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ABSTRACT

To generate electricity from biomass combustionthea
interna

geothermal wells, recovered waste heat from
combustion engines, gas turbines or industrial gsses, both
the steam cycle and the organic Rankine cycle adelyin
use. Both technologies are well established amdbeafound
on comparable industrial applications. This papessents a
thermodynamic analysis and a comparative studyhefdycle
efficiency for a simplified steam cycle versus aR®cycle.
The most commonly used organic fluids have beesidered :
R245fa, Toluene, (cyclo)-pentane, Solkatherm arxili@one-
oils (MM and MDM). Working fluid selection and its
application area is being discussed based on fluiperties.
The thermal efficiency is mainly determined by temperature
level of the heat source and the condenser conditioThe
influence of several process parameters such &néuinlet
and condenser temperature, turbine isentropic ieffoy,
vapour quality and pressure, use of a regener@®Cj, is
derived from numerous computer simulations. Thepterature
profile of the heat source is the main restrictiagtor for the
evaporation temperature and pressure. Finallpesgeneral
and economic considerations related to the choatevden a
steam cycle and ORC are discussed.

INTRODUCTION

The generation of power using industrial waste Hess
been growing in the past years. Due to the inangasnergy
prices, it is becoming more and more economicatbfifable
to recover even low grade waste heat. An ofted sséution is

the transformation of waste heat into electricitifor this a
conventional steam turbine is a classic optione Waste heat
is used to produce steam that is being expandettioe¢urbine
to generate electricity.

NOMENCLATURE

BP [°C] Boiling point

Eewep [kJ/kg] Evaporation heat
[kd/kg] Enthalpy

HMDS  [] Hexamethyldisiloxane

MW [kg.mol]  Molar weight

OMTS [-] Octamethyltrisiloxan

p [bar] Pressure

P [kw] Power

q [%] Vapoui quality

S [kd/kgK]  Entropy

T [°C] Temperature

Special characters

n [%] Efficiency

i [%] Isentropic efficiency

Nme [%] Overall efficiency

Subscripts

bto Gross

cond Condenser

crit Critical

evap Evaporation

gen generator

in Inlet

nto Net

reco Recoverable

sup Superheating

th Thermal



A drawback to the use of steam is often the limited [5] and Cycle Tempo [6] developed at Technical énsity of

temperature level of the waste heat source. This @
constraint on the maximum superheating temperaacke the
evaporation pressure of the generated steam, asdréistricts
the achievable electric efficiency of this powecley
Another possible solution, based on the same téobyois

the use of an organic Rankine cycle (ORC). Th&esy uses
the same components as a conventional steam pdaver a
heat exchanger, evaporator, expander and condensgr
generate electric power. In the case of an ORC hemen

organic medium is used as a working fluid instead o

water/steam. These organic fluids have some istiage
characteristics and advantages compared to a wiaimm
system [1-4]. Most of these organic fluids carcbaracterized
as “dry” fluids, which implies that theoreticallprsuperheating
of the vapour is required. These fluids can belsea much
lower evaporation temperature and —
pressure than in a conventional st 400
cycle, and still achieve a competit
electric efficiency or perform ev
better at low temperatures.

Today, standard ORC-modules
commercially available in the pov 300
range from few kW up to 3 MW. Tt
technology has been proven
successfully applied for several dec:
in geothermal, solar and biomass f
CHP plants. Also in the industry ther
a lot of waste heat available, often
low temperature levels and on smal
moderate thermal power scale. 150
objective of this paper is to evalu
and compare the performance o
classic steam cycle and an orgi
Rankine cycle for small and I
temperature heat sources. 50
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ORGANIC WORKING FLUIDS
= g=0
To evaluate the characteristics '
several organic fluids in this study,
used the simulation software Fluidp

Table 1: Thermo-physical properties of water and ORC fluids

245.51

q=02505

Delft, The Netherlands. The following commonly dsegganic
fluids have been considered R245fa, Toluene, I¢3yc
pentane, Solkatherm and the silicone-oils MM and ND
Table 1 presents some thermo-physical propertiestifese
organic fluids and water.

From Table 1 it can be derived that the criticagsure, and
thus the operating pressure at the inlet of thigierin an ORC
(subcritical) system, is much lower than in the ecad a
classical steam cycle in a power plant. Althoupbre are
steam turbines that work with low pressure stedm,thermal
efficiency of a steam cycle also decreases withetoturbine
pressure.

