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ABSTRACT

This work presents a systematic approach towardiéisggn of Organic Rankine Cycles (ORC)
for the generation of power from multiple heat s@sravailable at different temperature levels.
The design problem is approached in a mixed-intagam-linear programming (MINLP)

formulation where an inclusive and flexible ORC rnabds automatically evolved by a
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deterministic algorithm for global optimization. &tbasic building block of the model is the
ORC cascade which consists of a heat extractiopgveer generation, a condensation and a
liquid pressurization section. The aim of the ojtation is to determine the optimum number of
ORC cascades, the structure of the heat exchaegwork shared among different cascades, the
operating conditions and the working fluid useceath cascade in order to identify an overall
ORC structure that maximizes the power output. dpygroach is illustrated through a case study
which indicates that a system of two waste heatrcgsuis best exploited through two

interconnected ORC utilizing different working ftis.

Keywords: Organic Rankine Cycle, optimization, working flujasultiple heat sources, pinch

analysis



1. Introduction

In order to protect the environment and supportasuable development, clean and efficient
substitutes to existing power production systensgmily driven by combustion of fossil fuels
are needed. In the last decade, extensive resbascheen conducted to develop novel power
generation systems capable of converting thermatggnto power from diverse renewable
sources and waste heat in a more efficient andisastie manner than the conventional systems.
Potential renewable energy sources are: biofuatsndss, municipal waste, solar, geothermal,
wind, and ocean heat. Large quantities of energyduastrial plants are lost via exhaust gases
liquid streams and cooling water. Low grade enesiggre is the largest in the waste heat pool.
Currently, the share of waste heat recovery camiob to the total energy usage is still
negligible. Liu et al. presented study in which &g Rankine Cycles (ORC) is employed to
generate power from low grade heat produced in cesspr stage of carbon capture process [1].
Uusitalo et al. used ORC to recover low grade freat exhaust gas from bio-engine [2]. Conor
Walsh and Patricia Thornley presented paper in wBRC is used to generate power from stack
of coke oven used in steel plant [3]. The EuropBaion estimates a theoretical potential of
about 2.5 GW of gross electric power which couldpbeduced from available waste heat by

Organic Rankine Cycles (ORC) [4].

The ORC has been broadly studied and employedrterge or co-generate power from low to
moderate temperature heat sources. It employs iergerking fluids to generate mechanical
work and power more efficiently than conventionater-based cycles for heat sources in the
temperature range from 80°C to 400°C [5]. ORC haignificant advantages over other
technologies due to the simplicity in the cycle fogguration, low maintenance requirements,

ability to perform under part load conditions awdatapt to different heat source temperature
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profiles [6]. The reference ORC technology is acsiical Organic Rankine Cycle (SORC). The
SORC is consisted of heat extraction, power pradnctondensation and liquid pressurization
sections, with the working fluid operating at sutical conditions. One of the main challenges to
attain high performance SORC is the reduction efitreversibilities during energy conversion
in key processes. Pinch point limitations in thamrator and condenser increase irreversibility
due to finite heat transfer. This is more pronodneten pure working fluids are used because
flat boiling temperature profile leads to poor that match during the heat transfer. Exit losses
in the cycle may be decreased by reducing pinchtponitations. This could be accomplished
by employing suitable pure or mixed working flua well as proper SORC integration with the

neighboring processes.

A large number of published works is devoted toghablem of selecting suitable working fluids
and operating conditions for a particular heat sewrsing various criteria [7-16]. The insights
obtained from these studies stress the importaficeelecting working fluids with suitable
properties to achieve optimal ORC performance. fidie of working fluid properties on the
ORC performance is considered by Stijepovic ef1al]. An inclusive summary of approaches
regarding the evaluation of ORC process performanceselection of working fluid is provided

in review article reported by Bao and Zhao [18].

