI52/R24Sfs Tovap 85°C (8=0.7) e
.
RIS20/R245% Tevap 85°C (£-0.8) h™

35
—t R1520/R245f1 Tevap 100°C (E0.7)

—a— RI520/R245fa Tevap 100°C (E=0.6)

30
0% 75% 80% 85% 90% 95% 100%

mass fraction of R245fa (%)
Fig. 8. The 2nd law efficiency of the ORC with internal heat exchanger.
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Table 1
Simulation Data.

Working fluids Mass Tevap (°C) Effectiveness (¢) Work Irreversibilities at evaporator and con- 1st law 2nd law
fraction (kw) denser (kW) (%) (%)
R152a/R245fa —30/70 70 0.6 47.96 104.53 8.19 45.88
R152a/R245fa —20/80 70 0.6 48.20 106.59 8.09 45.22
R152a/R245fa —10/90 70 0.6 48.45 114.07 764 4247
R152a/R245fa —30/70 85 0.6 47.49 9191 1015 51.67
R152a/R245fa —20/80 85 0.6 47.79 93.21 10.10 51.27
R152a/R245fa —10/90 85 0.6 48.09 97.53 976 4931
R152a/R245fa —30/70 100 0.6 46.91 87.87 11.68 53.39
R152a/R245fa —20/80 100 0.6 47.29 8849 11.72 53.44
R152a/R245fa —10/90 100 0.6 47.67 91.08 11.50 5234
R152a/R245fa —30/70 70 0.7 47.96 104.00 8.25 4612
R152a/R245fa —20/80 70 0.7 48.20 105.98 8.17 45.48
R152a/R245fa —10/90 70 0.7 48.45 11343 77 42.71
R152a/R245fa —30/70 85 0.7 4749 91.34 1023 52.00
R152a/R245fa —20/80 85 0.7 47.79 9252 10.20 51.65
R152a/R245fa —10/90 85 0.7 48.09 96.79 9.85 49.69
R152a/R245fa —30/70 100 0.7 46.91 87.26 11.77 53.76
R152a/R245fa —20/80 100 0.7 47.29 87.72 11.83 53.91
R152a/R245fa —10/90 100 0.7 47.67 90.21 11.62 52.84
R152a/R245fa -30/70 70 0.8 47.96 103.46 832 46.36
R152a/R245fa —20/80 70 0.8 48.20 105.36 8.24 45.75
R152a/R245fa —10/90 70 0.8 48.45 112.79 777 42.95
R152a/R245fa —30/70 85 0.8 47.49 90.76 10.31 52.33
R152a/R245fa —20/80 85 0.8 47.79 91.83 10.29 52.04
R152a/R245fa —10/90 85 0.8 48.09 96.04 9.95 50.08
R152a/R245fa —30/70 100 0.8 46.91 86.65 11.86 5414
R152a/R245fa —20/80 100 0.8 47.29 86.94 11.94 54.39
R152a/R245fa —10/90 100 0.8 47.67 89.33 11.75 53.36

temperature and higher internal heat exchanger effectiveness also increased the cycle efficiency. A set of correlations to
estimate the first law and the second law efficiencies with the mass fraction of R245fa, the internal heat exchanger effec-
tiveness and the evaporating temperature was also developed. The results could fit very well with the experimental data.
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ABSTRACT

Economic analyses on power generations from biomass-fuelled modular organic Rankine
cycle (ORC) power plants available in the market were considered. The net power generations were at
35 and 65kW. And economic analyses from effect of hot water at various flow rates and temperatures
to generated power. When the supplied mass flow rate and the inlet temperature of the hot water at the
cycle evaporator increased, it was found that the thermal efficiencies were increased and the unit costs
of the power generation decreased. For the ORCs at 35 and 65 kW, at hot water mass flow rate of 12.6
I/s and evaporator inlet temperature of 116°C, the thermal efficiencies were 16.9% and 16.53%,
respectively. With palm bunch as feedstock for heat source, the levelized electricity unit costs were
lowest compared with other biomass residues which were 6.66 and 4.85 baht/kWhe, respectively.

Keywords: Modular organic Rankine cycle, Biomass, Efficiency, Economic analysis
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Abstract

In this study, a concept of non-azeotropic(NA) working fluid of which the temperatures during
boiling and condensation are changing with the temperatures of heat source and heat sink,
respectively, was considered in organic Rankine cycle (ORC) for power generation. Due to the
temperature differences in the cycle evaporator and condenser were less than those of the single
working fluid during heat exchanging then the irreversibilities in these components could be reduced
which resulted in higher work output. In this paper, R 245fa/R152anon-azeotropic refrigerant at
different compositions was used as a working in a 50 kW ORC. The thermodynamic propertics were
used to evaluate the cycle performances and the results were compared with those of R245fa which
was a single component working fluid. The simulated results showed that the irreversibilities at the
evaporator and the condenser of the ORC with the NA working fluid were less than those of the single
component which resulted in higher cycle efficiency. Higher the composition of R152a could reduce
the irreversibilites but there was a limit of the R 152a composition due to its high flammability and

GWP.

Keywords: organic Rankine cycle, non-azeotropic working fluid, irreversibilitics, power generation

1. Introduction

Organic Rankine cycle (ORC) is a kind of
Rankine cycle of which the working fluid has a
low boiling point thus the unit could operate
with a low heat source temperature such as low
temperature waste heat, geothermal heat, solar
energy or biomass combustion for generating
clectricity. Various groups of working fluids,
wet, isentropic and dry fluids, such as benzene,
ammonia, and some CFC, HFC refrigerants
have been analyzed to be used in the cycle [1,
2]. For small ORC with solar energy application,
R 134a was found to be one of the most suitable
working fluid in terms of cycle efficiency, mass
flow rate, pressure ratio, toxicity, flammability,
ODP and GWP [2]. Recently, there was a report
showed that the suitable working fluids for low
temperature heat source were R123 and R245fa
[3].
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During heat exchanging in the evaporator
and the condenser of the ORC cycle, there were
temperature difference between the streams of
the heat source and the heat sink with the ORC
working fluid, respectively. The temperature
differences generate irreversibilities at the cycle
components then some part of the cycle work
was destroyed.

Use of non-azeotropic (NA) fluid in the ORC
is one method to reduce the temperature
differences between those of the heat source and
the heat sink with the ORC working fluid. Since
the temperature of the NA fluid is changing
during a phase change then the temperature of
the working fluid could follow those of the heat
source and the heat sink streams at the
evaporator and the condenser, respectively with
smaller temperature differences compared with
the single working fluid. Consequently, the
irreversibilities during the heat exchanges are
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less which results in higher cycle work output.
Moreover, some working fluid blend might be
more friendly to the environment. The ODP or
GWP will be less than those of the single
component [4].