All of the above organic fluids are “dry” fluidsDry fluids
are characterized by a positive slope of the stdraapour
curve in a T-s diagram. Water on the other hand isvet”
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Figurel: T-s diagram silicone oil MM

Fluid Formula/ MW Teit Perit BP Eevap
name [kg/mol] [°C] [bar] [°C] [kd/ka]
Water H20 0.018 373.95 220.64 100.0 2257.5
Toluene C7H8 0.092 318.65 41.06 110.7 365.0
R245fa C3H3F5 0.134 154.05 36.40 14.8 195.6
n-pentane C5H12 0.072 196.55 33.68 36.2 361.8
cyclopentane C5H10 0.070 238.55 45.10 49.4 391.7
Solkatherm solkatherm 0.185 177.55 28.49 35.5 138.1
OMTS MDM 0.237 290.98 14.15 152.7 153.0
HMDS MM 0.162 24551 19.51 100.4 195.8




fluid, with a negative slope. In Figure 1 the Tiagram for
the silicone-oil MM is presented. Dry fluids dotmeed to be
superheated and thus saturated vapour can be @pplian
ORC expander. After expansion the working fluichagns in
the superheated vapour region. In contrast, tieans cycle the
steam is usually superheated to avoid moisturedtiom in the
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p = Pressure [bar]

Toluene with regenerator

T = Temperature [T] @
h = Enthalpy [ki/kg] 16.92| 250.01 16.92| 250.01
®,, =Mass flow [kg/s] 30591 6.952
n, = Boiler efficiency [%] v
Py, = Mechanical Pow er [kW] . | |ny=100% P, = 1052.63 kW P, = 1000.00 kw|
P,, = Electrical Pow er [kW] 7(195‘” = 4013.59 Kk n,=75% Npe =95 %
., = Energy input [kW]
AT, =Low end temp. diff. [K]
AT, ,, = High end temp. diff. [K] 0.08000) 139.24
P = Power [kW] 16.92‘ 102.38 154.49| 6.952 ®, = 3013.88 kW|
n, = Isentropic efficiency [%] -271.44‘ 6.952
N, = MechanicalElectrical eff. [%)] 126.32] 71.234
3 8 R = . .
®,, = Heat output [kW] & U]
@,y rans = Transmitted heat flow [iw] H {10}
5.000{ 30.03
0.08000, 61.00 126.32| 71.234

ATy, 4330| 6.952

ATy 84.01| 71.234

Py yans = 773.011 KW

. \ 4
AT, = 20.34K
AT p= 1034K ||
P= -2035kW (o, = 2978.2KW
n,=80% 4
16.92 41.00 Mot = 8a.72% 0.08000, 40.37
. . ; - P= -41.21kwW 84.01| 71.234
-382.63 6.952 -385.11|  6.952 n,=80%
\gj 3 Ny o = 86.57 %

Figure 2 : Diagram ORC with regenerator
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final turbine stages. This has an impact on thopmance and
durability of the steam turbine.

The higher the boiling point of a fluid, the lowéhe
condensation pressure at ambient temperature ectegto be.
This leads to lower densities and higher specifitimes after
expansion. For water/steam this results in bignéirs for the

final turbine stages and a voluminous
condenser. Organic fluids have a 10
times higher molar weight or density,

and therefore require smaller turbine
diameters. However, the evaporation
heat of organic fluids is also 10 times
smaller compared to water/steam.
This results in higher mass flows in

7 B the ORC-cycle, and so much bigger
feed pumps are needed compared
with a steam cycle.

333,33 kifkg

As a conclusion, all these
thermo-physical properties will have
a effect on the design and complexity
of the heat exchangers, turbine and
condenser and have to be considered
during a economic analysis and
comparison.

