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Abstract

The performance of many chemical and energy conver-
sion processes depends on the choice of the metecul
used, e.g. as solvents or working fluids. To capthe
complex relations between the properties of theemol
cules used and the process conditions, the seategtio
suitable molecules should be directly integrate in
process design. Solving the resulting challenging-i
grated design problem is enabled by the Continoas-M
lecular Targeting — Computer-Aided Molecular Design
(CoMT-CAMD) approach. Here, the combinatorial
complexity of the molecular decisions is avoideddéy
laxing molecular parameters in a physically-based-t
modynamic model. So far, implementations of CoMT-
CAMD were based on procedural programming lan-
guages. This impedes reusability and the invesigat
of process variants as well as the design of compie-
cesses. In order to overcome these shortcomingsywe
plement the CoMT-CAMD approach based on object-

oriented process modeling and thus enable the inte-

grated process and molecular design with Modeliba.
resulting approach is demonstrated for the desigm o
process and the working fluid for a geothermal @iga
Rankine Cycle application.

Keywords: GenOpt, optimization, integrated fluiddan
process design, computer-aided molecular design, PC
SAFT

1 Introduction

In order to achieve high performance, chemical elé w
as energy conversion processes have to be tattotbd
specific applications. The key to tailoring a pregds
often the choice of suitable molecules. Examplestze
selection of solvents for absorption processesiAat)

et al, 2014; Bardowet al, 2010; Burgeet al, 2015;
Papadopoulos and Linke, 2009), refrigerants for-com
pression chillers (Roskosch and Atakan, 2015; $dikin
et al, 2003) and working fluids for Organic Rankine

.rwth-aachen.de

Cycles (Linkeet al, 2015; Bao and Zhao, 2013; Lampe
et al, 2015).

Today, design methods usually separate the chbice o
suitable molecules and the process design (faeeat
ture review, see e.g. Linkat al, 2015): in a first step,
molecular candidates are pre-selected using eiteri
based on heuristics. In a second step, the pretsdle
molecules are used for process optimization.

However, these two-step approaches usually lead to
suboptimal solutions. Heuristic selection criterdanot
capture the strong and complex relations between th
properties of chosen molecules and the correspgndin
optimal process conditions. Therefore, the glolmil-o
mum might already be excluded from the solutiorcepa
when heuristics are applied. Consequently, theydexi
molecules should be directly integrated into thecpss
design (Adjimanret al, 2014; Linkeet al, 2015). The
direct formulation of this integrated design proble
leads to a mixed integer nonlinear program (MINLP)
(Gani, 2004) where each molecule considered adels on
degree of freedom. Due to the large number of piaten
candidate molecules, the solution of this MINLR$sI-
ally prohibitively difficult.

Thus, systematic approaches have been proposed for
the approximate solution of the integrated desigp
lem: Pereiraet al (2008; 2011) solve the integrated de-
sign problem based on property predictions withstae
tistical associating fluid theory for potentialsvairiable
attractive range (SAFT-VR) with a search spacetdichi
to linear alkanes. For Organic Rankine Cycles,rée
view by Linkeet al (2015) summarizes the state of the
art. Recently, Burgegt al (2015) have solved the inte-
grated design problem utilizing a hierarchical aaoh
and short-cut models for the process. Gopirgitlal
(2016) have proposed an approach for the integcted
sign utilizing physical domain reduction. They eopl
tests to remove regions from the molecular andge®c
domains where constraints, e.g., on phase beharmor,
violated.
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Bardowet al (2010) proposed a targeting-based design models is described. The case study of the ORG-appl
approach called Continuous-Molecular Targeting — cation is presented in Section 4 before conclusayas
Computer-Aided Molecular Design (CoMT-CAMD) drawn in Section 5.

for the integrated molecular and process desigme He

the molecular properties are modeled by the Peatiirb 2 The CoM T-CAMD Approach

Chain Statistical Associating Fluid Theory (PC-SAFT

equation of state (Gross and Sadowski, 2001). In PC The Continuous-Molecular Targeting — Computer-

SAFT, each fluid is described by a set of physjeall Aided Molecular Design (CoMT-CAMD) approach was

based pure component parameters. In the firstaftep Ntroduced by Bardowet al (2010). In CoMT-CAMD,
CoMT_EAMD ﬂ?e so—cglled Continuous—MoIecuIapr the fluids are modeled by the Perturbed-Chain Siedi