In this study, performance analyses of a 50
kW ORC with R245fa/R152a at various
compositions were studied. With a hot water
stream at 85-115°C as a heat source at the
evaporator and a cool water stream fixed at 40°C
was a heat sink at the condenser, the
irreversibilities during the heat exchanging and
the cycle efficiency were evaluated. The results
were compared with that when R245fa was the
working fluid.

2. Organic Rankine Cycle Model

A diagram of the basic ORC system is
shown in Fig. 1. The system consists of an
evaporator, a turbine, a condenser and a pump.
The working fluid leaves the condenser is
designated as saturated liquid (state 1) and the
pump supplies the working fluid to the
evaporator (state 2) where it is heated and
vaporized by a heat source. The generated high
pressure vapor or high pressure superheated
vapor (state 3) flows through the turbine to
produce power. The low pressure vapor then
exits the turbine (state 4) and enters into the
condenser to reject heat to a heat sink. The
condensed working fluid at the condenser outlet
is pumped back to the evaporator. The described
processes are shown in a T-g diagram in Fig. 2.
It could be noted that the temperature
differences between the heat source and the heat
sink streams with cycle working fluid for the
NA fluid were less than those of the single fluid.

Detailed analysis of the ORC system is
summarized as follows:
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b. For NA fluid

Fig.2 T-s diagrams of the ORC.
The 1* law efficiency,1):

_ (ha—hy)—(hy—hy)
(ha—hz)

7 L

Irreversibilities, 7,
at evaporator:

1 =iy [(hs — he) — To(ss — s)lnigl(hs — hy) —
To(ss — s)1 2

at condenser:

1= miy[(hy — he) = To(sy — 51)] igl(he — hy) —
To(ss — 57)]. 3

The 2™ law efficiencies, &:

= 2gllha—hy)—(hy—hy)] 4
Ty [(Rrs—fig)=To(S5=55)]

The conditions for the ORC analysis were as

follows:

1. Cooling water temperature at the condenser

was at 28°C.

2. Evaporation temperatures ranged from 85 to

115°C.

3. The saturation liquid temperatures at the

evaporator and the condenser pressures were at

70 and 40°C, respectively.

4. Isentropic efficiency of pump (pyap) Was 1.

5. Isentropic efficiency of turbine (yryz) was 1.

6. The turbine work was at 50 kW.

1°* Law Efficiencies (%)
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7. The thermal-physical properties of the
working fluids were evaluated from REFPROP
[5].

8. The set pinch-point temperatures between the
heat exchanging fluids (ATPP) at the evaporator
and the condenser were 6°C and 3°C,
respectively.

9. The compositions of the R245fa/R152a were
95%/5%, 90%/10% and 85%/5% by mass.

3. Results and Discussions

Fig. 3 showed the first law efficiencies of the
ORC with R245fa and R245fa/R152a as
working fluids. Higher heat source temperature
resulted in higher efficiencies. It could be noted
that the NA fluid gave better performance since
there were gliding temperatures during heat
exchanges in the evaporator and the condenser
thus the total area in the T-s diagram which
represented the total work output was higher
than that of the single fluid.

Fig. 4 and 5 showed irreversibilities in the
evaporator and the condenser of the ORC,
respectively, when the cycle working fluids
were R245fa and R245fa/R152a. It could be
seen that the irreversibilities at the evaporator
decreased compared with those of the single
fluid due to lower temperature gaps between the
heat exchanging fluids. For the working fluid
blend, as the composition of R152a increased, it
was found that the temperature gap was reduced
then less irreversibility was obtained. The results
were similar for the condenser.

14
i R245fa

® R245fa/R152a (95%/5%)
» R245fa/R152a (90%/10%)
% R245a/R157a (85%/15%)
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Fig.3 The 1% law efficiencies of the ORC.
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Fig.4 Irreversibilities in the evaporator
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Fig.5 Irreversibilities in the condenser
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Fig.6 The 2™ efficiencies of the ORC.
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Fig.6 showed the second law efficiency of
the ORC with the above working fluids. Due to
lower irreversibilities in the evaporator and the
condenser for the NA working fluid, higher
cycle work was obtained compared with the
single working fluid. Again, as the composition
of R152a was higher, better cycle performance
was obtained. Anyhow, there is a limit of R152a
composition that the value should not over 30 %
by mass due to its high flammability and it also
generates high GWP [6].

4. Conclusion

R245fa/R152a, a  non-azeotropic
refrigerant was used as a working in a 50 kWe
ORC. The thermodynamic properties at various
compositions of R 152a were used to evaluate
the cycle performances and the results were
compared with those of R245fa. The simulated
results showed that the irreversibilities at the
evaporator and the condenser of the ORC with
the NA working fluid were less than those of the
single component. Higher the composition of
R152a could reduce the irreversibilites and
increase the cycle efficiency. However, a limit
of the R 152a composition due to its high
flammability and GWP should be considered.
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E-03
A Study on Modular Organic Rankine Cycle with Biomass for Power
Generation in Small Community

Thoranis Deetayat®, Attakorn Asanakham®, Tanongkiat Kiatsiriroat™
* Energy Engineering Program, Faculty of Engineering, Chiang Mai University, Thailand
" Department of Mechanical Engineering, Faculty of Engineering, Chiang Mai University,
Chiang Mai, 50200, Thailand
corresponding author : thoranisdee@gmail.com

Abstract: In this study, a potential on power generation from'a.modular organic Rankine cycle (ORC) power
plant with biomass as fuel was considered. The scales on net power generation were at 20 kW, and 100 kW,
and th izes could be impl; ed in small lity. The values of unit cost of generated electricity
(UCE) for the basic ORC-and the ORC in a form of combined heat and power (CHP-ORC) were evaluated with
various biomass fuels. The operating period was 8 hr/day and the real debt interest rate was 6%. For palm
fruit bunch compared with other biomass. residues; the UCEs were found to be lowest. For the basic ORC,
and the CHP-ORC, the UCEs of 20 kW. were 6.65 and 4.44.Baht/kWh, respectively. The UCEs of 100 kW.
were cheaper which were 4.69 and 3.88 Baht/kWh, respectively, By sensitivity analysis, it was found that
the UCE was decreased when the operating hour was increased and the value increased following the unit
cost of palm fruit bunch and the real debt interest rate.

