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Abstract: We present a thermo-economic analysis of an Organic Rankine Cycle (ORC) for waste heat
recovery. A case study for a heat source temperature of 150 °C and a subcritical, saturated cycle
is performed. As working fluids R245fa, isobutane, isopentane, and the mixture of isobutane and
isopentane are considered. The minimal temperature difference in the evaporator and the condenser,
as well as the mixture composition are chosen as variables in order to identify the most suitable
working fluid in combination with optimal process parameters under thermo-economic criteria.
In general, the results show that cost-effective systems have a high minimal temperature difference
ATpp ¢ at the pinch-point of the condenser and a low minimal temperature difference ATpp  at the
pinch-point of the evaporator. Choosing isobutane as the working fluid leads to the lowest costs per
unit exergy with 52.0 €/GJ (ATpp g = 1.2 K; ATpp ¢ = 14 K). Considering the major components of
the ORC, specific costs range between 1150 €/kW and 2250 €/kW. For the zeotropic mixture, a mole
fraction of 90% isobutane leads to the lowest specific costs per unit exergy. A further analysis of the
ORC system using isobutane shows high sensitivity of the costs per unit exergy for the selected cost
estimation methods and for the isentropic efficiency of the turbine.

Keywords: energy conversion systems; Organic Rankine Cycle (ORC); waste heat recovery;
thermo-economic analysis; working fluids; zeotropic mixtures

1. Introduction

Organic Rankine Cycle (ORC) systems for waste heat recovery have a high growth potential [1].
Numerous investigations are performed in order to maximize the efficiency of such power plants
by working fluid selection with respect to the heat source temperature. Particularly, the use of
zeotropic fluid mixtures is a promising optimization approach due to a good glide match of the
temperature profiles at phase change. In this context, Angelino and Colonna di Paliano [2] show
for a low-temperature application that mixtures of natural hydrocarbons (n-butane/n-hexane) lead
to an efficiency increase of 6.8% compared to the pure working fluid n-pentane. Other case studies
for geothermal heat sources prove the potential of zeotropic mixtures as working fluids in ORC
systems [3,4]. For subcritical cycles an increase in efficiency by up to 16% is obtained compared to
pure working fluids, like isobutane or isopentane. More recent investigations include sensitivity
analyses for crucial parameters [5-11]. Heberle et al. [12] show high second law efficiencies for mixture
compositions which lead to a good match of the temperature profiles at condensation. However, these
concentrations show a significant increase in heat exchange capacity. Similar results are obtained by
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Andreasen ef al. [13] considering pure components and their zeotropic mixtures as working fluids
for subcritical and transcritical cycles in the case of a low-temperature heat source. For a heat source
temperature of 120 °C, mixtures of propane and higher boiling natural hydrocarbons, as well as
isobutane/isopentane show high first law efficiency for the subcritical cycle. At the same time, an
increase of the heat exchange capacity for the condenser is presented. This is an indicator for the
requirement of high heat transfer areas. Angelino and Colonna di Paliano [14] compare an equimolar
mixture of n-butane/n-hexane and pure n-pentane as ORC working fluids in a case study for waste
heat recovery. Fan power savings of the air-cooling system of 49% by using the zeotropic mixture
are determined. However, an additional heat transfer area of 73% is required. Weith et al. [15] have
recently shown for a waste heat recovery unit that the use of a siloxane mixture leads to an efficiency
increase of 3% compared to the most efficient pure component. As a consequence, a 14% higher heat
transfer area of the evaporator is obtained for the zeotropic mixture.

The described dependence suggests a thermo- or exergo-economic analysis of ORC systems in
order to evaluate the increased power output and the additionally-required heat exchange area for
fluid mixtures. Existing thermo-economic analyses of ORC systems are focused on pure working
fluids [16-20]. Regarding small-scale waste heat recovery ORC units, Quoilin et al. [21] determined
specific investment costs for eight working fluids in the range of 2136 €/kW and 4260 €/kW. For an
electric capacity between 30 kW and 120 kW, Imran et al. [22] considered different plant schemes and
working fluids. In this context, specific investment costs in the range of 3556 €/kW and 4960 €/kW are
obtained. Quoilin et al. [23] indicate specific investment costs between 8000 €/kW and 1000 €/kW for
an ORC waste heat recovery module in the range of 10 kW and 7500 kW electrical power output. In the
case of a geothermal resource, Heberle et al. [24] identify isobutane as a cost-efficient working-fluid
compared to isopentane. The lowest specific costs are obtained for a minimal temperature difference
of 3 K in the evaporator and 7 K in the condenser. Current thermo-economic analyses consider also
zeotropic mixtures as ORC working fluid. They show that cost efficiency of ORC systems using
zeotropic mixtures is strongly dependent on the application. For a geothermal power generation at a
heat source temperature of 160 °C, fluid mixtures lead to a reduction of electricity generation costs
between 4.0% and 10.0% compared to the most cost-efficient pure component [25]. In contrast, case
studies for waste heat recovery at a low-temperature level suggest that the choice of pure working
fluids lead to slightly more profitable systems [26,27]. In this context, it should be noted that for waste
heat recovery systems the selected working fluids and mixture components as well as the applied cost
estimation methods have a far greater impact on cost efficiency due to significant lower costs for the
exploitation of the heat source.