The ORC operating and economic performance alserakpon the type of equipment as well as
the way that different equipment components arer@oinnected and integrated with the
surrounding processes. Several published worksidemdifferent ORC configurations to help
improve the performance of a SORC process. Someoeu{7,19] propose the addition of a
recuperator in SORC to reuse the heat after thenkiin order to preheat the working fluid. A

recuperator increases thermal efficiency and canbbeeficial for waste heat recovery
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applications, in cases when there is a bound ohdagder outlet temperature [20]. Mago et al.
[21] presented an analysis of regenerative ORC. diftained results indicate that they have a
higher thermal efficiency and lower irrevesibilgighan conventional SORC. The organic flash
cycle (OFC) is another type of configuration whéne organic fluid is heated to its boiling
point. This is done by ensuring that boiling is iaeadl at the heat exchanger to enable a better
match between the temperature profiles of the baater. After heating, the working fluid is
throttled down to a lower pressure in a flash viesgapor is directed to the turbine inlet while
the liquid is mixed with the turbine exit and dired to the condenser [20]. These cycles have
lower thermal efficiency then SORC, but they haetdr heat recovery and higher power output
[20]. The trilateral cycle is similar to OFC butstead of flashing the working fluid to produce
saturated vapor and saturated liquid it is direblg to the turbine. The trilateral cycle has a
lower thermal efficiency than SORC [22]. Howevdrere is a higher potential to recover heat
because of the better match between the temperptafiges of the heat carrier and working
fluid. Moreover, to improve SORC performance thepyryment of transcritical cycles (TC) is
also an option. The TC has the same layout as S@R@he liquid to vapor phase transition is
performed at supercritical pressure. Schuster .ef28| state that the TC has lower thermal
efficiency than SORC, but generates higher powepuiu Vapor reheating has also been
considered as a method to increase the thermaliezf@ly. Different pressure levels can be
exploited in a primary high pressure turbine anslbsequent low pressure turbine where the
reheated vapor produces additional work as it edpao the condenser pressure [21]. This type
of cycle increases thermal efficiency and powepoutAnother modification of SORC includes
multiple evaporation pressure loops providing gowtch between the high temperature side of

the heat carrier and the high pressure loop, emaliligh thermal efficiency [24]. An inclusive



summary of approaches regarding the evaluationRS€ @rchitecture for waste heat recovery is

provided in a review article reported by Lecomptale[20].

Although such configurations are beneficial, e#fiti integration with the underlying heat source
is essential in order to exploit such benefitanblustrial environments the integration of SORCs
needs to account for multiple heat sources witfe#ht temperature and flow characteristics.
This is a challenging problem which requires the aEsystematic process integration methods
[25]. Although such methods are based on the gcapt®inch analysis approach [26], the
underlying principles may also be transformed intathematical models to support process
simulation or optimization. Several graphical onglation based approaches have been reported
for integrating ORC with the background heat sosi[8g27-31]. Desai and Bandyopadhyay [27]
observe that by using Pinch analysis (e.g. gramdposite curves) it is possible to analyze
complex heat exchange configurations. Furthermibiis, also possible to decide how to place
ORC equipment within the background (heat sourceggss in order to maximize the overall
performance. The resulting improvements are baseahoORC configuration involving turbine
bleeding with regeneration. Song et al. [31] explortegration schemes for single and dual
ORCs with multiple waste heat streams through satran. The work identifies the dual cycle as
the best performing configuration for a refinerngeatudy. This highlights the need to develop
optimal ORC integration methods in the future tbam take into account multiple heat source
streams and multiple integrated power cycles simnelbusly. DiGenova et al. [5] apply Pinch
Analysis techniques to explore the performancevef different ORC structures including single
and multi-pressure cycles to convert heat from g@gscstreams to power and observe that the
carefully integrated ORCs significantly outperforateam cycles in terms of conversion

efficiency. In a similar manner, Romeo et al. [R28F Pinch Analysis and simulation techniques



to address the integration of heat sources atrdiffeeemperature levels with an ORC structure,
while Hackl and Harvey [30] and Luo et al. [28] @stigate ORC integration cases considering a
pre-specified ORC structure and operating parametsrdecision criteria to identify efficient

matches.