Keywords : Modular organic Rankine cycle; Sensitivity Analysis; Unit cost of electricity; Biomass fuel

E-04
Chemical Kinetics in Biodiesel Production from Used Cooking Oil with
Methanol/Ethanol Reagent under Electric Field

Attakorn-Asanakham®, Supakrit Ngammuang® and Tanongkiat Kiatsiriroat”
‘Department of Mechanical Engineering, Faculty of Engineering, Chiang Mai University,
“Energy Engineering Program, Faculty of Engineering and Graduate School, Chiang Mai

University Chiang Mai 50200, Thailand
corresponding author : attakorn_asanakham@hotmail.com

Abstract: In Thailand, biodiesel production process uses methanol or ethanol in biodiesel transesterification.
Methanol is imported. andsince it ‘comes from petroleum product therefore it gives some impact to the
environment. On the other hand, ethanol comes from agricultural feedstock thus it is more friendly to the
environment. Anyhow, it could be found that consumption of ethanol volume was rather high and longer
reaction time for biodiesel production compared with methanol and in addition, the ethanol is more
expensive.Suitable compositions of methanol/ethanol should be found to get the biodiesel production of
which the cost is not expensive and the process is green. This research is to study chemical Kinetics on
transesterification reaction of used «cooking oil with methanol/ethanol reagent to generate biodiesel in term
of mixture of esters. The process was performed under a barrier discharge electric field of which very short
reaction period could be performed with very low energy consumption. The electric field at ~10 kV was
generated by a rod electrode mounted at the cylinder axis and a set of a spiral electrode coil wrapped
around a cylindrical glass reactor, In each experiment, 1000 ml of used vegetable cooking oil was taken as a
feedstock for the reaction and KOH at 5 g was taken as the catalyst. The tests were performed with various
compositions of the reagent mixture (methanol/ethanol, %mol/mol), 100:0, 80:20, 70:30 and 60:40 and
the starting temperatures were controlled in_range of 43-44:C. It was found that higher percentage of
ethanol resulted in lower biodiesel yield and longer the reaction time. The biodiesel yields were found to be
92.73, 80.48, 78.98and 74.94% of the used cooking oil amount, respectively. The chemical kinetics of the
transesterification could be found as follows: Ratio of methanol/ethanol (100:0) k = 0.0045 s-1 , Ea =
15.201 kJ/mol; Ratio of methanol/ethanol (80:20) k = 0.0021 s-1 , Ea = 19.611 k)/mol; Ratio of
methanol/ethanol (70:30) k = 0.0018 s-1 , Ea = 30.683 kJ/mol; Ratio of methanol/ethanol (60:40) k =
0.0013 s-1 , Ea = 37.860 kJ/mol where k and Ea are reaction constant in s-1and activation energy in
kJ/mol, respectively.

Keywords : Biodiesel, Methanol/ethanol reagent, Electric field, Chemical kinetics.
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Abstract— In this study, a potential on power generation from a modular organic Rankine cycle (ORC) power
plant with biomass as fuel was considered. The scales on net power generation were at 20 kW, and 100 kW,
and these sizes could be implemented in small community.

The values of unit cost of generated electricity (UCE) for the basic ORC and the ORC in a form of
combined heat and power (CHP-ORC) were evaluated with various biomass fuels. The operating period was
8 hr/day and the real debt interest rate was 6%. For palm fruit bunch compared with other biomass residues,
the UCEs were found to be lowest. For the basic ORC, and the CHP-ORC, the UCEs of 20 kW, were 6.65 and
4.44 Baht/kWh, respectively. The UCEs of 100 kW, were cheaper which were 4.69 and 3.88 Baht/kWh,

respectively.

By sensitivity analysis, it was found that the UCE was decreased when the operating hour was
increased and the value increased following the unit cost of palm fruit bunch and the real debt interest rate.

Keywords— Modular organic Rankine cycle; Sensitivity Analysis; Unit cost of electricity; Biomass fuel

I. INTRODUCTION

Acceleration of fossil fuel consumption has led to a serious
problem such as global warming, ozone layer depletion and
air pollution. Hence, recovering waste heat from energy
conversion process is quite essential to reduce the fuel
consumption. Combined Heat and Power (CHP) is an
effective method with simultaneous production of electricity
and heat from one fuel source could be obtained. The fuel
source could come from biomass, biogas or waste heat. The
total cost of the CHP plant, including capital cost, fuel and
maintenance cost of capital is normally less than the costs of
purchased fuel and power separately. Moreover, the air
pollution and the greenhouse gas emission could be reduced.

Various conversion technologies have been used for CHP
applications such as steam Rankine cycle, organic Rankine
cycle (ORC), gas turbine and internal combustion engine [1].

Focusing on small community application, the ORC having
organic fluid as working fluid has been prospected as a
suitable conversion technology since it could be used with
different kinds of energy sources such as solar thermal energy
[2], geothermal energy [3], biomass [4] and waste heat from
industrial process [5]. It can recover low grade heat into
electricity with sufficient high efficiency.

Biomass is a high potential energy source in Thailand.
Agricultural residues or wastes such as rice straw, bagasse and
corn cob have a volume of about 59,539,905 tons per year
with an energy equivalent to 504,339.40 TT [6].

In Thailand, very few data on ORC performance has been
reported. Thawornngamyingsakul and Kiatsiriroat [7]
presented economic consideration of a 2.18 MW organic
Rankine cycle with rice husk as heat source. The annual
operating hour was 8,000 hr/year and the plant lifespan was
25 year. With the rice husk unit cost of 400-1,600 Baht/ton,
the unit cost of electricity (UCE) was 2-3.65 Baht/kWh.
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From the previous information, it could be seen that there
was a high potential to generate power through the ORC for
small community of which the ORC scale could be in a range
of 20 — 100 kW. In this paper, a basic ORC for power
generation only and an ORC to generate both electricity and
thermal heat (combined heat and power, CHP-ORC) with heat
source from various kinds of biomass were considered. The
selected scales for power generation were 20 kW and 100 kW.
Sensitivity analysis of the parameters affecting the UCE was
also carried out.

II. THE ORC SYSTEM

Organic Rankine Cycle

A diagram of the basic ORC system is shown in Fig. 1. The
system consists of an evaporator, a turbine, a condenser and a
pump. The working fluid leaves the condenser is designated as
saturated liquid (state 1) and the pump supplies the working
fluid to the evaporator (state 2) where it is heated and
vaporized by a heat source. The generated high pressure vapor
(state 3) flows through the turbine to produce power. The low
pressure vapor then exits the turbine (state 4) and enters into
the condenser to reject heat to a heat sink. The condensed
working fluid at the condenser outlet is pumped back to the
evaporator. The described processes are shown in a T-s
diagram in Fig. 2.



