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Abstract

An exergoeconomic analysis of a geothermal power generation for a low-temperature resource is performed. An
Organic Rankine Cycle (ORC) with isobutane and isopentane as working fluids is considered as binary power plant.
A systematic parameter variation is done for the minimum temperature difference in the evaporator and condenser.
The most suitable design parameters are evaluated under exergetic, economic and exergoeconomic criteria. The
specific costs of electricity generation are minimal for the use of isobutane as working fluid and minimal
temperature difference of 3 K at evaporation and 7 K at condensation. The most suitable concept for isopentane
leads to only 0.4 % higher specific costs although the second law efficiency is 4.75 % lower. The exergoeconomic
analysis permits to consider important criteria, like design and operating parameters in the fluid selection for ORC

applications.
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1. Introduction

Geothermal power generation is a promising technology
among the renewable energies. Depending on geothermal
water temperature, different power plant concepts are
suitable. In case of temperatures below 150 °C the Organic
Rankine Cycle (ORC) or the Kalina Cycle are state-of-the-
art technologies (DiPippo 2005). Several groups
investigated the influence of ORC fluid selection on
efficiency in case of low-temperature heat sources (Heberle
& Brlggemann 2010; Mago et al. 2008; Madhawa
Hettiarachchi et al. 2007; Saleh et al. 2007; Tchanche et al.
2009). Alternative optimization strategies, like supercritical
cycles, were analyzed by Gu and Sato (Gu & Sato 2002)
and Schuster et al. (Schuster, Karellas & Aumann 2010),
showing a higher power output compared to subcritical
cycles. Second law analyses of geothermal power plants
were performed by Yari (Yari 2010) and Kanoglu (Kanoglu
2002). In order to combine an exergy analysis with
economic aspects, the exergoeconomic method can be used
(Bejan, Tsatsaronis, & Moran 1996; Erlach, Serra, &
Valero 1999; Frangopoulos 1987; Lozano & Valero 1993;
Tsatsaronis & Moran 1997). Exergoeconomic analyses are
widely used to evaluate energy conversion processes and
identify irreversibilities as well as optimization potentials
(Abusoglu & Kanoglu 2009; Kwak, Kim, & Jeon 2003;
Meyer et al. 2010; Petrakopoulou, Tsatsaronis & Morosuk
2010; Valero, Lozano & Bartolomé 1996; Zaleta-Aguilar,
Rangel-Hernandez, & Royo 2010). In case of a geothermal
medium temperature resource, Arslan (Arslan 2010)
investigated the performance of the Kalina Cycle depending
on geothermal water temperature and ammonia mass
fraction under exergoeconomic criteria. The results show
that in case of a present worth factor equal to 12 an
ammonia concentration of 80 % and a geothermal outlet
temperature of 90 °C is the optimal plant design.
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In the mentioned investigations the minimum temperature
difference in the heat exchanger, the so-called pinch point,
was kept constant. The present study focuses on the
exergoeconomic optimization of the ORC as a function of
the pinch point at evaporation and condensation. To figure
out the most suitable process parameter two ORC working
fluids are compared for typical geothermal boundary
conditions of the Southern German Molasse Basin located
near Munich. As working fluids isopentane and isobutane
are investigated, because they lead to significant efficiency
differences, if a constant pinch point is assumed. In addition
the fluids are often used in geothermal applications and
show a low global warming potential.

2. Methods
2.1 ORC Model

A scheme of the geothermal ORC power plant is shown
in Figure 1.
The working fluid is forced to higher pressure by a pump.
The power applied by the pump can be determined by

m h,,—h
Ppump — ORC( 2i l) (1)
Mipump

where #; pump IS the isentropic efficiency of the pump, rigrc
describes the mass flow rate of the ORC and h; and h,
correspond to the enthalpy of working fluid at the inlet and
outlet of the pump. The working medium is coupled to the
geothermal water in the preheater and heated to saturation
temperature. The energy balance of the preheater is given

by

mGW(er,in - hGW,out)PH = mORc(hs - hz ) 2
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In this context mgy corresponds to the mass flow of
geothermal water, hgwin and hgwoeu to the enthalpy of
geothermal water at the inlet and outlet of the preheater. In
the next step the working fluid is evaporated without
superheating. The energy balance of the evaporator
represents

mGW(hGW,in _hGW,out)EVP =Morc(hy —hs). ©)
injection preheater evaporator production
drill hole } } drill hole
geothermal
| water
2 3 4
turbine
generator
5
pump condenser L cooling water |
1

ORC - working fluid

Figure 1.Scheme of a geothermal ORC power plant.