Under the consideration of zeotropic mixtures as potential ORC working fluids, we provide a
thermo-economic analysis of waste heat recovery ORC, in order to clarify if an efficiency increase
overcompensates the additional heat transfer requirements. A case study is performed for a heat
source temperature of 150 °C. In this context, a second law analysis for the ORC working fluids R245fa,
isobutane and isopentane, as well as for the zeotropic mixture isobutane/isopentane, is conducted.
Based on the process parameters, the required heat exchange equipment is designed. Finally, the
specific costs for the generated electricity are calculated. Depending on the working fluid composition
and the minimal temperature difference in the condenser and evaporator, the most cost-efficient system
is identified. Additionally, the dependence of specific costs per unit exergy on turbine efficiency, cost
database, process integration costs, as well as cost estimation method, are examined based on selected
operational parameters.

2. Methods

2.1. Exergy Analysis

For the exergy analysis, steady-state simulations are performed using the software Cycle
Tempo [28]. Fluid properties are calculated by REFPROP Version 9.1 [29]. Additional citations
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to the specific models for each equation of state and the transport property models regarding each
working fluid are provided in Appendix A. Process simulations are conducted for a subcritical and
saturated cycle. The scheme of the module and the corresponding T,s-diagram in case of a pure
working fluid is illustrated in Figure 1. Uncertainties of the simulation model and the reliability of the
fluid properties regarding the selected working fluids are discussed in previous publications [25,30].
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Figure 1. Scheme of ORC system and corresponding T ,s-diagram for the working fluid isopentane.

The present case study considers a low-temperature waste heat source of 150 °C. As a heat
transfer medium, pressurized water is assumed (pys = 6 bar). The mass flow and the outlet
temperature of the heat source are chosen according to a thermal heat input of 3 MW. For the
analysis, an air-cooled system is considered. R245fa, isobutane and isopentane, as well as the zeotropic
mixture of isobutane/isopentane, are examined as ORC working fluids. Previous analysis show that
isobutane and isobutane/isopentane lead to high second law efficiencies for the considered heat source
temperature [25]. In order to evaluate the pure components of the fluid mixture, also isopentane is
included to the analysis. In addition, R245fa is examined as benchmark, since this working fluid is
commonly used in existing ORC power systems at the considered temperature level [30,31]. For the
considered mixture, the composition is varied in discrete steps of 10 mol%. The temperature difference
in the evaporator and condenser are chosen as independent design variables in order to identify the
most cost-efficient process parameters. The analysis is conducted neglecting pressure and heat losses
in the pipes and components. In Table 1 the boundary conditions for the cycle simulations are shown.

Table 1. Boundary conditions assumed for the second law analysis.

Parameter Value
mass flow rate of heat source g 10kg/s
outlet temperature of heat source Ty ;, 80 °C
inlet temperature of cooling medium T¢py i 15°C
temperature difference of cooling medium ATy, 15°C
maximal ORC process pressure p; 0.8-perit
isentropic efficiency of feed pump #; p 75%
isentropic efficiency of turbine 7;5 T 80%
efficiency of generator 775 98%

To evaluate the cycle efficiency, the net second law efficiency 71 of the ORC is calculated by:

‘PG+PPump+PFans| . Pt
EHS mMys - eys

N = 1)
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where Pg and Ppy;, correspond to the power of the generator and the pump. Ppgys is related to the

power of the air cooler fans. The exergy flow of the heat source Eps is obtained by multiplying the
specific exergy eys with the mass flow rate rizp;s. The specific exergy could be calculated by:

eps = h—ho — To(s — sp) )

where the subscript 0 corresponds to the reference state (T = 15 °C and pg = 1 bar). Corresponding to
Bejan et al. [32], the exergy analysis is extended by an exergy balance for each system component k:

Epp=Epg+Epx+Epy 3)

where Er and Ep describe the exergy flow rate of the fuel and the product. The exergy flow rate E;
includes heat losses to the surrounding or exergy that leaves the system in a physical way, like exhaust
gases. Here, E; =0, due to neglected heat losses. The exergy flow rate Ep represents the exergy
destruction rate associated to irreversibilities. Exemplarily, the exergy destruction rate of the preheater
can be calculated as:

- . hs — hy
Ep,py = morcTo [(53 —82) == 4)
m,PH
where T}, py is the thermodynamic mean temperature of the heat source in the preheater.
Tin,prt — Tout,pH
T, pr = (1 Er} /; - ) ®)
N\ Lin,PH/ Lout,PH heat source

2.2. Component Design and Economic Analysis

For the major components of the ORC module, the purchased equipment costs (PEC) are estimated
based on cost data of Turton et al. [33]. In general, PEC are calculated for ambient operating conditions
and a carbon steel construction Cyp in US $ depending on the parameter Y:

log,,Co = K + Kalogy,(Y) + K (logy,(Y))* (6)

where Y represents the capacity or size of a component. The parameters Ky, K, and K3 are listed
in Table 2. Alternatively, bare module costs are estimated by data of Ulrich and Vasudevan [34].
A conversion ratio of 0.815 is considered to convert the PEC in Euro. Due to maximal ORC pressures
below 35 bar, additional cost factors are only considered in Section 3.3.

Table 2. Equipment cost data used for Equation (5) according to [33].

Component Y; Unit K; K; K;
pump (centrifugal) kW 3.3892 0.0536 0.1538
heat exchanger (floating head) m? 4.8306 —0.8509 0.3187
heat exchanger (air cooler) m? 4.0336 0.2341 0.0497
turbine (axial) kW 2.7051 1.4398 —0.1776

By setting the corresponding Chemical Engineering Plant Cost Index (CEPClygg;) of 397 into
relation to the value of 2014 with 575, the inflation and the development of raw material prices are
taken into account [33]. For the costs of the major components of the ORC power plant Corc pc
the PEC are summarized. In this study, the total investment costs of the power plant module Cry;
are calculated by multiplying Corc amc by the factor Fepsts = 6.32. According to Bejan et al. [32] this
parameter represents additional costs like installation, piping, controls, basic engineering, and others
in the case of the construction of a new facility. In addition, the authors specify the factor Feosts = 4.16
for the expansion of existing facilities. Alternatively, the total module costs are estimated according to
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Turton et al. [33]. Therefore, bare module equipment costs for a component at real operating conditions
Cpp is calculated by multiplying the obtained purchased equipment costs Cy by corrections factors
depending on material F;, and pressure F).

Cem = FuFyCo (7)
For an addition to an existing facility, the total module costs Ctp Turton are defined by:

Crm,Turton = 118 Y Coui ®)

The described cost estimation methods are compared in the sensitivity analysis of Section 3.3.
For the shell and tube heat exchanger in counter flow, the heat exchange area A is determined
according to Equation (10). Therefore, the overall heat transfer coefficient Uyt of each heat exchanger

is calculated by:
11 N 1r N toln(r,/1;) ©)

Ut  ao ;75 A

where «, represents the heat transfer coefficient at the outside of the tube, respectively, the shell side
and w; corresponds to the heat transfer coefficient at the inside of the tube. The inner and outer radius
of the tube are represented by r; and 7,. The thermal conductivity of the tube corresponds to A;.
The outer diameter of the tubes is 20 mm and the wall thickness of the tube is 2 mm. In order to
calculate the required diameter of the shell and the number of tubes, the maximal flow velocities of
1.5 m/s for liquid flows and 20 m/s for gaseous flows are assumed according to chapter O1 of the
VDI Heat Atlas [35]. In general, the ORC working fluid is led inside the tubes. Regarding the tube
layout, a squared pitch and a pitch-to-diameter ratio of 1.22 are assumed. The considered heat transfer
correlations for the calculation of «;, depending on phase state and flow configuration are listed in
Table 3. A detailed overview of the correlations is provided in appendix B. In case of the preheater and
the evaporator, the method of Kern [36] is applied for the shell side («,). For the air-cooled condenser
a tube bank staggered arrangement is applied. In this context, a cross-flow heat exchanger with
finned tubes is considered and the following design parameters are assumed: fin height of 3 mm, a
fin thickness of 0.3 mm, a fin spacing of 2 mm, and a transversal tube pitch of 60 mm. The air-side
heat transfer coefficient is determined by the method of Shah and Sekulic [37]. For all considered heat
exchangers, the heat transfer surface is finally calculated by:

Q = Usot AFLMTDATiog (10)
where AT}, is the logarithmic mean temperature difference:

ATin — ATout

ATlog N In (ATin/ATout)

(11)

Table 3. References for the considered heat transfer correlations (for details see Appendix B).

Heat Exchanger Tube Side
preheater Sieder and Tate [38]
evaporator (pure working fluid) Steiner [39]
evaporator (zeotropic mixture) Schliinder [40]
condenser (pure working fluid) Shah [41]

condenser (zeotropic mixture) Silver, Bell, and Ghaly [42,43]
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In general, the logarithmic mean temperature difference correction factor Fj yirp is equal 1 for
condensation and boiling heat transfer. In this study, the simplifying assumption of Fryrp = 11is also
met for single phase heat transfer.