Heat Source

’—v 3
3 Evaporator

\.; Pump,] Condenser (

[ Heat Sink
Figure 1 The components in a basic ORC.
T

S

Figure 2 T-s diagram of a basic ORC.

It could be noted that the ORC working fluid in this study was
a dry fluid of which the slope of the saturated vapor line was
positive in thermodynamic T-s diagram. Then all the fluid
during expansion was in superheat region which did not give
strong corrosion effect to the expansion device as the two
phase fluid.

Combined Heat and Power (CHP)

Combined heat and power (CHP) is an effective energy
conversion since simultaneous electricity and useful heat
could be generated from one source of energy. In our CHP-
ORC as shown in Figure 3, the exhausted gas from biomass
combustion could be used for water heating, therefore, higher
overall efficiency could be obtained compared with the basic

ORC.
Cold
waer in
Hot water
out
Exhausted Gas
I
—Hot water in—w{
WATER HEATER ORC »—( )*
[e—+Hot water out—
Figure 3 A CHP system.
Biomass

Biomass is organic material that stores energy from natural
sources and can be used for energy production such as
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agricultural waste or residues from production in the
agriculture industry such as rice husk from rice milling
process, fibrous bagasse from sugar production and wood
chips from sawn timber or eucalyptus wood, etc.

Biomass could be converted into energy by various
processes such as direct combustion, gasification and
fermentation. In this study, thermal heat from biomass to
generate electricity and hot water through an ORC was
performed by direct combustion in a furnace.

The biomass residues for direct combustion were shown in
Table 1. The heating values and the prices of the residues
were given. The combustion heat was used to generate hot
water for supplying heat at the ORC evaporator as shown in
Fig. 3. The exhaust gas was also used to generate hot water for
other thermal process.

Table 1. Heating values and prices of biomass residues [8].

Higher Lower Price
Type of Ash heating | heating
Biomass (%) value value (Bah)t/ton
(kJ/kg) | (kJ/kg)
Rice Husk 12.65 14,755 13,517 1,600
Rice Straw 10.39 13,650 12,330 1,225
Sugar Cane
Leaves 6.10 16,794 15,479 1,125
and Tops
Rubber wood 1.59 10,365 8,600 1,300
PalmEit | 6 bos | 7,240 514
Bunch
CEicob 0.9 11,208 | 9,615 1,100
Cassava L5 7,451 5,494 950
Euealyptus | 14 | 611 4,917 700
Bark

The heat rate at the ORC evaporator (Q5) was assumed
to be the same as the heat rate from fuel combustion

(Qheqter)- The heating efficiency in this study was assumed
to be 80% [9] then the heat rate from fuel combustion could
be calculated by

Qheater = Nwy (mLHV). 1
IIT. EXERGY ANALYSIS

Exergy analysis is generally taken as a tool to analyze
energy quality of thermal systems including the energy cost in
term of exergy cost rate or exergy costing.

For basic ORC

cWe = ¢ruerBruet + Zwu + Zore + Zosm @)

For CHP ORC

Ce(We + EHWout) = quelEfuel + Zwu + Zore + Zux +
Zogm 3

¢, is the exergy costing. It could be noted that the exergy
costings of the power and exergy in hot water generated were
assumed to be the same.



Table 2. Cost data used for the thermoeconomic analyses of
basic ORC and CHP-ORC.

Investment cost for ORC 20kW

Since CHP system could generate total output
including electricity and useful heating, therefore UCE of the
CHP-ORC was cheaper than that of the basic ORC. It could
also be found that, when net power generation was increased.
The investment cost per KWh was cheaper.

ORC power plant 20 kW (Baht/unit) 1,500,000
Biomass Hot Water Heater (Baht/unit) 200,000
Heat Exchanger for exhaust gas from 20,000

biomass (Baht/unit)
Investment cost for ORC 100kW
ORC power plant 100 kW (Baht/unit) 4,000,000
Biomass Hot Water Heater (Baht/unit) 2,700,000
Heat Exchanger for exhaust gas from 100,000
biomass (Baht/unit)

Operating & Maintenance (O&M) cost

Operating & maintenance equipment cost 1
(% of investment cost per year)

Financial parameters

Real debt interest rate, iq (%) 6

Depreciation period, n (year) 20

The conditions for the basic ORC and the CHP-ORC
analyses were
1. The power outputs of the ORC were 20 kW and 100
kW.

2. The water heating
combustion was 80%.

3. Evaporating temperature were 95°C and 125°C for
20 kW, and 100 kW, respectively. Condensing
temperature was 35°C

4. Isentropic efficiencies of pump and turbine were 0.7
and 0.8, respectively.

5. Exhausted gas from biomass combustion was 50%
of Qlaud‘

6. Hot and cold water temperature at heat exchanger
was 80°C and 28°C, respectively.

7. Effectiveness of heat exchanger (&) for hot water 80
°C was 0.85.

8. The ORC working fluid was R245fa and the
properties were based upon REFPROP [10].

efficiency from biomass

IV.RESULTS

Fig. 4 and Fig. 5 show UCEs of basic ORC and
CHP- ORC having net power generations of 20 KW and 100
kW, respectively. The daily operating hour was 8 hr per day,
the real debt interest rate was 6% and heat sources of ORC
came from various biomasses.

For basic ORC of 20 kW and 100 kW, it could be
found that UCE with palm fruit bunch was lowest as 6.65 and
4.69 Baht/kWh, respectively. Even though the LHV of palm
fruit bunch was low but the price per ton was cheapest as
given in Table 3.

When the exhausted gas from biomass combustion
was used to generate hot water in other process (CHP-ORC),
for 20kW and 100 kW, it could be found that UCE was
decreased. For palm fruit bunch, the UCE was decreased
from 6.65 to 4.44 Baht/kWh (20kW ORC) and 4.69 to 3.88
Baht/kWh (100kW ORC).
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Figure 4 UCEs from various biomass at operating hour of
8hr/day, i,~6%, the ORC capacity of 20 kW.
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Figure 5 UCEs from various biomass at operating hour of
8hr/day, i4=6%, the ORC capacity of 100 kW.