The vapour is expanded in a turbine. The power generated
by the generator is given by
Pe =16/t urbMore (hs— Ny ) 4
where #5¢ is the efficiency of the generator. Finally the
vapour is condensed by transferring the heat to the cooling
water. The energy balance of the condenser is given by
Mew(hew,out = hew,in) = More (K — M) ()
where ricy corresponds to the mass flow of the cooling
medium and hcw in and hew oyt t0 the enthalpy of the cooling
medium at the inlet and the outlet of the condenser. All heat
transfer processes are considered as isobaric changes of
state and without heat losses to the environment. As an
example the T,s-diagram for the ORC with isopentane as a
working fluid is illustrated in Figure 2. The fluid properties
are calculated using REFPROP (Lemmon, Huber, &
McLinden 2002).

The outlet temperature of the geothermal water is chosen
corresponding to maximum power output of the power
plant.

2.2 Exergy analysis

To evaluate the cycle efficiency an exergetic analysis of
the system is performed. The second law efficiency of the
ORC is defined as

PG + I:)Pump

= (6)

EGW
where Pg and Ppymp correspond to the power of the

generator and the pump. The power for the pump of the
cooling water cycle is not considered in the analysis. The
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absolute exergy flow Egy is obtained by multiplying the
specific exergy egw Oof the geothermal resource with the
corresponding mass flow rate rigy:

eow =N —hy —To(s—5p)

()

200 4
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temperature ( °C )
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Figure 2. T,s-diagram of the working fluid isopentane.

In Equation 7 the subscript O corresponds to the reference
state. In this case 15 °C and atmospheric pressure is chosen.
Additionally an exergy balance is expressed for each
considered component k of the system
EF,k = EP,k + EL,k + ED,k (8)
where Er and Ep describe the exergy flow rate of the fuel
and the product. The exergy flow rate £, includes heat
losses to the surrounding or exergy that leaves the system in
a physical way, like exhaust gases. The exergy flow rate £p
represents the exergy destruction rate associated with
irreversibilities of heat transfer processes or friction.
Exemplarily the exergy destruction rate of the preheater can
be calculated as follows

: ; h,—h
Eppn = mORCTol:(SS -$;) —%:I
m,PH

©)

If a temperature difference of the heat source occurs, the
thermodynamic mean temperature T,, for each component
is calculated. To evaluate the inefficiencies of each
component the exergy destruction ratio can be expressed as

Epk
Yok ==
Eow

(10)

2.3 Economic analysis

The economic analysis is based on the purchased
equipment costs (PEC) for each component of the system.
Depending on heat exchanger surface area or turbine and
pump power, the specific costs in US Dollar are calculated
using an empiric correlation based on a large number of
manufacturing data (Turton, Bailie, & Whiting 2003).
log, o PEC = K, + K, log, o X + Ks(log;o X )? (11)
The parameter K1, K, and K; for the considered components
are listed in Table 1.
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The power of the pump and the turbine are determined
by the process simulations. The heat exchanger surface for
the preheater, evaporator and condenser is calculated
assuming an ideal counter current flow (Baehr & Stephan
2004; Bockh 2006). Regarding the specific costs for plate
heat exchanger, the required surfaces are multiplied with
correction factors according to the NTU-Method
determined by the VDI Warmeatlas chapter Cal-Ca6 (VDI-
Gesellschaft Verfahrenstechnik und Chemieingenieurwesen
2006). Therefore a plate heat exchanger with two passes for
the geothermal water flow and four passes for the ORC
working fluid is considered.

Table 1. Constants K;, K, and K3 according to Equation 10
for different system components (Turton, Bailie, & Whiting
2003).

component Va{&??:; X Ky K, Ks

pump power (kW) 33892  0.0536  0.1538
preheater area (m?) 4.6656 -0.1557 0.1547
evaporator area (m?) 4.6656 -0.1557 0.1547
fltﬁzme power (kW) 26259 14398  -0.1776
condenser area (m?) 4.6656 -0.1557 0.1547

The annual capital investment cost rate Z., of the whole
plant is calculated by

632
Zey=——"

hO K

. \n
) (12)

(1+i)" -1
where the interest rate i is assumed to be moderate at 5 %
and the economic life n of the plant is 20 years. The annual
operating hours ho of the geothermal power plant were
supposed to be 7500 h. The annual cost expense concerning
operation and maintenance Zoy is estimated to be 20 % of
PEC for the whole system.