Targeting (CoMT), the discrete PC-SAFT pure compo- Associating Fluid Theory (PC-SAFT) equation of stat

nent parameters are regarded as continuous degfrees (EOS)- Thus, any fluid can be described by a seXf
freedom of the design problem and are optimized sim SAFT pure component parameters. The COMT-CAMD

ultaneously with the process conditions (Larepel, approach comprises two main steps as shown inéigur

2014, Stavrowet al, 2014). The resulting design prob-
lem can be formulated as a nonlinear program (NLP)
optimization problem. The results of this optimiaat
are the set of optimal pure component parametera fo
hypothetical target molecule and the corresponding
timal process parameters. In a second step, Compute
Aided Molecular Design (CAMD) methods can be used :
to design the real molecule which best matchesphe @ CoMT
timal process performance (Lampe al, 2015). The o=

CoMT-CAMD approach has been applied successfully i
to the design of solvents for G@apture (Stavroat al, PC-SAFT
2014) and working fluids for Organic Rankine Cycles :

Process
Specifications

CoMT-CAMD Approach

Process
Model

\ 4

(Lampeet al, 2014; 2015). A similar targeting approach i
for integrated design was presented by Roskosch and Target
Atakan (2015). They use a cubic equation of state f — |
property modeling and relax its parameters in ailkan v
neous optimization of a compression heat pump goce @

and working fluid. Subsequently, they select sldéab :

fluids from databanks utilizing a fitted functioorfCOP
estimation.

So far, integrated process and molecular desigm wit
CoMT-CAMD was based on process models imple-
mented in a procedural programming language. This
hinders the reusability of models and complicates t
design of complex processes as well as the inaiiiy

of process variants. Furthermore, the use of proeéd
languages is not convenient in case dynamic presess Fluids I
have to be investigated.
These shortcomings can be overcome by using a lan- Process Optimizations
guage suited for object-oriented and equation-based
modeling like Modelica (Fritzson, 1998) to mode¢ th \ 2
process. Thus, in this work, we present the firgile- Optimal Fluids
mentation of the CoMT-CAMD approach based on and Processes
Modelica process models. Thereby, we enable tlee int
grated process and molecular design with Modelita.  Figure 1: The workflow of the CoMT-CAMD approach.
order to illustrate the design approach, a castystl |, e first step, the so-called Continuous-Molacul

E.r esenteld for the desilgn of a geothermal Organie Ra  154eting (CoMT), the process conditions and thé mo
ine Cycle (ORC) application. ecules are simultaneously optimized. For this psepo

The paper is structur:e_d as fIOI.IOWS: in Sec_tiorhé, ; the PC-SAFT pure component parameters describing
_CoI\I/IT—CAMD app}roac IS €Xp alngd. Ir:jSectlond3,|_t € the properties of the molecules are relaxed aratetde
Implementation of CoMT-CAMD based on Modelica 55 continuous variables of the optimization problem

The results of this optimization are the PC-SAFTepu
component parameters of a hypothetical optimadt flui

Structure Mapping

Taylor

Approximation CAMD

\ 4

Integer Cuts
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the so-called target, and the corresponding optoral
cess conditions. In the second step, real fluidsden-
tified in the so-called structure-mapping. For thig-
pose, a second-order Taylor-approximation is coegut
around the hypothetical optimum. This Taylor approx
mation is used to estimate the objective functialue

of processes with real fluids. In the structure-piag,
real fluids can either be selected from databarftks o
known fluids (Lampeet al, 2014) or designed using
Computer-Aided Molecular Design (CAMD) algo-
rithms (Lampeet al, 2015). This CAMD algorithm em-
ploys Group Contribution (GC) methods to link PC-

SAFT pure component parameters to molecule struc-

tures. This link is used to identify the optimallexular
structure by solving a mixed-integer quadratic paog
(MIQP) optimization problem (for details, see Sewgti
2.3). Due to inaccuracies in the models and théoadgt
usually, not only one fluid but a ranking of caratiek is
desired. Thus, the CAMD algorithm is applied repeat
edly using integer cuts (see e.g. Fazloliethal, 2012)

to exclude previously found molecules in each nemv r
The CoMT-CAMD approach thus yields a list of real
fluids which best match the target. For these fluid-
dividual process optimizations are performed tedet
mine the optimal process performance.