ORC VERSUS STEAM CYCLE

Organic Rankinecycle

Figure 2 shows a diagram, made
with the simulation program Cycle
Tempo [6], of an ORC with toluene
as working fluid and with a



regenerator. The corresponding cycle in -s diagram is
shown in Figure 3 A regenerator is often used to reac
higher cycle efficiency. After expansion the ongafiuid
remains considerately superheated above the coex
temperature. This sensible heat can be used toeatrehe
organic liqiid in a heat exchanger after the condenser.
higher the evaporation temperature, the higheirtfieence of
a regenerator on the cycle efficiendyigure 4 hows the effect
of the regenerator on the cycle efficiency for Hikcone-oil
MM (consideing a condenser temperature of 40

/ Withregen

Without regen
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w

P,= 1000.00 KW
Moo =95 %
®,= 3767.89 kW
7
a Q

3.000{ 30.00
126.01] 59.868

3.000{ 15.01
63.33| 59.868

P= -17.73kW
n, =80 %

Simplified steam cycle

Figure 5shows the simplified steam cycle without deae
used as a reference for the comparison with the -cycle.
Although the diagram of the simplified steam cyldeks very
similar to the one of a ORC without regeneratoer¢his one
important difference Whereas OR-cycles can be applied with
saturated vapoura classic steam cycle usually works v
superheated steam. Although there are also stedninés
available that can work with saturated steam, bwtmally
these turbines have a very poor isentropic effigje

The in- and outlet conditions « a steam turbine are
correlated to each other by its isentropic efficken This
implies that for each evaporation pressure theristexa



Table2: ORC and steam cycle data

Cycle data

Isentropic efficiency turbine [%0] 75

Pump efficiency [%] 80

Tcond [OC] 40

g steam outlet turbine [%] 920

Inlet turbine ORC Saturated
Inlet turbine steam Superheated
T, turbine [°C] 60-500

minimum superheating temperature so that a presemipour
quality at the turbine’s outlet is reached.

In this present study the simplified steam cycledmpared
with an ORC-cycle with and without regenerator. amext
step the model of the steam cycle will be refineithwan
deaerator which has a minor positive influence omlec
efficiency.

Calculation assumptions and results

The above discussed ORC- and steam cycle are aplgic
to all the analysis shown in this paper. The pentnce is
evaluated for stationary conditions of all compdsenith the
following general assumptions and data in Table 2.

To compare cycles using wet and dry fluids withheather,
the optimized cycle between predefined temperdewels of
the heat source and condenser is considered forezme. In
this part of the study the assumption is madelodat source at

a constant temperature level that also definesuttiéne’s inlet
temperature. This implies that only cycles with thame
temperature level at inlet and outlet of the tuebiare
compared. Further in this paper the analysis fisgd with a
predefined temperature profile of the heat souroed an
optimized turbine inlet pressure to make best jpbssise of
the available heat.

Mass and energy conservation is applied to eache cyc
component, and no pressure and energy losses ke ita to
account. Figure 6 shows the reached cycle effigiess a
function of the turbine inlet temperature for abnsidered
fluids. Below ca 130°C it's impossible to reacle firedefined
turbine outlet conditions for the considered steguie.

From the graphs in Figure 6 can be concluded that :

* ORC'’s have a better performance than a simplifiegra
cycle with the same inlet temperature at the tubin
« The (theoretically) highest performance is achief@dan

ORC with toluene.

* The application area of ORC’s on current workingds is
limted to temperatures below 300°C (without
superheating).

Some remarks and considerations should be made to
previous study :

« In practice, different kinds of expanders (turbirserew
expander,...) are used in ORC’s. Depending on thd &f
expander isentropic efficiencies of 85 — 90% asdistc for
turbines with a dedicated design.

« The efficiency of small scale steam turbines fow lo
pressure applications with limited superheatingperature
was found to be lower than 75% in practice.

* The efficiencies of commercially available ORC's ytze
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Figure 6 : Cycle efficiency as function of turbine inlet temaiire



lower, depending on the correspondence of the .
installation with the assumptions made in this gtud Table3: Data case study temperature profile heat source

(pressure and temperatures at the inlet and oaoflet Parameter data

turbine and isentropic efficiency).