Zow =0.2- > PECy (13)
K

2.4 Exergoeconomic analysis

The exergoeconomic analysis combines exergetic and
economic aspects. The objectives of the method are the
identification of the location and magnitude of exergy
losses and exergy destruction. The associated costs for the
streams in any plant component are calculated. In
consequence each component can be evaluated according to
the cost formation of the product separately. For the
analysis in the present work the proposed method by
Tsatsaronis and Winhold (Tsatsaronis &Winhold 1985) is
used. The so-called exergy costing converts an exergy

stream E; to a cost stream C,;, by multiplying the exergy
with a corresponding factor c;:

(14)

A system of equations is set up consisting of the cost
balance for each component of system:
CP,k = CF,k _CL,k +Zg (15)
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The factor Z, describes the average cost of a component

as a function of the operation and maintenance costs and
the PEC:

PEC,

16
> PECy 1)
K

ZK = (ZOM + ZCI )

The unknown variables c¢; of each single flow can be
determined by solving the system of equation by using
auxiliary equations. Regarding the cost rate of the fuel in
case of geothermal power generation, the electricity cost
rate of the borehole pump C,, e and the investment
costs for drilling Z4 as well as the borehole pump Zgn pump
have to be considered.

Zdr + th,pump . i -(1+ i )n

17
ho (1+i)" -1 ()

Crial = Cbh,pump +

Drilling and borehole pump costs are assumed to be 9.5
Mio$. For the evaluation of the system and its components
important  exergoeconomic  coefficients should be
introduced. The relative cost difference r¢ of a component
is defined as

o = —PK ZCFK (18)
Crk
The exergoeconomic factor fy is expressed as
fo Zk (19)

) ZK +CF,K(EF,K - EP,K)

The optimization criteria for the system is to minimize the
total specific cost rate of the product Cp total

C' (CFueI,totaIEFueI,total +ZZK )
Ptotal K

Cptotal = E
P total

(20)

EP total

According to constant geothermal conditions and variable
power output of the geothermal power plant c, s Should be
preferred as a variable to optimize the system compared to

the total cost rate of the product Cp -

3. Results and Discussion

For the steady-state simulations the parameters of the
geothermal resource and the cooling water, listed in
Table 2, are set as constant.

By adapting the pressures p; and p, the pinch point of
the condensation is varied between 1 K and 12 K and in
case of evaporation in the range of 1 K to 15 K. Hence, for
each working fluid 180 calculations are performed. In order
to illustrate limitation of process in terms of the minimum
temperature difference in the heat exchangers Figure 3a

shows the T, d H -diagram for isopentane and 5 K for the
minimum temperature difference at evaporation A7ppeyvp
and condensation A Tpp c.
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Table 2. Parameters for geothermal conditions and cooling
water.

parameter

inlet temperature of the geothermal water Ty in (°C) 120
mass flow of the geothermal water rigy (kg/s) 65.5
pressure of the geothermal water pgy (bar) 15
inlet temperature of the cooling water Ty in (°C) 15
outlet temperature of the cooling water Tcy oyt (°C) 20

3.1 Exergy analysis

The T, dH -diagram in Figure 3b shows the ORC in
case of isobutane as working fluid. The boundary
conditions are equal to Figure 3a. The process pressures are
chosen according to the maximum power output. In
comparison to isopentane the use of isobutane leads to a
1.4 K lower outlet temperature of the geothermal water. In
consequence 471 KW more exergy is transferred to the
ORC process and the second law efficiency is 3.3 % in the
case of isobutane.

— «— geothermal water
120 4 — o — ORC working fluid isopentane
— v— cooling waler

GWipve

100 4

temperature (°C)

40—”l / - / -]

20

T T T 1
0 5000 10000 15000 20000
enthalpy flow rate (kW)

Figure 3a. T,dH -diagram of the geothermal ORC with
isopentane as a working fluid.