Table 3 Utilized biomass for the 100 kW CHP-ORC with

operating hour of 8 hr/day.
4 x Residual Biomass
Biomass LHV Price : P
Potential Utilized
Type (kl/kg) | (Baht/ton) (ton/year) (ton/year)
PalmFruit | o500, [ 514 1024868 | 144699
Bunch

V. SENSITIVITY ANALYSIS

In this section, sensitivity analyses of the parameters
those affect the electricity unit cost of the CHP-ORC system
were considered. The parameters were the palm fruit bunch
unit cost of 300-700 Baht/ton, the operating hour of 8-12
hour/day and the real debt interest rate of 6-10%. From Fig. 6,
it was found that the palm fruit bunch unit cost and the real
debt interest gave the most and least sensitivities on the UCE.

If the 20kW and 100kW CHP-ORCs operated at 12
hours/day, 8% real debt interest rate and palm fruit bunch unit



cost of 300 Baht/ton, the unit cost of electricity was 2.75
Baht/kWh and 2.26 Baht/kWh, respectively.

5

CHP ORC 25 kW

UCE (Baht/kWh)

~+—Palm fruit bunch unit cost
—#-Real debt interest rate
Operating Hour

-50 -40 =30 -20 -10 0 10 20 30 40 50

4

UCE (Baht/kWh)

~4—Palm fruit bunch unit cost
~#-Real debt interest rate
~Operating Hour

Figure 5 Sensitivity analyses on UCE with varying
unit costs of biomass, operating hours and interest
rates. The reference conditions are: Palm fruit bunch
unit cost = 514 Baht/ton, operating hour= 12hr/day
and real debt interest rate =8%.

VI. CONCLUSION

The unit costs of electricity from the 20 kW and 100 kW
CHP-ORCs were cheaper than those of the basic ORC. It was
found that with the palm fruit bunch as the energy source, the
UCEs for the 20kW and 100kW CHP-ORCs were 4.44
Baht/kWh and 3.88 Baht/kWh, respectively.

The sensitivities on the UCE which were palm fruit
bunch unit cost, operating hour and real debt interest rate on
the UCE were considered. The results showed that the palm
fruit bunch unit cost and the real debt interest gave the most
and least effects on the UCE.
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IX. NOMENCLATURE

E; = cost of electricity (Baht/kWh)

Cruer = cost of fuel (Baht/kWh)

LHV = low heating value (kJ/kg)

Eywour = Exergy of hot water (kW)

Epyer = Exergy of fuel (kW)

Qneater = heatrate from fuel combustion (kW)
m = mass flow rate (kg/s)

Ty = water heater efficiency

W, =rate of work (kW)

7 = cost rate of water heater (Bath/hr)
Zore = costrate of ORC (Bath/hr)

g = cost rate of heat exchanger (Bath/hr)

= cost rate of operating & maintenance equipment
(Bath/hr)
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Abstract

This paper proposed a model to predict thermal
efficiency of low temperature organic Rankine cycle (ORC) in a
form of dimensionless term namely Figure of Merit, FOM. The
term combines Jacob number with condensing temperature
and evaporating temperature. The considered working fluids
are R245fa, R245ca, R227ea, R236ea and R152a. The
evaporating temperature and the condensing temperature are
in ranges of 80-130°C and 25-40°C, respectively.

The results from the model were compared to those
from some testing data and existing literature. It was found
that the results fitted very well of which the deviation was less
than 3.66%. This technique also used to calculate power
generation from ORC when the temperatures and the flow
rates of the hot and the cold water as the heat source and
heat sink, respectively were defined.

Keywords: organic Rankine cycle, thermal efficiency, Figure of Merit
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This paper proposed a dimensionless term, the “Figure of Merit” (FOM), to investigate the thermal
performance of a low temperature, organic Rankine cycle using six zeotropic mixtures (R245fa/R152a,
R245fa/R227ea, R245fa/R236ea, R245¢ca/R152a, R245ca/R227ea and R245¢ca/R236ea) as working fluids.
An empirical correlation was developed to estimate the cycle efficiency from the FOM for all working
fluids at condensing temperatures of 25—40 °C and evaporating temperatures of 80—130 °C. The model

results fit very well with both the experimental data and that from other researchers.
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1. Introduction

Excessive utilization of fossil fuels has led to many severe
environmental problems, including global warming, ozone layer
depletion, acid rain and air pollution. Hence, recovering waste heat
from energy conversion or using renewable energy to reduce fossil
fuel consumption is essential.

The organic Rankine cycle (ORC), a type of Rankine cycle, uses a
working fluid with a low boiling point, and thus can generate
electricity from low-temperature heat sources, such as low tem-
perature waste heat, geothermal energy, solar energy or biomass
combustion.

The first commercial ORC plant was installed in 1970. After that
the ORC market is growing rapidly. According to Quoilin et al. [1],
ORC is a mature technology for waste heat recovery and other
sources from biomass and geothermal energy. ORC also has the
potential to be developed for use with solar heat. Manolakosa et al.
|2] designed and built a low-temperature (35-75.8 °C), solar ORC
for reverse osmosis desalination. Nguyen et al. [3] designed and
developed a small-scale, low temperature solar ORC to generate
electricity with an efficiency of 4.3%. Velez et al. [4] reviewed the
primary ORC manufacturers and found that most units were on a

* Corresponding author.
E-mail address: thoranisdee@gmail.com (T. Deethayat).

http://dx.doi.org/10.1016/j.energy.2015.12.047
0360-5442/© 2015 Elsevier Ltd. All rights reserved.

MW scale. However, the number of small ones (in the kW range)
had increased significantly.

To improve ORC efficiency, some researches have focused on
zeotropic working fluids with boiling and condensing temperatures
changing with heat source and heat sink temperatures, respec-
tively. With temperature differences during heat exchanges at the
cycle evaporator and condenser less than those of the single
working fluid, then the thermodynamic irreversibilities in these
components can be reduced, resulting in a higher work output.
Wang et al. [5] experimentally compared the performance of low
temperature ORCs using pure fluid (R245fa) and its mixture
(R245fa/R152a); the thermal efficiency of the zeotropic mixture
was higher than that of pure R245fa. Dong et al. [6] found similar
results with a high temperature ORC (heat source at 280 °C) using
zeotropic mixtures of siloxanes as working fluids. For heat sources
at temperatures of 150-250 °C, Chys et al. | 7] found that the cycle
efficiency increased 6—16% in ORC systems using zeotropic mix-
tures as the working fluids. Heberle et al. | 8| found that the second
law efficiency of an ORC with isobutane/isopentane and R227ea/
R245fa as working fluids increased 4.3%—15% for the zeotropic
mixtures compared with single isopentane and single R245fa.