The above works illustrate that there are manyomgtthat need to be considered simultaneously
both at the heat source side (e.g. placement afédxehangers with respect to the ORC) and the
ORC itself, prior to identifying an overall systashoptimum performance. Optimization-based
ORC integration methods which exploit Pinch pritegp can address this challenge more
efficiently as they are able to support a more esysttic evaluation of the available decision
options. To this end, Marechal and Kalitventzelfjéoposed a method for the optimal insertion
of ORC in industrial processes. The method is basethe analysis of the shape of the grand
composite curve, combined with the use of the mimmexergy losses concept, heuristic rules
and a cost optimization technique. The focus ofpituposed developments is on the integration
of the ORC vaporization and condensation sectibhigolito-Valencia et al. [32, 33], Lira-
Barragan et al. [34] and Chen et al. [35] develdgxible mathematical models by
conceptualizing the heat transfer operations inféhne of a superstructure and this is combined
with process optimization. Developments also foonsdentifying the heat exchanger network
configuration, while the expansion section is nobsidered. Kapil et al. [36] introduce a co-
generation targeting method that considers themopdition of pressure levels together with
integration options for ORC and heat pumps as |loade heat utilization options. Kwak et al.
[373 and Gutiérrez-Arriaga et al. [38] optimize tbperation of a basic ORC structure with
respect to the corresponding heat source, whereffisit8 et al. [39] compare three different,

pre-specified ORC structures through an optimizaipproach whereby the efficient matching



of the heat source is performed using compriseesuanalysis. Note, that most of the reviewed
works compare the performance of different workihgds using mainly one fluid in each
system in their effort to improve the efficiencytbe ORC through the exploitation of the heat

sources.

The presented literature review shows that whilstnapproaches for the design and integration
of ORC employ pinch analysis, approaches basedptmization are also gaining attention in
recent years. Despite the promising results obdiaitlee employed approaches are based on
mathematical models which either focus on desigrangoptimum heat exchanger network
around an ORC with pre-specified expansion and ogngharacteristics or on comparing
different, pre-specified ORC structures. The comsition of an overall model for the efficient
integration of multiple heat sources at differeeimperature levels with an ORC that
simultaneously exploits different structural feamiand working fluids has yet to be considered.
In this work we propose the combined use of pingalysis and mathematical programming to
identify optimum ORC structures and working fluitte multiple heat sources, considering
multiple heat exchange (evaporation and condensipggssure and expansion options in

interacting ORC cascades.

2. Problem definition

Plant operations in different industrial sectorgeofinvolve an extensive use of thermally
supported processes where hot streams are coolgdlmocold utilities and exhaust streams (i.e.
flue gas, water condensates etc.) are dischargdeetenvironment at diverse heat grade levels.

Unused heat transferred to cold utilities or redelt® the environment can generally be defined



as waste heat. Converting waste heat to power ghr@RC would clearly have a positive effect

on the overall energy efficiency of such plants.

The simultaneous existence of waste heat from ptelgsources at different temperature levels
makes conversion to power rather challenging folCQiich are mainly designed to serve one
heat source at a time. More complex ORC cascaderemessary which are able to efficiently
exploit multiple heat sources and to simultaneousfiximize the waste heat utilization and the
ORC power generation while minimizing the use oblect utilities (as they also utilize power
to drive auxiliary equipment). An indicative exampf such a cascade is shown in Figure 1
which illustrates two ORC sharing two waste hemtashs (WS, andWS;) and one cold utility
(CU). One of the ORC operates based entirelyAé8 while the other exploitsVS, at a lower
temperature to increase the temperature of theimgfluid (WF,) prior to exploiting the second
waste heat sourcd\S,). An interesting feature is that the two cycles kitely to need different
working fluids, while the CU needs to be shareds¢éove different cooling demands. Such a
configuration is one of multiple different possibbptions which may include two or more
independent ORC, one multi-pressure cascade afattban order to best exploit multiple heat
sources. Additional decision options may include type of working fluids to be used in each
ORC, the operating conditions (e.g. inlet and autenperatures, pressures and flowrates) and
the placement of the heat exchangers for wastegxéi@ction (e.g. the temperature and pressure
levels where they will be placed into the ORC floest). Clearly, this is a complex design
problem calling for a systematic method to supfiwetsimultaneous design and fluid selection of

ORC cascades suitable for multiple heat sources.