2.3. Exergy Costing

The thermo-economic analysis combines thermodynamic and economic aspects. In this context,
the product of the energy conversion as well as each component can be evaluated according to the
cost formation process. For the presented analysis, the method by Tsatsaronis and Winhold [44], also
known as exergo-economic method, is used. The exergy costing converts an exergy stream E to a cost
stream C by multiplying the exergy with corresponding average costs per unit of exergy, respectively,
specific costs c. In this context, a system of equations is set up consisting of the cost balance for each
component k of system [24,32]:

Cpk =Crx—Cpi + Zk (12)

The cost streams Z; describe the costs of the k-th component depending on operation and
maintenance Zpys and capital investment Z¢;. In order to calculate the described cost streams the
economic boundary conditions listed in Table 4 are assumed.

Table 4. Economic parameters for the calculation of the cost streams Zj.

Parameter Value
Lifetime n 20 years
Interest rate ir 4.0%
Annual operation hours 7500 h/year
Cost rate for operation and maintenance Cogm 0.02- ZC I
Costs for process integration Cpy 0.2-Corc,mc
Power requirements of the air-cooling system 5 kWe/ MWy,
Electricity price €/kWh 0.08 €/kWh

The selected optimization criteria for the system is the minimization of the costs per unit exergy
of the total system cp so;. In this study, the generated electricity is considered as the product of the
system and the Ep ;,; correspond to the power output of the generator. In this context, the auxiliary
power requirements are covered by electricity from the grid. Alternatively, the net power output of
the system can be considered in the denominator of Equation (13). The exergy rate of the fuel E 4
represents the exergy rate of the waste heat source transferred to the ORC system.

(CF,totEF,tot + Z Zk)
CP,tot k

CPtot = = : (13)
P,tot EP,tot

In addition, the specific investment costs of the major components SICpsc:

C
SICyc = OPLtMC (14)
ne

the specific investment costs of the total ORC module SIC,:

SICry = Crm (15)
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and the levelized costs of electricity LCOE are calculated:
i Ceri + Cogm,i
= E
LCOE — i=1 annual (16)

n

here C¢ are the yearly financial linked costs and E,,,;,,,,; is the annual amount of generated electricity.

3. Results and Discussion

3.1. Identification of Cost-Efficient Design Parameters

For each working fluid the minimal costs per unit exergy cy, 1o+ are identified depending on the
minimal temperature difference ATpp in the evaporator and condenser. In order to vary the minimal
temperature difference, the corresponding upper and lower ORC pressure is adapted. In Figure 2,
the specific costs of the product are shown exemplarily for R245fa. The most cost-efficient design
parameters for this ORC working fluid are ATpp g =1 Kand ATpp ¢ = 13 K. For these parameters, costs
per unit exergy of 56.8 €/GJ are obtained. Considering a minimal temperature difference between 0.5 K
and 6 K for the evaporator and 8 K and 14 K for the condenser, the maximum costs per unit exergy of
60.0 €/GJ are calculated (ATppg = 6 K; ATpp ¢ = 8 K). In general, the cost minimum is a compromise
between rising power output and increasing costs with decreasing minimal temperature difference
in the heat exchangers. The results show that the condenser is crucial for the total PEC. Due to the
highest amount of transferred thermal energy combined with the lowest logarithmic mean temperature
difference, the highest heat transfer areas and component costs are obtained for the condenser. In case
of the most cost-efficient solution for R245fa, the PEC of the condenser are 47.6%, the PEC of the
turbine are 36.8%, PEC of the preheater and the evaporator are 14.1% and PEC of the pump are 1.5%
in relation to the total PEC of the major ORC components. To summarize: the most cost-effective
parameters show a low ATpp for the evaporator and a high value in case of the condenser. This general

result is also suitable for water-cooled systems. A previous thermo-economic study of geothermal,
water-cooled ORC systems showed similar results [24].

)

&

[N

costs per unit exergy (€/G))

Figure 2. Costs per unit exergy for R245fa as ORC working fluid depending on the minimum
temperature difference in the evaporator and condenser.

3.2. Comparison of ORC Working Fluids

Power output, heat transfer area and, therefore, capital investment costs for the ORC modules may
vary considerably due to the working fluid selection and the corresponding fluid properties. In this
context, Figure 3a illustrates the costs per unit exergy for the pure ORC working fluids isopentane,
isobutane, and R245fa as a function of the minimum temperature difference in the condenser. For
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ATpp g, always the most cost-effective parameter is chosen. In Figure 3b specific costs of the product
are shown for selected mole fractions of the zeotropic mixture isobutane/isopentane.