Waste Heat source : Components
T profile 350 — 120 °C Mi pump 80%
0,
INFLUENCE TEMPERATURE PROFILE HEAT Pn SO0 b Malli IO
SOURCE Pinch 20°C Nme generator ~ 90%
ORC-cycle Simplified steam cycle
In reality the temperature of a waste heat souoes ot medium H':ADS Teonc 40°C
. . AT gy 10°C ni turbine 70 — 80%
remain at a constant level, but has a given tenyera R
; : . ' . T conc 40°C q 93%
profile. This profile defines the thermal power &vailable “turbine 70 — 80% AT =f( T
between inlet — and outlet temperatures, and istiom of L stp Pet\ﬁ?bi;gi
the mass flow and medium type of the heat sourthe 9. M
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Figure 7 : Heating profile ORC and steam cycle

Table 4 : Results case study temperature profile heat source

ORC with regenerator Simplified steam cycle
19 e [bar] 17.6 14 6 12 18
;i turbine [%0] 70 80 70 80 70 80 70 80 70
Tep [°C] 248 248 234 234 219 267 272 330 305
Pih.reco [kWq) 2388 2452 2479 2540 2737 2715 2386 2357 2134
Przliie [kW¢] 509 578 506 574 440 509 442 509 426
Neyclepto [%] 21.3 23.6 20.4 22.6 16.1 18.7 18.5 21.6 19.9
Prenie [kW ] 487 556 488 556 439 508 441 508 424
Neyclento [%] 20.4 22.7 19.7 21.9 16.0 18.7 18.5 21.5 19.9
Case 1 2 3 4 5 6 7 8 9




closer the heating curves (preheating — evaporation  a higher cycle efficiency and in a 10 to 15% higher electric
superheating) of the cycle fits this temperatuilar, the more power generation for an ORC-cycle in this caseystud

efficient the waste heat will be used and transéanby the

ORC- or steam cycle. In this part of the paperuations are COMBINED STEAM CYCLE WITH BOTTOMING ORC
made for an arbitrary temperature profile of thest@aheat CYCLE

source. Table 3 shows the general data for tlsis study.

The calculations and design of the heat exchangers Also in this research project, a preliminary evéhrma has
recover the industrial waste heat are not in sadphis study. been made of a condensing steam cycle compared to a
As a start, the effectiveness of the heat exchanigaaken into combined backpressure steam cycle with a botton®RE.
account by defining a pinch line with a minimumsef of 20°C Figure 8 shows a diagram for such a combined staate and
temperature difference to the profile of the wastat source. ORC with MM as a working fluid.

The achievable superheating temperature for thepliied An optimized backpressure steam cycle has the aayan
steam cycle is function ofeRp 4. Teons M turbine, and is of a smaller pressure ratio and therefore a lesgptEx turbine
limited to this pinch line. design with smaller final diameter. In addition, lawer

Table 4 shows the results for the gross and netrgeor superheating temperature is required comparecctmdensing
power and the cycle efficienay. The net generator power is steam cycle with the same evaporation pressurewiald a
calculated as : fnnio= Pyenpio- Poump Depending on g, and combined cycle to be applied on a waste heat sowitte a

Tsup Only part of the thermal energy of the heat seuwran be relatively low temperature level. Further evalaatiof the
recovered Reco In Figure 7 the heating profile for some performance of this combined steam cycle-ORC t@stevheat
selected cases of table 4 are represented. Aecaeen in this source with a predefined temperature profile isistiprogress.
figure, the pinch point for the ORC-cycle is detared by the Bottoming ORC's have previously been proposed by
temperature after the regenerator. For the stegrte dhe Chacartegui et al. for combined cycle power pldiisand by
selected evaporation pressure or the superheamgerature Angelino et al. to improve the performance of stepower
are the constraining variables. Because the eatiporheat stations [8].