Figure 1: Schematic representation of an ORC system



In this work, the design of ORC cascades is ape@d@s a process design problem where an
inclusive and flexible ORC model is automaticallyored by an optimization algorithm
supporting a) the identification of operating tdasgéor optimum waste heat exploitation from
multiple sources, and b) the determination of thec@ss structural characteristics (i.e. number
and connection of different equipment), of the tgpavorking fluid used in each structure and of
the operating conditions that best match the ifiledttargets. In formal mathematical terms we
consider a set of waste heat stred$s that have to be cooled, and a set of working S\MF

that have to be heated to a thermodynamic statebt@po produce power in an expansion
process. For each waste heat streatie flowrate of each working fluid(of properties3 , «,

wf wa

Cp,vapp 7 “pligg

Cp‘pg, P;at), the heat load as well as the supply and targeipératures are

considered as decision parameters that need tpdwmfied. In some cases the heat content of
waste heat streams cannot be completely transféoregbrking fluids, hence residues of heat
loads have to be removed by auxiliary coolingslagssumed that auxiliary cooling is available
from a set of cold utilitie€€U (i.e. water, air). The objective is to maximize ghower output
using equipment for subcritical ORC operation endleedin an ORC cascade. Each cascade is
defined as a process consisting of a heat extrgciiqgpower generation, a condensation and a
liquid pressurization section. These four secti@mesent the building blocks used to synthesize
ORC cascades. A vaporizer, a turbine, a condemskragoump in the corresponding sections
comprise the simplest possible cascade (i.e. aday@RC) which may evolve to more complex
forms through the use of different numbers andreatenections of equipment. Furthermore,
pure fluids are only considered as working fluidsider these assumptions the design problem

can be defined as follows:

For given:
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* Process operating conditions of waste heat streiamssupply and target temperatures,
flowrates and heat capacities,

» Set of working fluids, their thermo-physical propes, maximum number of SORC
processes,

» Cold utilities supply and target temperatures,

* Minimum temperature differenc€l i, between heat source and heat sink streams.

Determine:

The number and structure of SORC cascades, opg@mditions, number and type of working

fluids, quantity and type of auxiliary cooling utiits which maximize the power output.

3. Proposed targeting and design model

3.1 Heat extraction section

Here we propose a model to ensure feasible heaférabetween the waste heat streams, the
working fluids and the cold utilities in the heattraction section of the ORC. Heat transfer in

case of multiple heat sources is illustrated irathalpy — temperature diagram (Figure 2).

Figure 2: Enthalpy-temperature diagram of heat extractiatiae of ORC system

The heat extraction section of Figure 2 correspdadsaultiple heat sources hence dealing with
multiple pinch points. It is obviously much diffeiteto an ORC applied on a single heat source
that deals with one pinch point. A pinch point ¢enconsidered as a bottleneck that limits heat
transfer fromWs to WF. When pure fluids in subcritical thermodynamictesaare employed in

the ORC system the emergence of a pinch point ¢davoided. However, its location can be

adjusted to attain maximum power generation froenatailable heat. This can be achieved by
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the selection of an appropriate working fluid ang ddjusting the structure and operating

conditions of the ORC.

A feasible heat transfer is defined by the secand df thermodynamics which states that heat
can only be spontaneously transferred from a sdhiatas at a higher temperature than the sink.
To define a model for feasible heat transfer fraurse (waste streams) to sink (working fluids,
cold utilities) the entire temperature range isipaned into temperature intervals based on the
procedure proposed by Linnhoff and Flower [26] #ompre-specified minimum temperature
ATmin. The method considers two types of temperaturervats: the hot and the cold. The
proposed procedure represents this method throudlexéle mathematical model which

consists of three main stages which are analyzkedvbe

* The determination of the boundary values of hot@sid temperature intervals.
* The determination of whether a stream is preserthénhot or the cold temperature
interval.

* The implementation of the energy balance.

3.1.1 Deter mination of boundary values

The procedure evaluates the boundary values forset® of temperature intervals: hot and cold
from known values of supply and target temperatwfes/aste heat streams and cold utility
streams, and values of working fluid condensatsaturation and superheated temperatures. As
mentioned previously in the problem definition &t the operating conditions which include
the operating temperatures\OF (condensation, vaporization and superheatingh®QRC are
unknowns which need to be determined through aatie procedure during optimization. To

determine the boundary values of each temperatiteeval in each iteration the procedure of
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Linnhoff and Flower [26] should be adopted to hendfriations in the ORC operating

temperatures as follows:
) To evaluate the boundary values of the hot temperaintervals Tl), the WS
temperature vaIuesT(fS » Lo, It ) are constant. Supplyl, Q ) and targeted temperatures (
To, ) of CU temperature values are increasedAdyi,. Condensing 'IQ,’Ldj )s
vaporization (I';fj ,T;”I'j +1), and superheatedTgf ) temperatures ofWVF are also

increased bylTin. The concept oﬂ';”{i +1is explained later in the manuscript. To

determine the hoTl it is necessary to sort temperatures in descenalidgr from
highest to lowest.
i) To evaluate coldl, the evaluated temperature values of hot temperattervals are

reduced byl Tyin.