621 621 isobutane/isopentane
— isopentane
5 604 B S S S e S 604 e e 10/90,
5 ) — 30/70
2 58 & 2 58 .
g T, R245fa =4 .,
g — A X 50/50
- R . V\V
2 561 £ 56 Te—
5 3 70/30
[ [
% 54+ % 544 A . D GRS g
2 2 90/10
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50 T T T T T T T T | 50 T T T T T T T !
7 8 9 10 11 12 13 14 15 16 11 12 13 14 15 16 17 18 19
ATFP,C (K ATFP,C (K
(a) (b)

Figure 3. Specific costs per unit exergy (a) for selected pure ORC working fluids and (b) for the zeotropic
mixture isobutane/isopentane depending on the minimum temperature difference in the condenser.

Isobutane is identified as the most cost-effective working fluid for the considered case study with
costs per unit exergy of 52.0 €/GJ. The corresponding design parameters are ATpp g = 1.2 Kand ATpp ¢
=14 K. At these operational parameters the maximum ORC pressure is reached in case of isobutane.
R245fa and isopentane lead to 9.2% and 15.0% higher costs per unit exergy (see Table 5). Although, these
alternative pure working fluids show optimal design parameters with a lower minimum temperature
difference, the gross power output is 10.8% and 14.6% lower. Due to the high power requirements
of the ORC pump in case of isobutane, the net second law efficiency is only between 1.0% and 3.0%
higher compared to R245fa and isopentane. The total heat exchange area differs only slightly for the
considered working fluids. Compared to isobutane, the total heat exchange area is 0.3% lower for
R245fa and 2.1% higher for isopentane.

Table 5. Selected ORC parameters for the most-effective cycles depending on fluid selection.

Parameter Isobutane R245fa Isopentane Isobutane/Isopentane
App (m2) 1732 100.0 90.8 108.1
Ap (m?) 123.1 118.1 118.6 112.8
Ac (m?) 747.1 821.7 856.0 785.0
Pg (kW) 387.8 3459 331.0 366.4
Ppymp (kW) 60.1 21.6 12.1 41.4
ATpp ¢ (K) 12 1.0 1.0 2.0
ATpp,c (K) 14.0 13.0 13.0 15.0
111 (%) 30.3 30.0 29.4 30.0
SICpjc (€/kW) 1161.9 1270.1 1336.2 1203.0
SICrp (€/KW) 7343.2 8027.3 8445.0 7602.7
LCOE (€/MWh) 106.5 107.9 110.3 106.0
Cp tot (€/GJ) 52.0 56.8 59.8 53.8

For the working fluid isobutane, the distribution of the PEC for the major ORC components is
analogous to R245fa. The condenser leads to the highest PEC (43%) followed by the turbine (38%), the
heat exchangers for the heat input (16%), and the ORC feed pump (3%). Differences in the portion of
costs compared to R245fa result mainly from the increased turbine capacity and the corresponding
reduction of the amount of heat, released by the condenser. In spite of the highest Corc aic (449,917 €),
isobutane leads to the lowest SIC due the high power output. In comparison, R245fa leads to the
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lowest Corc,mc (439,336 €). Nevertheless the SIC are 9.3% higher compared to isobutane. The LCOE
listed in Table 4 confirm the so-far described economic results for pure working fluids. In this context,
the working fluid isobutane show the lowest LCOE with 106.5 €/MWh. R245fa and isopentane show
1.3% and 3.6% higher values.

Regarding the mixture isobutane/isopentane, a mole fraction of 90% isobutane leads to the lowest
costs. In the case of ATpp =2 Kand ATpp c =15 K specific costs of 53.8 €/G]J are obtained. The costs
per unit exergy are 3.5% higher compared to the most efficient component isobutane. The total heat
exchange area is 3.6% lower for 90/10 compared to isobutane, which leads to 2.0% lower Corc mc-
At the same time the power output is 5.5% lower. It should be noted that, based on the LCOE, the
zeotropic mixture leads to most cost-efficient solution. For the listed operational parameter in Table 4
the ORC with the working fluid isobutane shows a 0.5% higher LCOE. The differences between the
discussed economic parameters result from a different cost balancing. For the calculation of LCOE,
costs for capital investment and costs for operation and maintenance are considered. In contrast, the
exergo-economic method also includes costs for unused exergy which is released to the environment
(see Equation (12)). In the case of the zeotropic mixture, this portion of costs leads to higher specific
costs per unit exergy compared to isobutane. The contrary results of the parameters LCOE and cp,tot
suggest a nearly economic equivalence of the identified ORC system based on isobutane and the
zeotropic mixture isobutane/isopentane as working fluid.