— «—geothermal water
120 4 — - — ORC working fluid isobutane
— v— cooling waler

GWieve

100

temperature (°C)

T T T
0 5000 10000 15000 20000
enthalpy flow rate (kW)

Figure 3b. T,dH -diagram of the geothermal ORC with
isobutane as a working fluid.

In Figure 4 the second law efficiency of the ORC with
isobutane and isopentane as a working fluid is shown as a
function of the temperature difference at the pinch point at
evaporation.
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Figure 4. Second law efficiency, condensation pressure and
transferred exergy of isobutane and isopentane as a
function of the pinch point at evaporation (47ppc = 5 K).

The pinch point at condensation A7ppc =5 K is kept
constant. Additionally the maximum cycle pressure p, and
the transferred exergy AE = E, — E, are plotted. The process
pressure p, is decreasing with rising temperature difference,
because a lower pressure leads to a lower saturation
temperature Tz In consequence a higher temperature
difference at the pinch point leads to a lower pressure ratio
at the expansion and the second law efficiency decreases. In
addition less exergy is transferred to the cycle with rising
temperature difference. The use of isobutane as a working
fluid is up to 3.76 % more efficient compared to isopentane.
For a more detailed analysis the exergy values of four
exemplary case studies are listed in Table 3.

Table 3. Results of the exergy analysis for isobutane and
isopentane as ORC working fluids and different minimum
temperature differences in the evaporator and condenser.

isobutane isobutane isopentane isopentane

5K/5K)  (BK/7K) (5K/5K) (BK/6K)

Pr (kW) 1638.72 1638.81 1532.13 1564.52
Pret (KW) 1558.28 1554.34 1508.51 1539.42
More (KY/s) 43.13 43.62 39.36 39.69
Mew (kgls) 72959 733.73 713.42 719.77
p; (bar) 11.82 12.35 3.69 3.88
p2 (bar) 3.47 3.68 0.90 0.94
T. (°C) 24.66 26.65 24.57 25.55
Ts (°C) 73.86 75.94 71.38 73.29
i (%) 35.83 35.74 34.69 35.40
Eppn (KW) 27378 245.80 235.92 221.06
Epeve (KW) 638.99 582.63 716.85 661.54
Eprur (KW) 423.96 421.42 390.11 396.67
Epc (KW) 385.38 486.08 389.37 442 .84
Ep pump(KW) 14.83 15.06 5.70 6.00
Ep torai(KW) 1736.94 1750.98 1737.94 1728.10
Yo,er (%) 7.99 7.15 6.99 6.51
Yo.eve (%) 18.65 16.95 21.24 19.48
Yo 1urb (%) 12.38 12.26 11.56 11.68
Yo (%) 11.25 14.14 11.54 13.04
Yo.pump (%) 0.43 0.44 0.17 0.18
Yo otar (%) 50.70 50.95 51.50 50.88
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In case of a higher pinch point at the condensation the
differences in efficiency rise. The use of isobutane is
4.75% more efficient for ATppc=7 K compared to
isopentane as working fluid and ATppc =6 K. For all
concepts the highest exergy destruction rate is observed in
the evaporator. In case of the turbine, as well as in case of
the pump, the higher mass flow rate of ORC with isobutane
as a working fluid leads to higher irreversibilities in these
components. Compared to the exergy destruction rate of the
evaporator, the condenser shows lower values for both
working fluids. The differences can be explained with the
help of Figure 3. The mean temperature of the geothermal
water and ORC working fluid in case of evaporation differs
significantly compared to the mean temperature of cooling
water and ORC working fluid in case of condensation. The
exergy losses would be zero, when the curves of the heat
source or sink and the ORC would match each other. The
total exergy destruction rate is minimal for isopentane with
ATPP,C =6 K and ATPP,EVP =3 K. Also the exergy
destruction ratio yp shows that a higher temperature
difference at the pinch point is less efficient.

3.2 Economic analysis

In Figure 5 the surface area of the evaporator and the
condenser is plotted as a function of temperature difference
at the pinch point.

4000 =

(m?)

+— isobutane ( condenser )
isopentane ( condenser )

3000 ~

= — jsobutane ( evaporator )
isopentane ( evaporator )

2000 o

1000 e

surface area of the heat exchanger 4,

minimum temperature difference AT, (K)

Figure 5. Surface area of the evaporator and condenser
depending on temperature difference at the pinch point.