The following set of equations is used to autonadiffcgenerate boundary values flirin each

iteration (an example illustrating the use of theaions follows in Figure 3):

Hkhm = ZEWS ylni K Z youtI " out ycond [é cond; + ATmin )
+ZJD\NF ysatliqj,k [@ij +AT i )+ Z ysatvap.k EQTW‘ +ATmin +1) (1)
+ZJD\NF y;\q,flk EQT;,]W +ATmin) ucu yln ik I:QTCU m|n)
£ Yo T +AT ) Ok OTI
ZiuNs yi\:,:k + Ziwvs ygvust.,k + Z JOWF ycmgﬂd,,k + Z iOWF ysmgtlqu,k (2)

wf wf cu cu
+ + + Uy =
Z JOWE ysatvapj,k Z JOWF yShj,k ZUDCU ymuk ZUDCU yOUtn.k 1 Ok 0TI
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g° -6 =0  OkOTI 3)

Don Y =1 Oi OWS (4a)
ka Yor, =1 OiOWS (4b)
Dom Yo, =1 OjOWF (4c)
Do Yo, =1 DiOWF (4d)
D em Yowep, =1 OjOWF (4e)
D Ve =1 OjOWF (4f)
2 Yn, =1 DjOWF (49)
D You, =1 OjOWF (4h)

Vi +You , » Yeona,, Vet +Yeatvap, Ve, iy Yo, 0f 0,3 0i OWS [1j OWF [uDCU Dk OTI (4i)

After determining the boundary values of the hompgerature intervals, the boundary

temperatures of the cold temperature intervaleaatuated as follows:
g =g -AT . OkOTI (5)

Figure 3 illustrates the heat extraction sectionanf ORC system in a temperature interval

diagram.
Figure 3: lllustration of heat extraction section in temgera interval diagram
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The ORC consists of 3 waste heat streams (red))i2egdependent SORC cascades (green

lines) and a cold utility (blue line). It is assuinthat waste heat streams bounded by supply
(Tif) and targeted '(Oﬁf) temperature have constant heat capacity valuash reen line

(corresponding to th&F) consists of 3 segments which represent 3 diftepdrases of the

working fluid in the heat extraction section: 1l)ethiquid phase ofWF j is bounded by

condensatiom "

cond i

and vaporizatioﬁl';fi temperature, 2) the liquid — vapor phase of\#t€] is
bounded by temperatur@jvfi and TS;”fi +1, 3) the vapor phase of th&F j is bounded by

temperaturesTgfn’fj +1 andTSﬁ’jf . The temperature bounds imposed in each phasereetne

introduction of the following constraints:

wf
Tcond i

—ngfi <0 Oj OWF (6a)
T;;’t‘i +1—T;ij <0 Oj OWF (6b)

Moreover, general constraints are introduced to wgetupper and lower bounds for the

temperature of thé/F:

Tar ~ T ~ T <0 Oi OWS [Jj OWF (7a)
To =T, <0 Oj OWF (7b)
T, = > owr 1€ (D", Oj OWF, Op O PWF (7¢)
T, ~Toona, <O Oj OWF (7d)
T, = > e TRL " Oj OWF, Op O PWF (79
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T +1-Ty <0 Oj OWF (7f)

Ton +AT -T™ <0 0j OWF ,JudCU (79)

condi =

The above model accounts for differ&dE as decision parameters together with the condition
of the ORC. The working fluids are part of $8F henceWF j which enables the optimum

matching of thaVS heat can be selected simultaneously with the Of&Cacteristics as follows:

D e Op =1 LiOWF (8a)

5" 0{0,3 (8b)