3.3. Sensitivity Analysis for Selected Boundary Conditions

In order to identify the most cost-important parameters of the estimated boundary conditions,
Figure 4 illustrates the costs per unit exergy as function of interest rate, turbine efficiency, costs for
process integration, costs for operation and maintenance, and F-factor. The sensitivity analysis
is conducted for the working fluid isobutane at the operational parameters ATppr = 2 K and
ATppc =12K.

65.0 4
= isentropic efficiency costs for
62.5 .
= of turbine process
g/ 60.0 - integration
3
5 5754
X
(<5}
= 5504 \
= —v
R I — e R =5
a interest rate O&M
8 50.0 x
o
F factor
47.5
1Y
45.0 T T T T T
-20 -10 0 10 20

Figure 4. Cost per unit exergy as a function of selected parameters for the working fluid isobutane
(ATpp,e =2K; ATppc =12 K).

The costs per unit exergy show the highest sensitivity for the isentropic efficiency of the turbine,
the costs for process integration and the factor F.osts. This general behavior can be adopted to other
working fluids and operational parameters. The sensitivity analysis for the working fluids isobutane,
isobutane/isopentane (90/10), and R245fa at the most cost-effective parameters show qualitatively
equal results. Regarding the considered economic parameters, costs for process integration and the
cost factor F are the most important input data. For systems with higher module costs the sensitivity is
even more pronounced. In case of R245fa as working fluid, the specific costs increase by 0.19 €/GJ
per % deviation from the standard costs for process integration. Compared to isobutane (according to
Figure 4: 0.17 €/GJ per % deviation), this is an increase in sensitivity of 9.2%.
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In order to quantify the uncertainties of the presented results due to the assumption of a constant
isentropic efficiency and a specific cost estimation method, a detailed analysis for these main factors is
conducted in the following. Since the process integration costs are mainly influenced by individual
boundary conditions of the waste heat recovery application, a more detailed analysis of this proportion
of costs is not in the scope of this study. In this context, the turbine efficiency and corresponding design
parameters are calculated for the most cost-effective operational parameters of each working fluid (see
Table 4). For the turbine, an axial and single-stage turbine is assumed. The corresponding design and
loss correlations are applied according to Klonowicz et al. [45]. The results including the corresponding
costs per unit exergy are listed in Table 6.

Table 6. Turbine parameter and cost per unit exergy for a detailed design of an axial turbine.

Parameter Isobutane R245fa Isopentane Isobutane/Isopentane
i1 (%) 785 80.2 80.6 78.8
rdyi T (%) 19 0.3 0.8 1.5
SP (-) 0.0486 0.0729 0.0820 0.0508
D, (mm) 1305 195.7 220.1 136.7
Cp,tot (€/GJ) 52.2 56.7 59.1 54.0
rdep tor (%) 0.4 0.2 13 0.4

The isentropic efficiency of the turbine differs between 78.5% and 80.6% for the considered
working fluids and corresponding operational parameters. Isobutane shows a 1.9% lower efficiency
compared to the assumption of a constant efficiency of 80% according to Table 1. For isopentane,
the turbine efficiency is underestimated by 0.8%. With respect to the cost-efficiency, a more detailed
estimation of turbine efficiency leads to a maximal deviation of 1.3% of the economic parameter
Cp,tot- In this context, the costs per unit exergy for the working fluid isopentane is decreased from
59.8 €/GJ to 59.1 €/(]. Isobutane still leads to the most cost-effective ORC system. The specific costs
are increased by 0.4% compared to the initial efficiency assumption. In case of R245fa or isopentane
as workings fluid, the turbine design calculations show high values for the size parameter SP and
the mean diameter D,,. Hence, high isentropic efficiencies are obtained in conjunction with a large
turbine size. For further investigations, the design parameters could be used as input for more precise
cost estimations. In this context, exemplarily the turbine cost correlation of Astolfi et al. [17] could
be mentioned.

Finally, the relevant economic parameters are calculated for selected cost estimation methods and
cost databases described in Chapter 2.2. For the working fluid isobutane at the operational parameters
ATppr =1.2Kand ATpp ¢ = 14 K the results are listed in Table 7.

Table 7. Economic parameters for selected cost estimation methods and cost databases in case of
isobutane at the operational parameters ATpp g = 1.2 Kand ATppc =14 K.

Cost Estimation Method cptot (€/G]) LCOE (€/MWh) SICTp (E/KW)
Feosts = 6.32 52.0 106.5 7332.5
Feosts = 4.31 46.4 83.2 5000.5
CTM/Turton 40.5 58.7 2554.7
Cramutrich 437 71.9 3875.1

In general, the considered cost estimation methods lead to high deviations for the economic
parameters. The maximum deviation for cp sy is 28.4 %, for LCOE 81.4% and for SIC 287.0%.
The calculation of bare module costs in conjunction with cost correlation of Turton ef al. [33] lead to the
lowest economic parameters. For the alternative cost database of Ulrich and Vasudevan [34], which
also provides bare module costs, the costs per unit exergy are 7.9% higher. A comparison of SIC for
waste heat recovery units with literature data [22,23,26] or guide prices from manufactures indicate
the generalization of the approach of Bejan et al. [32] by multiplying the total PEC by a certain factor
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Feost. As a consequence, the resulting absolute costs should be interpreted with caution. Nevertheless,
an evaluation of different technical solutions, working fluids, or operational parameters for constant
boundary conditions seems justifiable.