The thermal efficiency of an ORC system is directly related to
many thermophysical properties. Recently, Kuo et al. [9] studied the
relationships of the thermodynamic properties of many working
single fluids that affected ORC thermal efficiency. The properties
could be consolidated in a dimensionless group, called Figure of
Merit (FOM), which included the Jacob number and evaporating
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and condensing temperatures. The lower the FOM value, the higher
the ORC thermal efficiency could be achieved. The FOM could also
be used to screen working fluids to achieve higher ORC
performance.

In this paper, a technique proposed by Kuo et al. [9] was
modified to determine a correlation between the cycle efficiency
for small-scale ORC and FOM at evaporating temperatures of
80—130 °C and condensing temperatures of 25—40 °C with zeo-
tropic mixtures in the case of the ideal cycle. A factor to allocate the
zeotropic fluid properties in a form of FOM similar to that of single
fluids was created and set up in the term of gliding temperature of
the working fluid. It could be noted that only dry fluids having
positive slope of the saturated vapor line in T-s diagram or isen-
tropic fluid were considered thus the fluids during expansion were
superheat.

2. Thermodynamics cycle

Fig. 1(a) shows the ORC configuration, which consists of a pump,
an evaporator, an expander and a condenser. The working fluid
leaves the condenser as a saturated liquid (state 1) and itis pumped
to the evaporator (state 2) to be heated and vaporized by various
heat sources, such as waste heat, hot water from solar heat or
geothermal energy. The generated high-pressure vapor (state 3)
flows into the expander to generate power and, thereafter, the low
pressure vapor exits the expander (state 4) to the condenser, where

[

Evaporator

(

\ Pump }

4

the vapor is condensed by rejecting heat to cooling water. The
condensed working fluid at the condenser outlet is pumped back to
the evaporator, and a new cycle begins. All of the above described
processes are shown in a temperature versus entropy diagram for
ideal ORCs with single and zeotropic working fluids in Fig. 1(b) and
(c), respectively.

Itcan be seen in Fig. 1(c), during heat exchange at the evaporator
and condenser of the ORC, there were temperature differences
between the streams of the heat source and heat sink with the ORC
working fluid, respectively. The temperature differences generated
irreversibilities at the cycle components, and then some part of the
cycle work was destroyed. As an example, the isothermal phase
change during states 2f-3 for the single fluid after replacing by the
non-isothermal zeotropic fluid, the temperature difference be-
tween the hot fluid stream and the phase change temperature is
less and the irreversibility due to the heat exchange is smaller.
Similar result is found at the condenser.

The energy balance at each component can be summarized as
follows:

Pump:

_ nwy (P, — Py)

w,
2 np

Heat Source

Condenser|

T

L Heat sink

a. ORC basic components.

b. T-s diagram of ORC for single fluid.

s

c. T-s diagram of ORC for zeotropic fluid.

Fig. 1. Thermodynamic cycles of ideal ORC for single and zeotropic working fluids.
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W, = ria(hy — hy). @)
Evaporator:

Qg = mi(h3 — hy). (3)
Turbine:

Wy = nia(hs — ha)nr- (4)
Condenser:

Qc = m(hgg — hy). (5)
Thermal efficiency:

N = % (6)

For the ideal cycle, the expansion work and the compression
work are isentropic. The states of the working fluid entering the
expander and pump are saturated.

In real practice, the isentropic efficiencies during expansion and
compression are less than 100%. For simplicity, the compression
work is rather small; if assumed negligible, then the actual cycle
efficiency can be calculated by:

Nactualcycle = Mthideal * Nisentropicturbine (7)

The cycle efficiency for each working fluid can be calculated
from the above equations at various evaporating and condensing
temperatures. The calculation steps are shown in Fig. 2.

Kuo et al. [9] consolidated the related parameters in a term
named “Figure of Merit" (FOM) that affects the ORC thermal effi-
ciency. The FOM was defined as:

3
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Fig. 2. Flow chart for calculating the thermal efficiency of the ORC from thermody-
namic properties. The condition at the turbine inlet was saturated vapor.

08
Figure of Merit(FOM) — Ja®1 (If—"M) . (8)
Teuap

This dimensionless term includes the Jacob number (Ja), the
evaporating and the condensing temperatures. The Jacob number is
defined as Ja = GAT where C, represents the average specific heat
evaluated from the mathematical mean of the condensing and the
evaporating temperatures, AT is the temperature difference be-
tween the evaporator and the condenser temperatures, and hy,
denotes the latent heat at the evaporating temperature. FOM in-
creases when the evaporating temperature decreases or the
condensing temperature increases. These also result to the de-
creases in the output work and the cycle efficiency.

The cycle efficiency can be calculated from thermodynamic
properties following equations (1)—(7) at various condensing and
evaporating temperatures. The cycle efficiency depended strongly
on the FOM; the lower the value of FOM, the higher the thermal
efficiency of the ORC could be achieved.

This study considered various single and zeotropic working
fluids. The conditions for the calculation of ideal ORC performance
are given in Table 1.

3. Working fluids

For low temperature ORCs, a variety of low temperature heat
sources — waste heat, geothermal heat, solar heat or biomass
combustion — can be used to generate a hot water stream (80-
130 °C) that supplies heat to the ORC evaporator. The ORC working
fluids should be screened for: environmental impact — low ozone
depression potential (ODP) low global warming potential (GWP)
and low atmospheric life time (ALT); chemical stability in the
operating temperature range; and thermal stability. Five working
fluids — R245fa, R152a, R227ea, R245ca and R236fa — and their
blending in the form of zeotropic fluids were selected. The physical
and environmental properties of the fluids are shown in Tables 2
and 3. The thermodynamic properties of the single fluids and
their mixtures can be obtained from REFPROP 9.0 [10].

4. Results and discussion
4.1. Single fluids
Ideal Cycles:

Fig. 3 shows the correlation between the ideal cycle efficiency
calculated from equations (1)—(6) and the FOM for various single
working fluids, when the evaporating and the condensing tem-
peratures are prescribed. For each selected working fluid, Ja can be
estimated, followed by the FOM. It could be seen that if the evap-
orating temperature increased, then the FOM was decreased which
resulted in higher the thermal efficiency. Thus, the FOM term could
be used to screen working fluids for high thermal efficiency at the
same evaporating and condensing temperatures.