I.p

It is assumed that the liquid phase of INE can be approximated by constant heat capacity
within each temperature interval. The same holdshie two phase and superheating states. The
heat capacity of the liquid and superheating statesestimated based on the average of the
starting and ending temperatures of the respegingse. According to thermodynamic theory
the heat capacity throughout phase-change of pdsfhas an infinite value, because
temperature is constant during vaporization. Tolapbis concept for liquid-vapor phase-
change, it is assumed that by receiving heat etpuahe heat of vaporization thé&/F will
increase its temperature by 1K. Hence, the heatoigpduring phase-change is equal to the heat
of vaporization. This mathematical manipulationl@aa the use of the heat capacity concept in

the two phase region and is common practice in nousecases of heat integration [40].
3.1.2 Presence of a stream in a hot or cold interval

The calculation of the energy balance for each &ratpre interval requires the determination of

the heat load for each stream. To automaticallgrdghe whethefWSi is present in the hot
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temperature intervak, the supply temperature WS i has to be higher than the average
temperature of the hofl k, while the targeted temperature has to be lowan thverage

temperature ofl k. An average temperature of the fibk is defined as follows:

hot hot
L S R W ©)
“ 2

Equation (9) enables the introduction of three zoa® shown in Equation (10a). The first zone
denotes that the average temperature of th&lhiois higher than the inlet temperatureVagi.
The second zone denotes that average temperatubetigeen the supply and targeted

temperatures oWWSi. The third zone denotes that the average temperafdl k is below the
targeted temperature BfSi. If W'y, for the second zone is equal to 1 W8I is present ifTl k,

whereas in all other cases it is not. This is regméed by the following equations:

ws hot
1’ Tiq < k STma><

W =41 T <& <Tee; OiOWS;0kOT1;0l DOWSEG (10a)
1’ Tmin < 5;101 < To\ijvtsi

D o Wi =1 i OWS; Ok OTI (10b)

"o 0{0.3 (10c)

The heat load ofVSi in each hot temperature interval can be estimasddllows:
Q=X s FWE, 7 " -6%) kDT (11a)

Q* >0 Ok OTI (11b)
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The average temperature of coldl& is defined as follows:

Id d
cold _Hlfo +9Iffr)|1

= Ok O (12)

Figure 3 indicates that:

» The liquid phase diVF j is present in the coldl k if the condensing temperatui"gg'r']dj is

lower than the average temperature of coldThk, and if the vaporization temperature

T;”{j is higher than the average temperature of the Tokd
* The liquid-vapor phase W/F | is present in the coldl k if the vaporization temperature
TS;VJJ_ is lower than the average temperature of the €bk] and ifTs;fj +1is higher than

the average temperature of the coldk.

* The superheating phase WF | is present in coldl k, if temperatureT;fj +1is lower

than average temperature of the cdldk, and if the superheating temperatﬂ'gﬂ; is

higher than the average temperature of dolkl

To determine whethahF | is present in the coldl k five zones are introduced through Equation
(13a). The first zone denotes that the averagedsatyre ofTl k is higher than the superheating
temperature oYMF j. The second zone denotes tWat j at average temperature of cdidk is
superheated. The third zone denotes that Wt at the average temperature of cdldk
undergoes phase-change. The fourth zone denote¥VEha at the average temperature of the

cold Tl k is in liquid phase. The fifth zone denotes that dverage temperature Tfk is below

the condensing temperature \WF j. In the second zone, Wj“"fkyh is equal to 1 theWVF j is

18



present in the superheated stateTlirk. In the third zone, ii/vj”ffk,h is equal to 1 theMVF j is

present in the vapor-liquid state Th k. In the fourth zone, if/\ij’fk]h is equal to 1 thelVF | is

present as liquid il k.

L To <&M ST

L Ta +1<E Ty

Wi =1L Tal <& ST +1 5 Oj OWF ;0k OT1;0hOWFSG (13a)
L T, <&C0 Ty

cold wf
1’ Tmin < k = Tcondj

D e Wi =1 0j OWF; 0k OTI (13b)

Wiy, 0{0.3 (13c)

The heat load of th&/F streams in each cold can be estimated as follows:

Ql\<Nf = Z JOwE I:J'Wf EEZ hOPWFSG W}Affk,h ECPJW; h [Qg‘fdd - Hfflld )} (14a)
Ok OTI;0h D PWFSG DWFSG ={2,3,4

Q" >0 Ok OTI (14b)

The heat load ofAF streams in each coldl k depends on heat capacities of the available
working fluids, the flowrate and the temperaturedence. The heat capacity W j in Tl k

can be defined as follows:

CPY,=> _ cf. D"

pOPWE ~P.sh, —J p

P 5= o Cov, B 0j OWF; Ok OTI (15)

wf wif
CPi,kA - Z pOPWF Cp,liqp Wp
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To determine whether tH@U streamu is present in coldl k, the starting temperature of to&)
has to be lower than the average temperature afdlaerl k, while the ending temperature has
to be higher than the average temperature of tlteTdk. Therefore, three zones are introduced
again as shown in Equation (16). The first zoneotethat the average temperaturdlok is
above the outlet temperature@f u. The second zone denotes that the average temeedt

Tl k is between inlet and outlet temperatureGy u. The third zone denotes that average
temperature ofl k is below the inlet temperature 6 u. In the second zone, W}, , is equal

to 1 then th&CU uis present il k.

cu cold
1’ Toutu < k <Tmax

W =L T < £ < T OuOCU;0kOTl;0s0CUSG
X, n, ) u (16a)
1’ Tmin < gfo <T|r(i:J
Y W, =1 OuOcCu;0kOTI (16b)

w . ={0,3 (16¢)

The heat load oEU streams in each cold temperature intekvedn be estimated as follows:

=D e B O, 6 e -6 ) Ok DT (17a)
Q=0 Ok OTI (17b)
3.1.3 Energy balance

When the presence of the streams and the heatdoa&dch stream in eadh k is determined,
the energy balance for eadh k is set up based on the transshipment model prdpbge
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Papoulias and Grossmann [41]. The heat flowd/8fwhich enter into 1 k exchange heat with
the WF and theCU streams (Figure 4). During heat exchange a patieoheat is transferred to

theWF and theCU streams. The remainders of the heat flows arette#tk next lowefl.
Figure 4: Heat balance of temperature interval

Based on Figure 4 the energy balance for dadhis defined as follows:

R R Q= 2 s 2 e QK ™ 2iows 2euecy Qe OKOT! (18a)
R =0 OkOTI (18b)
The heat exchanged between¥&and théAF in Tl kis determined as follows:

D o QT =Q¢ OkOTI (19a)
QM 20 Oi OWS, 0j OWF Ok Tl (19b)
Heat exchanged betwe®v5 andCU in Tl k is defined as:

2iows 2owcw Qo = Q" Ok OTI (20a)
Qe =0 i OWS,Ou0CU Ok OTI (20b)

It is worth noting that the heat extraction sectminan ORC system does not have heating

requirements. This can be defined by setting Heat to the firstTl to zero:

R=0 (21a)
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The cooling is required in the heat extractionisectf an ORC system to cool down waste heat
streams to target temperatures. This is provideddby utilities, therefore heat flow from last

temperature intervadd is equal to zero, and this can be defined asvslio

R« =0 (21b)

Equations (1) — (21) define the heat extractionige®f the ORC system.

3.2 Power generation section

The work generated in the polytropic expansion @sscby an expansion turbine is defined as

follows:
¥l
_ w Y w |, [PCD; ) _
Vv[urbl - sz\NF /7turbl |:le F_Zs;hJ l:IRgas ErshJ 1 {P—SI_J DJ UWF (228.)
- cond H
PCD; =2 o 0in (s 0j OWF (22b)
PST, =2 e 0o B 0j OWF (22c)
-1
L jojb O0j OWF (22d)
y;  Ch
CF)jmrb - Z — cg’fshp @ﬁp 0j OWF (22e)

The temperature at the turbine outlet can be estiiriay following expression:

y-1

z PCD. | #
T =T —Jj 0j OWF (22f)
l l Zturboutj PSI—]

3.3 Heat removal section
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Thermal energy that is extracted and is not trangfd into power has to be removed from the
system byCU in the heat removal section. Typical cooling opsianclude air coolers and water

recirculation towers. Removed heat may be calcdlas=follows:

Q=F" [ECPSH j EQTthbom,. ~Toone, )+ HCDJ 0j OWF (23a)
CPSH, = z — C\g,fshp Wp 0j OWF (23b)
HCD] = ZpDPWF é}l‘,/fp m|_|t\>,;fndp (To\g:]dj ) Dj W (23c)

The power requirements for cooling process dependhe design of the cooling system, the
amount of heat removed, the operating conditiorts @id utility properties [42]. The power

requirement for the heat removal process is defasefbllows:

W, = A, Q) Oj OWF (23d)

3.4 Liquid pressurization section

After condensation, the saturated liquid has t@bmped to the operating pressure associated
with the heat extraction section. The correspongimger requirement is determined as follows:
wf t
R T [PSTJ —PCD]-]

Wi, = 0j OWF (24a)

”punpj

Visat = Z pOPWF 5J':P w;at Dj DWF (24b)
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3.5 Objective function for ORC optimization

In this paper the goal is to maximize power producfrom the available waste heat streams.