As expected, the surface area for both heat exchangers
increases with decreasing temperature difference. The
required surface of the evaporator is lower and the slope of
the increase is less steep compared to the condenser. This is
due to a lower amount of heat transferred to the ORC and a
higher logarithmic mean temperature difference in the case
of the evaporator. For isobutane as a working fluid, the
injection temperature of the geothermal water is about 2 K
lower compared to isopentane. For this reason a 4 % higher
amount of heat is transferred to the ORC compared to
isopentane. In consequence the surface area of the
evaporator and the condenser is up to 23 % higher.
Additionally the influence of heat transfer properties, like
thermal conductivity, lead to a higher heat transfer
coefficient in the case of isopentane compared to isobutane.
In Table 4 the heat exchanger surface areas and the PECs of
each component are listed for the chosen case studies. The
use of isobutane leads to more than 7 % higher total PECs
of the power plant components compared to isopentane.
According to the calculated surface areas the condenser is
the most expensive component of the system.

Int. J. of Thermodynamics

Table 4. Results of the economic analysis for isobutane and
isopentane as ORC working fluids and different minimum
temperature differences in the evaporator and condenser.

isobutane isobutane isopentane isopentane

(5 K/5K) BK/7K) (5K/5K) (BK/6K)

Api (M?) 504.5 563.46 375.69 475.69
Agvp (M?) 216.6 238.09 179.77 218.21
Ac(m?) 1177.0 912.48 972.55 855.02
PECru ($) 237106.8 255825.82  195129.44 22784531
PECevr ($) 139912.7 147716.26  126180.48  140505.81
PECrun ($) 262419.2 260513.62 25712225  258777.85
PECc($) 514892.5 363343.11 381490.68 345914.72
PECpump ($) 12484.4 12600.10 6133.56 6323.98
PECota $) 1166815.5 1039998.91 966056.40 979367.68

3.3 Exergoeconomic Analysis

Figure 6 shows the specific costs of the product as a
function of minimal temperature difference of the
evaporator using isobutane and isopentane as an ORC
working fluid. According to the cost minima, the pinch
point of the condenser is plotted for each operating point.

36 5

¥— isobutane
isopentane =

(5G]

(K)

I isobutanc

isopentane

AT,

30 4

specific costs of the productc,,
1
=

MRARRR RN AN RRRRRNRNRARRNRNERR |,
o 2 4 6 8 0 12 14 16

minimum temperature difference at evaporation A7, (K)

Figure 6. Specific costs of the product and corresponding
pinch points at condensation as a function of temperature
difference at evaporation.

In the case of isobutane, the design parameters
ATepevp =3 K and ATppc =7 K lead to minimal costs for
electricity with Cp o = 32.14 $/GJ. Using isopentane as a
working fluid, 4Tppevp = 3 K and 47ppc = 6 K are the most
suitable operating parameters under exergoeconomic
criteria. Compared to isobutane, the specific costs of
electricity are only 0.4 % higher, although the second law
efficiency is 4.75 % lower. The results of the detailed
exergoeconomic analysis are listed in Table 5.

The results are based on a lifetime of 20 years for all
ORC components. For the preheater the relative cost
difference rpy and the exergoeconomic factor fpy show
significantly high values. In this case it should be attempted
to reduce the capital investment costs of the component at
the expense of efficiency (Bejan, Tsatsaronis, & Moran
1996). Since the efficiency of the preheater in the
considered cases is directly coupled to the minimum
temperature difference at evaporation such a procedure
leads to a significant decrease of the efficiency of the whole
system. The other system components show typical values
for the exergoeconomic factor depending on the different
types like heat exchanger, turbine or pump.
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Table 5. Results of the exergoeconomic analysis for
isobutane and isopentane as ORC working fluids and

different minimum temperature differences in the
evaporator and condenser.
isobutane isobutane isopentane isopentane

(5K/5K) (BK/7TK)  (5K/5K) (BK/6K)
ren (%) 201.52 214.79 225.99 235.27
reve (%) 61.04 60.59 62.22 60.56
Frur (%) 38.79 38.47 40.05 39.45
rc (%)
Teump (%) 44.12 43.17 72.97 71.31
fon (%) 76.86 81.84 76.92 80.63
feve (%) 45.64 51.38 41.49 46.17
frur (%) 33.30 33.15 36.42 35.72
fc (%) - - - -
foump (%) 49.71 50.69 57.04 56.57
Copr (3/GJ) 20.70 21.61 22.38 23.02
Cpeve ($/G)) 11.06 11.03 11.14 11.02
Co,rurb($/GJ) 45.30 46.78 4458 45.38
Co.c ($/GJ)
Cp,pump
($/GJ) 32.32 32.10 38.79 38.41
Co,total($/GJ) 33.10 32.14 3256 32.26