Table 1

The conditions for calculating ideal ORC performance.
Parameter Data
Isentropic efficiency of pump (1) 1
Isentropic efficiency of turbine (ny) i ¢
Evaporating temperature 80-130°C
Condensing temperature 25-40°C
Ambient temperature 25%C
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Table 2
Physical and environmental properties of the working fluids [ 11,12].
Substance Physical properties Environmental properties Type
M (kg/kmol) Tei(°C) Pt (Mpa) Ty (°C) ALT (yr) ODP GWP (100 yr)
R245fa 134.05 154.01 3.65 15.14 76 0 710 Dry
R245ca 134.05 17442 3.93 25.13 6.2 0 693 Dry
R236ea 152.04 13929 35 6.19 8 0 710 Dry
R227ea 170.03 101.75 2,925 ~1634 342 0 3220 Dry
R152a 66.05 1133 452 -24 14 0 124 Wet
R123 15293 183.7 3.67 278 13 0.02 77 Isentropic
Table 3 of expander. A set of experimental data from a commercial modular
Physical properties of the zeotropic working fluids [10]. P 4 % P! X
- - - ORC was taken to verify the calculation from the proposed method.
Substance Mass fraction  Physical properties The specification of the commercial modular ORC was given in
M (kg/kmol)  Tei (°C)  Pei (Mpa) Table 4. The testing results were shown in Table 5.
R245fa/R152a 90/10 12154 147.44 391 From equation (9), the ideal ORC cycle efficiencies (at the same
R245fa/R152a 80/20 111.16 14136 4.07 conditions as given in Table 3) were found to be 12.92%, 13.08%, and
g::ﬁgg;a ;gﬁg :g:;g 321557’ ;-Zg 12.80%, respectively. With the isentropic efficiencies at the
EY ea 3 .. f . .
Ro45fa/R227ea 8020 i Sase e expander, the actual cycle efficiencies cquld be calculat_(?d and the
R245fa/R227ea  70/30 14313 13989 359 values were close to those of the experimental cycle. The results
R245ca/R236ea  90/10 135.65 17098 3.93 were shown in Table 6.
R245ca/R236ea  80/20 137.3 167.42 3.90 The FOM from our method were also used to evaluate the ORC
R245ca/R236ea  70/30 138.98 163.77 3.85 cycle efficiencies studied by Saleh et al. [13] and very good agree-
Ddocalodtes 04 13633 o, <7 =28 ment of the results were found as shown in Table 7.
R245ca/R227ea  80/20 139.97 16364 397 R ou &
R245caR227ea 7030 143.13 157.35 3.94
R245¢a/R152a 90/10 121.54 166.05 430 P
R245ca/R152a 80/20 11116 157.57 449 EZeotTopig mixtiee
R245ca/R152a 70/30 102.42 149.19 457
R245fa/R236ea 9010 135.65 15188 3.63 Ideal Cycle
R245fa/R236ea  80/20 137.3 149.82 3.61
R245fa/R236ea  70/30 138.98 147.85 3.58

From Fig. 3, the thermal efficiency () can be expressed as a
function of the condensing temperature (T,,,4) and FOM as:

i [4044 017 T + 0.00351'3,,,“,] =4 [ ~132.76

+3.604T5g — 0.0428T%,4 | FOM.

9

The calculation steps for evaluating the thermal efficiency was

shown in Fig. 4.

4.2. Experimental cycle

Single Fluid:

From equation (7), the actual thermal efficiency for single fluids
can be evaluated by multiplying »geq; by the isentropic efficiency

21
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This paper considered six zeotropic mixtures: R245fa/R152a,
R245fa/R227ea, R245fa/R236ea, R245ca/R152a, R245ca/R227ea and
R245ca/R236ea. The mass fractions of R245fa and R245ca were
recommended to be at least 70% [5,12. Fig. 5 shows the correlation

INPUT
C,,, AT, h/g: Tevap: Teona» N

Ja = S8
a=-2—
hyg
T 08
Figure of Merit (FOM) = Ja®! (L"d)
Tevap,

*R245f
WR245ca
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1

0.45

R123

Fig. 3. The correlation between the ideal cycle efficiency and the FOM for various

single working fluids and condensing and evaporating temperatures.
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Fig. 4. Flow chart for calculating the thermal efficiency of the ORC from FOM. The
condition at the turbine inlet was saturated vapor.
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Table 4
The specification of the commercial modular ORC.

T. Deethayat et al. / Energy 96 (2016) 96—102

ORC type R245fa hot water source, 3P 380 V 50 Hz induction generator
Gross power:20 kW Net power:16 kW
Refrigerant R245fa
Expander Semi-hermetic twin screw type expander with direct drive induction generator
Model:RC2-300 300CMH displacement volume
Evaporator SUS 316 plate type heat exchanger, Z400H x 136
Hot water inlet 110 °C flow rate:150LPM
Capacity:260 kW Hot water connection:3” JIS10K
Condenser Shell and tube heat exchanger
Shell: Carbon steel 12” x 3000 mmL
Tube:3/4” copper tube with inner and outer low fin tube
Cooling water: inlet 30 °C Qutlet 35 °C
Flow rate: 810 LPM Water connection:4” Flange
Table 5 ) between the ideal cycle efficiency with FOMzeotropic for these zeo-
Testing data of the commercial modular ORC. tropic refrigerants compared with that for single R245fa. The
Descriptions Condition 1 Condition2  Condition 3 Unit evaporating and the condensing temperatures for the FOMzeotropic
Evaporator calculation were taken from the saturated liquid at the evaporating
Hot water inlet 116 107.8 97 °C pressure and the saturated vapor at the condensing pressure,
Heat source capacity 244 2383 228.8 kw respectively. It could be seen that the data points were highly
Condenser disordered with the zeotropic working fluids.
ool waterimlet 28 ' 25 2 The deviation of cycle efficiency from the single fluid was mainly
Heat sink capacity 219 215.6 2109 kw P 3 = 5
Expander due to the gliding temperatures of the zeotropic fluids, as shown in
Expander inlet 1097.1 1120 1074 kPa-Abs Table 8.
pressure Fig. 6 shows the deviation of FOMegropic for zeotropic working
Expandzr olitlet R27¢ e 227 kPa-Rbs fluids from FOM for the main single fluids (FOMgjnge): the higher
pressure Py . IV .
Expander inlet 937 946 28 ¢ thg gliding temperature, theAh'lgher the deviation fn_)m the single
temperature fluid. The deviation (D) empirically related to the gliding temper-
Expander outlet 37.1 37 37 e ature (Tg) as:
temperature
Isentropic efficien 714 67.9 56.6 %
i depanddr D = 0.0004T? + 0.0004T, + 0.0047. (10)
Cycle Efficiency 9.40 8.81 7.37 %

Table 6
Comparison of the results from the proposed method with real cycle efficiency.
Descriptions Condition 1~ Condition 2 Condition 3  Unit
Ideal cycle efficiency 1292 13.08 128 %
from eqn. (9)
Isentropic efficiency of 714 67.9 56.6 %
the expander
Cycle efficiency (from the 923 8.88 725 %
present method)
% Difference from 1.81 0.79 1.63 %

experimental cycle
in Table 4.