Details of the CoMT step are explained in Sectidn 2
and the PC-SAFT equation of state is describeco S
tion 2.2. The structure-mapping step of CoMT-CAMD
is discussed in more detail in Section 2.3 follovegda
short section on the final process optimizations.

2.1 Continuous-Molecular Targeting

The aim of the CoMT step is the simultaneous optimi
zation of process conditions and fluids to obtaiarget
for the subsequent structure-mapping (Bardsiwal,
2010). As mentioned before, the fluids are modelitial
the PC-SAFT equation of state. The PC-SAFT pure
component parameters used to describe the flukddzar
laxed and thus treated as continuous variabldseabp-
timization problem. This relaxation transforms the
mixed-integer nonlinear program (MINLP) of the full
integrated design into a nonlinear program (NLR¥gi
by problem (1) (Lampet al, 2015):

max f (x,y)
x'y

s.t.g1(x,y) <0
g2(x,y) = 0}
h(x,y) =0
Ay <b
Xmin =x< Xmax € Rm

1
yminsysymax ER.

"process model"

"PC-SAFT"
"convex hull"

(1)

Here,x is the vector with the degrees of freedom of the
process ang the vector containing the PC-SAFT pure
component parameters of the molecules.

The objective functiorf is, for example, a thermody-
namic measure like an efficiency. The process misdel
formulated in terms of inequality constraings and
equality constraintg,. The PC-SAFT equation of state
h is used to compute thermodynamic quantities based
on the pure component parameters and the process co
ditions. Additionally, bounds are defined on theqass
degrees of freedom,,;, andx,, and the PC-SAFT
pure component parametstgi, andymax-

Additional linear inequality constraintdy < b) are
used which set up a convex hull around the PC-SAFT
pure component parameters of real fluids (see Lathpe
al. (2014) for details). This ensures that the CoNEps
results in a hypothetical fluid which is similaraay real
substance. The NLP optimization of the CoMT step re
sults in a hypothetical optimal fluig® and optimal pro-
cess conditions™.

In general, the pure component paramegérsf the
optimal hypothetical fluid are not equal to tho$eay
real fluid. Thus, real substances with favorablgqre
mance are identified in a subsequent structure-mgpp
(discussed in Section 2.3).

2.2 PC-SAFT Equation of State

The Perturbed-Chain Statistical Associating Fluia-T
ory (Gross and Sadowski, 2001, 2002; Gross, 2005;
Gross and Vrabec, 2006) is a physically-based euat
of state model for the residual Helmholtz energlye T
underlying molecular picture considers molecules as
chains of hard spheres (segments) which interattt wi
each other.

Both pure fluids and fluid mixtures are described
based on typically 3 to 7 parameters per eachqanre
ponent. In this work, we consider only non-polad an
non-associative molecules, so that 3 parametePCef
SAFT are sufficient: the segment numher the seg-
ment diameters and the segment dispersion energy
e/k.

As only the residual part of the Helmholtz energy i
calculated from PC-SAFT, an additional propertyeis
quired to calculate absolute caloric propertiegeHtne
additional property is the ideal gas heat capatityhe
CoMT step, the molecules are exclusively descrined
the PC-SAFT pure component parameters, which
should therefore also be used in order to obtaindéal
gas heat capacity (Lampeal, 2014). For this purpose,
Quantitative Structure-Property Relationships (QBPR
are used with PC-SAFT pure component parameters as
inputs to calculate ideal gas heat capacitféé (for de-
tails see Stavroet al, 2014; Lampet al, 2014, 2015).
Additionally, another QSPR model based on PC-SAFT
pure component parameters is used to calculatermola
masses (Lampet al, 2015).

By combining the QSPR methods and PC-SAFT, all
thermodynamic equilibrium properties can be caledla
based on 3 PC-SAFT pure component parameters in a
thermodynamically consistent form.
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2.3 Structure-Mapping using Computer -
Aided Molecular Design

As shown in Figure 1, we use Computer-Aided Molec->

ular Design (CAMD) in the structure-mapping step in
order to design real fluids which best match thigaa
obtained from the CoMT step. For this purpose, agne
ure for the expected performance of fluids in trecpss

is needed.