Eevap for organic fluids is much smaller than for watehigher

evaporation temperature can be selected and lesmsndh

energy on a higher level is required in an ORCisTasults in

. pIT
70.00| 333.88 Combined Steam + ORC
Pttt Bt h [
2965.57] 1.312 o p = Pressure [bar]
=J -
{V T = Temperature [T]
P = 466.38 kW| P, = 443.06 kW h = Enthalpy [kl/kg]
=75 % — 2 =950% & = Mass flow [kg/s]
n; 0 Nme m
n, = Boiler efficiency [%]
n, =100 % 6.000 | 158.83 @, = Energy input (kW]
1 H ., = 3000.00 kW 261014 | 93.000) P =Mechanical Pow er [kW]
n, = Isentropic efficiency [%]
2 AT, = Low end temp. diff. [K]
6.000| 158.83 - ;
T T 3000 | 142.36 3.000| 142.36 AT,igy = High end temp. diff. [K]
X X 183,94 ‘ 100,009 183.94 8.901 Dy ans = Transmitted heat flow [KW]
AT, = 69.21K 6 P=Power [k\/\(] ) , )
Angh = 1647K L/ B 3000 89.63 J Nme = Mechamc(iil Eloecmcal eff. [%]
Dy ans = 294515 KW - 10199 8.901 X = Vapour quality [%)]
— 3 P = 387.58 kW ®,, = Heat output [kW]
P= -13.71 kW, n,=75% — 8 P = Electrical Pow er [kW]
n,=80% 6.000| 158.83
70.00| 159.99 Moot = 84.15 % (2 P = 368.20 kW|
679.29 1.312 3000 89.63 0.1500 113.10 ne‘ —050%
me
\4/‘ (3) -101.99] 8.901 140.39) 8.901
AT, = 1500K 5 - 0.1500] 61.43
AT, = 2347TK || N - = 54.93] 8.901
By ane = 760.746 KW H 19}
3.000 30.00
aT_= a2k 126.01| 34.483
AT, = 1631K ||
Py ans = 216161 kW) ®] 63.33| 34.483
P= 528KW| .0 ea P= -10.49K
n=80% | ~ : n,=80%
My = 76.55 % -187.91 0.00(X) Nyt = 82:29 %
3.000| 46.43 %‘
| 1 19
-187.46)  8.901 N\

Figure 8: Combined backpressure steam cycle with bottominG-@ixle



SELECTION ARGUMENTS

From literature studies, extensive experience dmaresl
knowledge with constructors, suppliers and opesatifr both
steam cycle and ORC based power plants, some gearata
experience based arguments are listed that sheutdsidered
in the selection between a steam cycle and an ORBese
considerations should be translated into an investn,
maintenance - and exploitation cost.

Pro ORC:

* Most organic fluids applied in ORC installationse atry
fluids and do not require superheating. An imparfactor
in the total cost is the design and dimensionshef heat
exchangers (preheater — evaporator — superheatethé
waste heat recovery. Superheater dimensions ysaid|
big because of the lower heat transfer pro surfagefor a
gaseous medium.

» The isentropic efficiency of the turbine varies twiits
power scale and its design. In general ORC expansigh
a dedicated design have a higher efficiency thaallssnale
steam turbines in the same power range.

* No need of accurate process water treatment anttoton
nor deareator

» Less complex installation, very favourable whenrtstg
from green field or when there is no steam netwwith
appropriate facilities already present on site.

» Very limited maintenance costs and a high availtgbil

* Very easy to operate (only start-stop buttons)

* Good part load behaviour and efficiency

 Much lower system pressure,
legislation applicable

* No need of a qualified operator

* Available with electrical outputs from 1 kWe (orezvless).
Even though small scale (f.i. 10 kW) steam turbiaes
available, steam turbines only become profitablehigter
power outputs (above 1 MWe)

Pro steam cycle:

 Water as a working fluid is cheap and widely avad#a
while ORC fluids can be very expensive or their cae be
restricted by environmental arguments. Also largesite
steam networks, which require high amounts of wagki
fluid (steam), are possible.

» More flexibility on power/heat ratio (important dmomass
fired CHP’s) by using steam extraction points om tilwbine
and/or back pressure steam turbines.

» Direct heating and evaporation possible in (wadteat

recovery heat exchangers, no need of an interngediat

(thermal oil) circuit.

+ Some standard ORC's are designed to work with an

intermediate thermal oil circuit to transport thaste heat to
the ORC preheater and evaporator.
fluid is required, but this tends to make the iliaten more
complex and expensive, causes a
temperature drop and some fire accidents with theoi
circuits are known.

This way les€ OR

supplementary

CONCLUSIONS

The main conclusions drawn from this paper are the

following :

* ORC'’s can be operated on low temperature heat ssurc
with low to moderate evaporation pressure, antiatiieve
a better performance than a steam cycle.

» ORC's require bigger feed pumps, because of a higlass
flow, which has a higher impact on the net eleqiower.

* The heating curves of ORC's can be better fittedntich
the temperature profile of waste heat sources|tiegun a
higher cycle efficiency and in a higher recovenyaéor the
thermal power R eco

* A combined steam cycle with a bottoming ORC cyde ¢
be used for a closer fit to the temperature praffla waste
heat source on moderate temperature levels.
effectiveness of such combined cycles still neadshér
investigation.
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