Concerning the sensitivity of the results due to the
economic boundary conditions a case study for the interest
rate is performed. An increase to 8 % lead to a higher cost
rate of the fuel cry and a higher specific cost rate of the
product Cp . 1IN the case of isobutane as working fluid and
a pinch point of 5 K at evaporation and condensation the
specific cost rate increases up to 20 % in comparison to an
interest rate of 5 %. For the same process parameters the
influence of the heat transfer areas on the specific cost rate
of the product is calculated. A comparison of correlations
and experimental data for the heat transfer coefficient
shows typical uncertainties of 20 %. Assuming 20 % higher
heat transfer areas for the preheater, evaporator and
condenser the specific cost rate of the product increases up
t0 6.2 %.

4. Conclusions

In this paper an exergoeconomic analysis of a
geothermal power generation for a low-temperature
resource is performed. The results show that the method is
useful to identify the most favourable design parameters of
the evaporator and condenser. Compared to common
investigations the minimum temperature difference in the
heat exchanger is not kept constant. An exergetic, economic
and exergoeconomic analysis is done for isobutane and
isopentane as ORC working fluids. Finally the specific
costs of electricity generation are calculated by a systematic
variation of the minimum temperature difference in the heat
exchangers. Using isobutane as a working fluid leads to
higher second law efficiency compared to isopentane. For
both fluids, the highest irreversibilities occur in the
evaporator, due to a high mean temperature difference
between geothermal water and ORC working fluid. The
highest surface of the heat exchanger equipment is
identified for the condenser. As a result the condenser is the
most expensive component of the system. The choice of
isobutane as a working fluid leads to lower heat transfer
coefficients compared to isopentane, mainly caused by
transport properties of the working fluid. Under
exergoeconomic criteria isobutane with a minimum
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temperature difference of 3 K at evaporation and 7 K at
condensation is to favour. The most suitable concept for
isopentane leads to only 0.4 % higher specific costs
although the second law efficiency is 4.75 % lower. The
differences for the specific costs are relatively low because
of the high investment costs concerning the exploration of
the geothermal reservoir. The costs for drilling are 8 times
higher than the PECs for the main components of the power
plant. In addition the sensitivity of the results in
dependence of heat transfer correlations and interest rate is
quantified. An increase of 20 % for heat transfer areas lead
to a 6.2 % higher specific cost rate of the product. To
investigate this aspect in detail a comparison of different
heat exchanger designs and heat transfer correlations will
be performed in a the next step.

5. Further work

Different optimization concepts, like zeotropic fluid
mixtures as ORC working fluids or supercritical cycles, will
be investigated under exergoeconomic criteria in near
future. Additionally the ORC in the case of waste heat
recovery will be considered. For this application the costs
for the exploitation of the heat source are significant lower
compared to geothermal power plants. Therefore the
difference in fluid selection due to different heat transfer
areas and exergoeconomic aspects will be more crucial.

Nomenclature

temperature (K)
exergy destruction ratio

annual cost rate ($/%)

A surface area (m?)

c specific cost ($/GJ)

C cost rate ($/h)

E exergy rate (kW)

f exergoeconomic factor (%)
h enthalpy (kJ/kg)

H enthalpy flow rate (kW)

m mass flow rate (kg/s)

p pressure (bar)

P mechanical power (kW)

g heat flux (kJ/s)

r relative cost difference (%)
S entropy (kJ/kgK)

T

y.

z

Greek letters
n efficiency
AT temperature difference (K)

Subscripts

0 ambient conditions

1-5 state points of the cycle
I second law

C condenser

cw cooling water

D destruction

EVP  evaporator

F fuel

G generator

GW geothermal water

in inlet

k number of system component
L losses

out outlet
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net net

P product

PP pinch point
Pump pump

PH preheater

s isentropic
Turb  turbine
total total
Acronyms

ORC  Organic Rankine Cycle
PEC  purchased equipment cost
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