A simple measure is the distane — y*|| of a real
fluid’s pure component parameters from those ohghe
pothetical optimal fluid in the space of the PC-FAta-
rameters. However, this simple measure is not qujpro
ate since it neglects the different sensitivitiethe ob-
jective function with respect to different PC-SApa-
rameters and it depends on scaling. To overconsethe
limitations, a performance measure is calculatethén
space of the objective function itself. For thiggmse,
we compute the following Taylor-approximation te es
timate the performance:

R dfopt
fQ) =P+ 7 =)
1 Y 2 ropt (2)
50 =y" iy =y

Here, f°Pt is the objective function of Problem (1)
f(x,y) rewritten such that it yields the optimal perfor-
mance solely based on the PC-SAFT pure componen
parameters:

foP(y) = min f(x, y)
s.t. g1(x,¥y) <0
g2(x,y) =0
h(x,y) =0
Xmin =x< Xmax € ]Rm—

(3)

The estimated objective function valfiéy) is used as
assessment criterion in the structure-mapping.

In this work, a CAMD algorithm is employed to de-
sign optimal molecules. This CAMD algorithm opti-
mizes the molecular structure with respect to tréop-

minf (y)

t. GC(n) =y
FEAS(n) <0
Ay < brel

nezl

In this formulation, a fluid is described by a vach
representing the functional groups constitutingrtie
lecular structure. The set of PC-SAFT pure compbnen
parametery are calculated with a GC method as de-
scribed above AC(n) =y). A set of constraints
(FEAS(n) < 0) ensures feasible connectivity of the de-
signed molecules (Struebing, 2011; Struebatgal,
2011). A convex hull4y < b)) as described in Sec-
tion 2.1 is also used in the CAMD optimizationoler

to permit the design of novel fluids, the conveX sl
relaxed compared to the one used in the CoMT s&ep,
b = b (Lampeet al, 2015). The result of the MIQP is
the optimal molecular structure of a real fluid.

A ranking of fluid candidates can be obtained by re
peating the CAMD optimization with integer cutsdse
e.g. Fazlollahiet al, 2012) which exclude previously
found molecular structures from the design space.

2.4 Final Process Optimizations

The result of the structure-mapping step of CoMT-
'cAMD is a ranking of candidate molecules. Since the
objective function used for the structure-mappisagi
second-order Taylor-approximation (2) as descrined
Section 2.3, process optimizations are performetl wi
the identified real molecules in a final step idlerto
obtain the respective optimal process conditiomsaam
tual objective function values. These objectivection
values are also used to refine the ranking of tbéem
cules.

3 CoMT-CAMD with Modelica M od-
es

As explained in Section 1, the integrated procesb a
fluid design with the CoMT-CAMD approach was

mance estimatg(y) (2). In order to evaluatg(y), the based on process models implemented in a procedural
PC-SAFT pure component parameters have to be knownprogramming language so far. The contribution & th
for each molecule. Lampe al (2015) employ a Group  work is to enable the utilization of COMT-CAMD bakse
Contribution (GC) method in order to calculate PC- on object-oriented process modeling with Modelica.
SAFT pure component parameters from molecule struc- The utilization of this language facilitates thengen-
tures. They use the homosegmented approach fromient development, adaption and reusability of medel
Saueret al (2014) which they call GPC-SAFT. We use this way, the design of complex processes is edable
the same method as Lampeal (2015) and all non-  Furthermore, equation-based modeling with Modeéica
polar, non-associating groups they considered. suited for the investigation of dynamic procesJéw
Following Lampeet al (2015), the CAMD problem  implementation of all steps of COMT-CAMD based on
is formulated as mixed integer quadratic problem Modelica is described in the subsequent sections.
(MIQP) by employing the second-order Taylor approx-
imation (2) as objective function:
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3.1 PC-SAFT Modelica-Package

Since the CoMT-CAMD approach is based on fluid
property calculations with PC-SAFT, these calcoladi
have to be available in Modelica to model the psses.
Examples of such property calculations are theutaic
tion of saturation pressures and temperatures hasve
of caloric properties like specific enthalpies.

For this purpose, a PC-SAFT implementation written
in the procedural language FORTRAN 90 is usedxer e
ternal property calculations. The interface withddb
ica is constructed using the Modelica external fionc
interface (Modelica Association, 2012).