Table 7
Comparison of the results calculated from this study with Saleh et al. [13].

Working fluid 9, % Difference from Saleh et al.

Saleh etal. [13]  This study
R245fa 12.52 12.89 2.96
R245ca 12.79 13.13 2.66
R152a 8.82 8.59 261
R227ea 92 8.90 3.26
R236ea 12.02 12.46 3.66
Operating conditions: The ing P ure for R245fa, R245ca and R236ea

was 100 °C; the evaporating temperatures for R152a and R227ea were 7259 °C and
83.88 °C, respectively. The condensing temperature was 30 °C and the isentropic
efficiency of the turbine was 0.85.

The FOMzeotropic for zeotropic mixture then could be modified as:

Fi OMzeotropic =F (F OMsingle)- (11)

where F is the correction factor:
F=(1 - D)= [1-(0.0004T7 + 0.0004T; + 0.0047)].

From equation (11), with the gliding temperature of a selected
zeotropic fluid, the FOM;eotropic could be calculated from the
FOMgjpgie- The correlation between the ideal thermal efficiency and
the FOM_equropic at various condensing and evaporating tempera-
tures could be developed as shown in Fig. 7. Now the data points
could be presented orderly. Again, a lower FOMzeorropic resulted in a
higher thermal efficiency.

We expressed the thermal efficiency (#,;,) as a function of the
condensing temperature (Te,pg) and the FOM,eqpropic as:

)
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Fig. 5. The correlation between the ideal cycle efficiency with FOM,eoopic for zeotropic
refrigerants.
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Table 8
Gliding ures when the evap
condensing temperature was 25-40 °C.

was 80-130 °C and the

Working fluid ~ Mass fraction Evaporating temperature (*C)

80 90 100 110 120 130
R245fa/R152a 90/10 6.66 6.12 556 496 429 348
R245fa/R152a  80/20 876 802 723 635 532 399
R245fa/R152a 7030 892 812 723 622 499 320
R245fa/R227ea  90/10 319 292 264 236 205 171
R245fa/R227ea  80/20 519 475 429 379 325 259
R245fafR227ea  70/30 625 569 509 445 370 273
R245ca/R236ea  90/10 144 136 128 120 111 101
R245ca/R236ea  80/20 235 222 209 194 179 161
R245cafR236ea  70/30 281 266 249 231 211 189
R245ca/R227ea  90/10 543 506 469 431 393 351
R245ca/R227ea  80/20 893 834 773 709 641 566
R245ca/R227ea  70/30 1094 1021 943 860 767 661
R245ca/R152a  90/10 11.63 1090 10.14 933 846 7.50
R245ca/R152a  80/20 15.08 1412 1308 1193 1064 9.14
R245ca/R152a  70/30 1536 1429 13.11 1178 1024 834
R245fa/R236ea  90/10 046 043 039 035 031 027
R245fafR236ea  80/20 069 063 058 052 046 038
R245fafR236ea  70/30 074 068 061 055 048 040

Note: The main single fluids are R245fa and R245ca.
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Fig. 6. The deviations of FOM for all zeotropic working fluids in this study from that of
the single fuids.
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Fig. 7. The correlation of the cycle efficiency with the FOM ., p;c for R245fajR152a
and R245ca/R152a at various compositions.

i = [40.44 — 0.17Tggng + 0.0035T2, | + [ - 132.76
+3.604Tong = 0.0428T2,4 | FOM.corropic. (12)

The calculation steps for evaluating the thermal efficiency was
shown in Fig. 8.

For zeotropic working fluids, we compared the calculated effi-
ciency from eqn. (12) with the results of Li et al. [ 14] of which the
efficiencies were calculated from thermodynamic properties. The
ORC used the zeotropic mixture R245fa/R152a (0.8/0.2) at an
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Fig. 8. Flow chart for calculating the thermal efficiency of the ORC from FOM.eopopic-
The condition at the turbine inlet was saturated vapor.

evaporating temperature of 90—110 °C and a condensing temper-
ature of 25 °C. Our results from eqn. (12) agreed well with the
literature, as shown in Table 9.

From the above results, it could be noted that with n¢, -FOM
chart, if the evaporating temperature, the condensing temperature
and the working fluid properties are prescribed, the FOM could be
calculated and the cycle efficiency could be estimated without any
information of thermodynamic properties. The process is very
simple and the results are very accurate. In addition the FOM could
also be used to screen the working fluid including its operating
temperature to get high thermal efficiency.

5. Conclusion

The thermal efficiency of an ORC system could be indicated by a
dimensionless term namely “Figure of Merit (FOM)", which covered
parameters such as the Jacob number and the evaporating and the
condensing temperatures of the ORC. The FOM could be used to

Table 9

Comparison of the results calculated from this study with Li et al. [ 14].
Evaporating Nth % Difference
1 o, i 5
emperature (°C) Lietal (14] This study from Li et al
90 11.65 10.97 5.86
100 1245 12.00 3.61
110 13.12 12.83 220
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screen the working fluids for high thermal efficiency at prescribed
evaporating and condensing temperatures. A lower FOM resulted in
higher thermal efficiency.

For zeotropic working fluids, FOM must be modified by multi-
plying a correction factor F that relied on the gliding temperature of
the zeotropic mixture.

A model to predict the zeotropic ORC efficiency was developed.
The results fitted very well with those from the literature.
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Gy heat capacity, J/kg-K
h: specific enthalpy, J/kg
n: mass flow rate, kg/s
P: pressure, kPa

T: temperature, °C, K

Q: ‘heat input, W

W: work, W

#: efficiency, %

v: specific volume, m*fkg

Subscripts

1,2, 2a, ... 4: state points

b: boiling point

cond: condenser

cri: critical point of temperature
& gliding temperature

ALT: atmospheric life time
GWP: global warming potential
ODP: ozone depletion potential
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