4. Conclusions

A thermo-economic case study for waste heat recovery by ORC is conducted. Cost-efficient design
parameters for the temperature difference at the pinch point are identified in the case of pure working
fluids and mixtures. In general, low minimum temperature differences in the evaporator and high
values in the condenser are suitable for a cost-efficient ORC system. Isobutane as a working fluid leads
to the most cost-effective ORC (ATpp g = 1.2 K; ATpp ¢ = 14 K). Regarding the considered mixture
isobutane/isopentane, a mole fraction of 90% isobutane leads to the lowest costs per unit exergy.
The economic parameters show a high sensitivity regarding the isentropic efficiency of the turbine and
the selected cost estimation methods. First results are presented for an implementation of more detailed
models concerning these impact factors. Based on this analysis, the presented thermo-economic model
will be extended in further work.
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Abbreviations

The following abbreviations are used in this manuscript:

ORC Organic Rankine Cycle
Nomenclature

A heat transfer area (m?)

c costs per unit exergy (€/GJ)

C costs €)

C cost rate (€/h)

D diameter (mm)

e specific exergy (KJ/kg)

E exergy flow (kW)

F correction factor )

h specific enthalpy (K] /kg)

K constant )

1M mass flow (kg/s)

Ns specific speed )

p pressure (bar)

P power (kW)

r radius (m)

rd relative deviation (%)

s specific entropy (KJ/ (kgK))

SIC specific investment costs (€/kW)

SP size parameter (-)

T temperature (°C)

u overall heat transfer coefficient (W/(m2K))

Y capacity/size parameter (kW) or (m?)

Z cost rate (€/h)

% heat transfer coefficient (W/(m?ZK))

AT temperature difference (K)

n efficiency (%)
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Subscript

C condenser

CI capital investment
M cooling medium
D destruction

E evaporator

F fuel

G generator

HS heat source

i inner

in inlet

is isentropic

II second law

k k-th component
L loss

LMTD logarithmic mean temperature difference
log logarithmic

m mean

net net

Y outer

out outlet

O&M operation and maintenance
P product

PH preheater

PP pinch point
Pump pump

s specific

t tube

tot total

0 reference state
Appendix A
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In this section the references for each equation of state (EOS) and the transport models used in
REFPROP are listed for the considered working fluids.

R245fa

EOS: Lemmon, EW.; Span, R. Short fundamental equations of state for 20 industrial fluids.
J. Chem. Eng. Data 2006, 51, 785-850. [CrossRef]

Viscosity: Huber, M.L.; Laesecke, A.; Perkins, R.A. Model for the Viscosity and Thermal
Conductivity of Refrigerants, Including a New Correlation for the Viscosity of R134a. Ind. Eng.
Chem. Res. 2003, 42, 3163-3178. [CrossRef]

Thermal conductivity: Marsh, K.N.; Perkins, R.A.; Ramires, M.L. Measurement and Correlation
of the Thermal Conductivity of Propane from 86 to 600 K at Pressures to 70 MPa. J. Chem. Eng. Data
2002, 47, 932-940. [CrossRef]

Surface tension: Mulero, A.; Cachadina, I.; Parra, M. I. Recommended Correlations for the Surface
Tension of Common Fluids. J. Phys. Chem. Ref. Data 2013, 41, 043105. [CrossRef]


http://dx.doi.org/10.1021/je050186n
http://dx.doi.org/10.1021/ie0300880
http://dx.doi.org/10.1021/je010001m
http://dx.doi.org/10.1063/1.4768782
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Isobutane

EOS: Biicker, D.; Wagner, W. Reference Equations of State for the Thermodynamic Properties of
Fluid Phase n-Butane and Isobutane. J. Phys. Chem. Ref. Data 2006, 35, 929-1019. [CrossRef]

Viscosity: Vogel, E.; Kiichenmeister, C.; Bich, E. Viscosity Correlation for Isobutane over Wide
Ranges of the Fluid Region. Int. J. Thermophys. 2000, 21, 343-356. [CrossRef]

Thermal conductivity: Perkins, R.A. Measurement and Correlation of the Thermal Conductivity
of Isobutane from 114 K to 600 K at Pressures to 70 MPa. J. Chem. Eng. Data 2002, 47, 1272-1279.
[CrossRef]

Surface tension: Mulero, A.; Cachadina, I.; Parra, M.I. Recommended Correlations for the Surface
Tension of Common Fluids. J. Phys. Chem. Ref. Data 2013, 41, 043105. [CrossRef]

Isopentane

EOS: Lemmon, E'W.; Span, R. Short fundamental equations of state for 20 industrial fluids. J.
Chem. Eng. Data 2006, 51, 785-850. [CrossRef]

Viscosity: Ely, J.F.; Huber, M.L. NIST Thermophysical Properties of Hydrocarbon Mixtures Database,
NIST Standard Reference Database 14; Version 9.08; National Institute of Standards and Technology:
Gaithersburg, MD, USA, 1990.