According to Modelica Association (2012), however,
interfaces are only supported with external FORTRAN
77 code. For this reason, FORTRAN 77 subroutines ar
implemented as wrappers for all relevant top-lesd-
routines in the FORTRAN 90 code. The wrapper sub-
routines are called by Modelica external functi¢ios
details see Modelica Association (2012)). As thappr
erties are calculated on mole basis in the exterodd
and calculations on mass basis are desired foprihre
cess simulations in Modelica, additional functidas
conversions between mole and mass basis as welltas
conversions are implemented.

In order to enable the convenient use of the PCISAF
property calculations in Modelica, a Modelica payka
with the following functions is developed:

* Modelica external functions needed to call
external subroutines.

» Additional functions for conversion between
mole and mass basis as well as unit conver-
sions.

» “Top-level” functions for each type of prop-
erty calculation which call the external func-
tions and functions for necessary conver-
sions, perform any additional calculations
required and return the desired thermody-
namic properties.

As the focus of this work is embedding Modelicaha
existing CoMT-CAMD framework, the PC-SAFT pack-
age is created independent of other libraries folmv-
ing types of property calculations are availablehia
package:

* Vapor-Liquid Equilibrium (VLE) calcula-
tions for pure components with specified sat-
uration pressure or temperature.

» pT-flash calculations for mixtures.

* Bubble point and dew point calculations for
mixtures.

» Property calculations for pure components
and mixtures in subcooled liquid and super-
heated vapor states.

» Estimation of the critical point.

All these functions can be conveniently used in Bod
ica process models.

3.2 CoMT-CAMD Based on Modelica M od-
elsand GenOpt

In order to facilitate the integrated optimizatioihpro-
cesses and fluids based on object-oriented modétiag
process and all its equipment models are implerdente
in Modelica. For any required property calculatitre
functions in the PC-SAFT package described in Becti
3.1 are utilized.

In order to find the hypothetical optimum in the
CoMT step, an objective function is defined. Thitwe,
Modelica process model is used to search for that po
in the solution space of process conditions and PC-
SAFT pure component parameters with the maximal ob-
jective function value.

One tool suited for this search is the open-soapee
timization program GenOpt (Generic OptimizationPro
gram) (Wetter, 2000; 2016) which provides algorishm
for parametric runs as well as several optimizagilgo-
rithms and can be coupled with Modelica models fWet
ter, 2009).

In this work, parametric runs with GenOpt are used
in the CoMT step to find the hypothetical optimlaid
and the corresponding optimal process conditiohs. T
derivatives required for the Taylor-approximatidrite
objective function are approximated by finite diffe
ences. These are computed with MatLab from thdtsesu
of the GenOpt calculations. As the output filesGahn-
Opt are conveniently imported by MatLab, no special
interface is required here.

The CAMD formulation described in Section 2.3 was
implemented in the high-level modeling system GAMS
(General Algebraic Modeling System) (Rosenthal,
2016) which is used to solve the MIQP with integets
to obtain a ranking of real fluids.

For the final process optimizations described io-Se
tion 2.4 parametric runs with GenOpt are usednd fi
optimal process conditions. The workflow of the Mod
elica-based CoMT-CAMD is shown in Figure 2.

4 Case Study: Design of a Geother -
mal ORC Application

The proposed molecular and process design with the
CoMT-CAMD approach based on process modeling
with Modelica is applied to a case study of a gewtial
application for an Organic Rankine Cycle. OrgarsmiR
kine Cycles (ORCs) are used to transform low teaper
ture heat into electric power (Colonegal, 2015). The
performance of ORCs depends strongly on the proper-
ties of the chosen working fluid. Therefore, the@©R

a very relevant case study for the integrated fand
process design (Linket al, 2015; Bao and Zhao, 2013).

In the subsequent sections, the ORC process #self
well as the process model implemented in Modelinch a
the specifications of the case study are descriheec-

tion 4.4, the results of the integrated fluid amdgess
design are presented.
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Process
Specifications

©)

* PC-SAFT package
* Modelica process model
*  GenOpt for Optimization

Target I
\

Structure Mapping

CoMT

©)

» Taylor-approximation calculated
from GenOpt output with MatLab
* CAMD algorithm in GAMS

Fluids |
y

Process Optimizations

* PC-SAFT package + Modelica process model
* GenOpt

v

Optimal Fluids
and Processes

Figure 2: Workflow of the integrated molecular and pro-
cess design with CoMT-CAMINncluding the tools use
in the individual steps.

4.1 Organic Rankine Cycles
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Figure 3: Upper part: Flowsheet of a basic ORC process.

Organic Rankine Cycles (ORCs) are energy conversion| ower part: T-s diagram for ORC process, heat soar

processes with a sequence of process steps edquii@le
the classical thermodynamic Rankine cycle (Colagina

heat sink.

al., 2015). The flowsheet and the temperature-entropy4.2 Modelica ORC M odel

diagram of a basic ORC process are shown in Figure
In contrast to classical Rankine cycles which uagew
as working fluid, organic fluids are utilized in @R.
The organic fluid can be tailored to specific apgli
tions, in particular the utilization of low tempéree
heat and cases with low power output where water be
comes unfavorable (Colonegal, 2015).

In the ORC process, the liquid working fluid (state
in Figure 3) is pressurized in a pump®12) with power
input P, before the vaporization in an evaporatorX2
3) using heat(f(evap) from the available heat source with
inlet temperaturdys;,. At the outlet of the evaporator
(State 3 in Figure 3), the working fluid can baisatu-
rated or superheated vapor state. The vapor isdegda
in a turbine (3> 4) to gain the desired power outgiyt
Subsequently, the fluid is completely condensea in
condenser (4 1) by transferring heaf)(,q) to a cool-
ing medium with inlet temperatur& i, in order to
close the cycle.

To demonstrate the integrated design of workinglflu
and process, the ORC is modeled assuming steady sta
conditions. Four equipment models are implemented
and connected to a process model (cf. Figure@)nap,

a turbine and two heat exchangers, namely the exapo
tor and the condenser. These equipment model®are ¢
nected as shown in Figure 3 via suitable connedtors
assemble an ORC process model. Although the use of
libraries for modeling the ORC would be possible, n
existing libraries are used in this work to keepdkuip-
ment models and connectors simple. The most im-
portant model equations and assumptions are pegbkent
in the following.

421 Pump

The pump is adiabatic and modeled based on an isen-
tropic pressure increase and an isentropic effagien

nis,P:
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— *
Sp,in = Sp,out
* _ *
hp out = f(pevap'SP,out) (5)
— h;’,out_hl’,in
hP,out = hP,in +

Nis,Pp

Here, hp;, = hy andhp,, = h, are the specific en-
thalpies at pump inlet and outlet, respectively /&,

is the specific enthalpy at the pump outlet in cafsis-
entropic pressure increasg,, andsp . are the spe-
cific entropies at inlet and outlet conditions floe isen-
tropic case. The pressure level of the evaporagon

termedpeyap-

with a known inlet temperaturBys;,, mass flowryg
and constant specific heat capacity.

The heat transferred is calculated from energy bal-
ances of the evaporator:

Qevap = mHSCHS(THS,in - THS,out) 9)

= mWF(hevap,out - hevap,in)

whereTys o, denotes the outlet temperature of the heat
source antheyap,in @Ndheyap out the specific enthalpies
of the working fluid at the evaporator inlet andley

From the energy balance, the required power input respectively.

can be obtained:

(6)

Pp = i (hpout — hpin)

wheremy is the working fluid mass flow rate ard
the required power input.

4.2.2 Turbine

The adiabatic turbine is modeled in the same wakeas
pump based on an isentropic efficiengyy:

ST,in = S:'I“,out
hjl“,out = f(pcondr S';,out)
hT,out = hT,in
+ 7/)is,T(thg‘,out - hT,in)

(7)

wherep.qnq is the pressure level of condensation. The
power output of the turbine can be obtained fronemn
ergy balance as:

(8)

Pr = tiwg(hrout — Arin)

4.2.3 Evaporator

It is assumed that pressure losses in the evapaano
be neglected such that preheating and evaporatian t
place on the same constant pressure jgyg). The ge-
othermal heat source is assumed to be hot liqutdrwa

The specific enthalpy of the working fluid at thetlet

of the evaporatohey,p oy is calculated from the evap-
orator pressurg.y,, and outlet temperaturg;. The
temperaturd; is calculated from the saturation temper-
ature of the working fluid and a degree of supeiihga
ATg,.

4.2.4 Condenser

The condenser is modeled based on energy balances
equivalent to those shown for the evaporator. Hds
sumed that cooling water with known inlet tempematu
Tcwin @and a known constant specific heat capagify

is used as cooling medium. The required mass flbw o
the cooling water is calculated from a given terapee
increase of 5 K. The outlet state of the workingdlis
assumed to be a saturated liquid state. Pressigeslin

the condenser are neglected.