Thermal conductivity: Ely, ].E; Huber, M.L. NIST Thermophysical Properties of Hydrocarbon Mixtures
Database, NIST Standard Reference Database 14; Version 9.08; National Institute of Standards and
Technology: Gaithersburg, MD, USA, 1990.

Surface tension: Mulero, A.; Cachadina, I.; Parra, M.I. Recommended Correlations for the Surface
Tension of Common Fluids. J. Phys. Chem. Ref. Data 2013, 41, 043105. [CrossRef]

Isobutane/Isopentane

Mixing Rule: Kunz, O.; Klimeck, R.; Wagner, W.; Jaeschke, M. The GERG-2004 Wide-Range Equation
of State for Natural Gases and Other Mixtures—GERG Technical Monograph; VDI-Fortschritts-Bericht:
Diisseldorf, Germany, 2007.

Appendix B

Depending on phase state and flow configuration corresponding heat transfer correlations are
applied. For the calculation of the heat transfer of turbulent, single phase flow in a plain tube, the model
according to Sieder and Tate [38] is used for the working fluid in the preheater. The corresponding
Nusselt number Nu depends on the Reynolds number Re and the Prandtl number Pr:

Nu = 0.027Re%8 py0-33 (B1)

The single phase heat transfer on the shell side is predicted according to Kern [36]. The model is
applied for the pressurized water in the preheater and evaporator:

Nu = 0.36Re%> pr0-33 (B2)

In case of the evaporation of pure working fluids in a plain tube the correlation for flow boiling
derived from Steiner [39] is applied:

0,5

0377722 0,67\ 12
x(z) _ (1—x)%0L. (1—9()1’5+1,9~x0'4~ﬂ + o0, |2 1+8~(1—x)0/7-ﬂ (B3)
Pg L%} Pg

Here the index 1 represents the liquid phase and g corresponds to the gaseous phase.
The corresponding heat transfer coefficients a; and &g are calculated by Equation (B1). In Equation (B3)
p correspond to density and x to vapor quality.


http://dx.doi.org/10.1063/1.1901687
http://dx.doi.org/10.1023/A:1006623310780
http://dx.doi.org/10.1021/je010121u
http://dx.doi.org/10.1063/1.4768782
http://dx.doi.org/10.1021/je050186n
http://dx.doi.org/10.1063/1.4768782
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Considering the evaporation of fluid mixtures, a reduction of heat transfer has to be taken into

account. In this context, the model of Schliinder [40] is applicable:
Xid Xid q
L LT p (Tz = Ta1) - (y1 — x1) (1 eXP( By pz-B-Ahv>) (B4)

Here, B as well as By represent experimental fitted constants. The following assumptions
are made: =2 x 107* m/s and By = 1. The mole fraction of liquid and gaseous phase of the
component i corresponds to x; and y;. The temperatures T; describe the saturation temperature of the
mixture component.

The condensation of a pure working fluid in plain tubes is calculated according to the correlation
of Shah [41].
L 382070 (1- )0

0.8 0.4 0.8
Nu = 0.023 - Re;® - Pr;™ - | (1 —x) p*0.38

(B5)

Here, x represents the vapor quality and p* corresponds to the reduced pressure. In analogy to the
evaporation process, a reduction of heat transfer due to additional mass transfer has to be considered
for zeotropic mixtures. Therefore, the method of Sliver, Bell, and Ghaly [42,43] is applied. In Equation
(B6) xeff represents the heat transfer coefficient for the zeotropic mixture, while x(x) is calculated
according to Equation (B5) using fluid properties of the fluid mixture. For the heat transfer coefficient
in the gaseous phase «g Equation (B7) is applied:

z
I N (B6)
Oeff (X)) og

Nu = 0.023- Reg® - Pro* (B7)

T
Ze =X Cpg- G.Cond (B8)

Ah

The parameter Zg is the ratio between the sensible part of the condensation of the zeotropic
mixture and the latent part. Here, ¢ ¢ represents the heat capacity of the gaseous phase, T cong the
temperature glide at condensation, and Ah the corresponding enthalpy difference.
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