4.3 Specifications of the Case Study and the
Optimization Problem

The specifications of the case study are baseden t
subcritical geothermal ORC application presented by
Heberle and Briiggemann (2010) and are shown in Ta-
ble 1. The ORC designed in our work is medium-sized
regarding its power capacity and utilizes low-terape
ture heat from a geothermal source with a maximum
temperature of 120 °C.

Table 1. Specifications of the case study based on HebadeBaliggemann (2010).

Parameter Symbol Value Parameter Symbol Value

heat source mass flow Mys 66 kg/s cooling water in- Tewin/Tcwour 15°C/20°C
rate let/outlet temperature

heat source inlet tem- Tys in 120 °C cooling water heat ca- Cow 4200 J/(kg K)
perature pacity

heat source specific Chs 4200 J/(kg K) pinch temperature dif- ATPinch 5K

heat capacity ference

min. and max. abso- ~ pmin/max 1 bar / 50 bar min. vapor fraction at [ turbmin 0.95
lute pressure turbine outlet

max. reduced pressur ~ phmax 0.8
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Table 2: Optimal process conditions and PC-SAFT parameteifsechypothetical optimal fluid resulting from tiieMT
step as well as the achieved net power output.&gadt their bounds are marked with a +.

Par ameter Symbol Value Parameter Symbol Value
condensation pressure Péond 7.1 bar segment number m” 3.15
evaporation pressure Devap 25.7 bar segment diameter ag* 3.45A
degree of superheating AT, 0 °C segment dispersion energy (¢/k)* 164.0K
working fluid mass flow Mg 70.0 kg/s net power output Pl 1.9 MW
rate

The degrees of freedomof the ORC process con- ORC the CoMT-CAMD approach is used (see Figures
sidered in the optimization are the pressure lewéls 1 and 2). First, an optimal hypothetical fluid araire-
evaporationpey,p, and condensatiop,nq, the mass  sponding process conditions are obtained as tar e
flow rate of the ORC working fluich,,» and the degree  COMT step. Subsequently, fluids are designed in the
of superheating at the evaporator oufi&y,. The PC-  CAMD step which best match the target.

SAFT pure component parametgrsonsidered for the The results of the CoMT step are shown in Table 2.
working fluid optimization are the segment numbgr The PC-SAFT pure component parameters shown in the
segment diametes and segment dispersion energy table correspond to a hypothetical optimal fluideTet

(e/k) (cf. Section 2.2). power outputP,.. of the target is 1.9 MW. This target
Bounds on the process degrees of freedom are mini-value serves as an upper bound as it represertigtne
mal and maximal absolute pressup%" andp™2* of est power output achievable for all hypotheticald$

1 bar and 50 bar, respectively. Additionally, arpep ~ represented by PC-SAFT in the considered convex hul
bound of the reduced presspfé"®, defined as the ab-  (cf. Section 2.1).

solute pressurg divided by the critical pressuge, of In order to determine a ranking of real fluids whic
0.8 is used because only subcritical ORCs are donsi best match the hypothetical optimum, a Computer-
ered. In order to avoid damage of the turbines iti- ~ Aided Molecular Design (CAMD) algorithm is em-
portant in practice to avoid the formation of liduirop- ployed as described in Sections 2.3 and 3.2. Subse-

lets during expansion. Thus, a minimal vapor farcti ~ quently, the optimal process parameters and camesp
pturbmin of 0 95 at the turbine outlet is used as a further INg Net power outpuPy for_ the n_1d|V|duaI fde_s are
constraint (see Table 1). obtained from process optimizations (cf. Sections 2
Additional constraints arise to ensure that thepera- ~ and 3.2). _ _
ture differences between the heat source and thiewo _ The top 10 fluids of the CAMD step are presented in
ing fluid in the evaporator and between the working Table 3 together with the respective net power ufstp
fluid and the cooling water in the condenser dovimt resulting from the process optimizations.

late the specified pinch temperature differeng@nch As can be seen in Table 3, the top fluids suggested
of 5 K at any point. As can be seen in the T-s mdiag the CAMD algorithm are all linear and branched afi&

shown in Figure 3, possible pinch points in thepeva- gnd t_alkenes with a maximum of.6 carpon atoms. We
tor are at the inlet and outlet and at the poingneithe  Identify propene as the best working fluid for RC
working fluid reaches the saturation temperatuessp ~ With @ net power outpu,, of 1.45 MW. This value is
ble pinch points in the condenser are at the casten 24 % less than the target value of the hypothetiwit
inlet and, in case the working fluid is superheatethe ~ €cule. _
inlet, at the point where it first reaches a sdedatate. From Table 3, it can be seen that the net power out
The net power outpu,; of the ORC is used as ob- puts determined in the process optimizations dgpant
jective function for the optimization and can bécaa ~ ectly maich the ranking from the CAMD step. The ob

lated from the required power input of the nd jective function used in the CAMD step is a Taydqr-
the power outputqof thel?urbim-} eE)s puPpm proximation of the real objective function of thde-

grated optimization problem as explained in Secfion

_ _ As the Taylor-approximation does not match the obal
fO6Y) = Pret = =(Pr + Pp) (10) jective function perfectly, the ranking from the ©I®
step slightly deviates from the final ranking based
optimized net power outputs. It is therefore recom-
mended to generate a list of candidates and nptood
4.4 Results working fluid. This behavior was also found in éarl
implementations of the CoMT-CAMD approach (cf.
Lampeet al, 2014; 2015) and is thus not specific for the
Modelica-based implementation.

This definition ofP,.; leads to a positive objective func-
tion f(x, y) which is maximized in the optimization.

To identify an optimal working fluid and the corre-
sponding optimal process conditions for the considle
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Table3: Top fluids resulting from the CAMD step and cor-
responding net power output determined using psops
timizations. The order is according to the rankofghe
CAMD step. The sorted rank according to the resflthe
individual process optimizations is shown in paneses.

Rank Fluid Net Power Output
(Sorted Rank)

1(2) Propane 1.44 MW
2 (6) Neopentane 1.31 MW
3(1) Propene 1.45 MW
4 (9) Propyne 1.24 MW
5(13) Isobutene 1.38 MW
6 (4) 2-Butene 1.38 MW
7(7) Butane 1.25 MW
8 (5) 1-Butene 1.33 MW
9 (10) Neohexane 1.11 MW
10 (8) 1-Butyne 1.25 MW

Clearly, the net power output of the target givemable

2 serves as an upper bound of the objective fumctio
Therefore, the target is not reached by the dedigeal
working fluids.

In order to find the target in the CoMT step withrG
Opt, about 2L evaluations of the process model are
required. On the other hand, an individual procggs
mization for one working fluid requires about*Hyal-
uations of the process model. Thus, the effortHerin-
tegrated molecular and process design with the Mode
ica-based CoMT-CAMD is similar to the effort foropr
cess optimizations for about 30 working fluid candi
dates. This shows the strength of CoMT-CAMD, where
thousands of different molecules are consideretthén
structure-mapping. Additionally, there are further
provements possible compared to the current impleme
tation. As presented in Section 3.2, parametris mith
GenOpt are used in the CoMT step to find the ogtima
hypothetical fluid and the corresponding optimab-pr
cess conditions. Employing gradient-based optiritnat
instead of the parametric runs has the potentfalrtber
decrease the computational effort while substdmptiiad
creasing the accuracy.

5 Conclusion

In this work, we propose the Continuous-Molecular-T
geting — Computer-Aided Molecular Design (CoMT-

CAMD) approach based on object-oriented process

and molecular design with CoMT-CAMD can be based
on object-oriented process modeling with Modelica.
The proposed implementation uses the Modelica exter
nal function interface for external property caitidns
with PC-SAFT and the optimization tool GenOpt toe t
search of optimal hypothetical fluids and processii-
tions. Additionally, a Computer-Aided Molecular De-
sign algorithm implemented in GAMS is used in order
to design real fluids which best match the hypataét
optimum. The Modelica-based CoMT-CAMD imple-
mentation is demonstrated for the design of a $titadr
geothermal Organic Rankine Cycle (ORC). The results
show that the approach efficiently identifies opim
ORC processes and working fluids. The CoMT-CAMD
approach implemented in an object-oriented language
for process modeling allows for convenient anctedfit
integrated process and fluid design for complex pro
cesses. Future work will address the use of detestiu
optimization and the utilization of libraries fdret Mod-
elica-based CoMT-CAMD.
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