The total net power output is defined as follows:

Wia = e (W, =Weong, ~Wour, ) (25)
The objective function is therefore defined asdat:

min® =-W (26)

4. Optimization model and approach

The above Equations (1) — (26) form a mixed integerlinear program (MINLP) which will be

solved to identify the optimum ORC configurationgéther with the most appropriate
combination of working fluid that minimize the prged objective function. Since the MINLP
formulation contains many non-convex nonlinearineér and tri-linear terms, we develop an
optimization model of reduced complexity. The Adaared Sherali method [43] is used to
linearize bilinear terms consisted of a binary andontinuous variable. The outline of the
method is given in Appendix A. The temperature-ahelemt thermo-physical properties are
approximated using piecewise linear functions. Tinethod is outlined in Appendix B. The

problem is solved using the Branch and Bound algori proposed by Tawarmalani and
Sahinidis [44]. The method constructs convex uredtimators for the non-convex objective
function and inequality constraints by relaxing tianlinear equality constraints, replacing them
with less stringent linear equality constraintsacset of two convex inequalities. The method is

incorporated in the BARON algorithm [44].
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4.1 Heat extraction section

In Equation (1) the product between binary variat;}gndj anchf,’r',d can be linearized using the

method proposed by Adams and Sherali [43]. The otetimtroduces the new variables

wf

Zg:,\gndjvk = yc\:ngnd cond Zgatllqlk = ysatllqjk s\gtfj ! Zs\i;ftvapjyk = ysi!,{tvapjvk Usatj and Zg:;k = y:\;nh,:k D-snljf ' Equation
(1) is therefore transformed to a set of linearatigms. Equation (10a) determines the zbire
which the average temperature of the Hok is assigned. The linearization is approached using

the method proposed by Balas [45] based on theviollg set of linear equations:

Y e =0 Oi OWS; Ok OTI; (27a)
Wier <Toe DN, Oi OWS; Ok OTI (27b)
e, < =T OV Oi OWS; Ok OTI (27c)
W, ST NS, Oi OWS; Ok OTI (27d)
W, < T W, 0i OWS; Ok OTI (27¢€)
W s ST NS 0i OWS; Ok OTI (27)
Y < T WY 0i OWS; Ok OTI (279)

The heat load of the hot streams in eachThaiven by Equation (11a) is a bilinear expression

because the binary variabWy , is multiplied by the continuous variablés® and 6.5, . The

flowrate F"and heat capacitgrfare constants. The expression is linearized usiagAdams
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and Sherali [43] method by introducing the new azlallévvtivk:m{f’lflszm. Equation (13a)

determines the zonk in which the average temperature of the coldk is assigned. The

linearization is approached by the method of Bgla$ as follows:

= i =0 Oj OWF; Ok OTI (28a)
WY ST OV Oj OWF; Ok OTI (28b)

z//,kl_Tcgﬁd KA 0j OWF; Ok OTI (28c)

Yk, <Ta OV, Oj OWF; Ok OTI (28d)
-y kz_—Tc;”;d W, 0j OWF; Ok OTI (28e)
" k3_(T“” +1) W Oj OWF: Ok 0TI (28f)
Y TM W 5 0j OWF; Ok OTI (289)
¢/]W[<4STW' W, Oj OWF; Ok OTI (28h)
< (TWf +1)EWM O0j OWF; Ok 0TI (28i)
—zp;fkyss—T;{' W s 0j OWF; Ok OTI (28))
Wlhes STom W Oj OWF; Ok OTI (28K)
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Equations (28c) — (28j) contain binary and contimieariables generating the bilinear terms

T wf mvwf

cond; j ka1

To W, T, O (T ) o T e T (T 1) Y, and
Ta (W' s- These terms are linearized by the method of AdamisSherali [43].

The heat load oMF streams for eacfll is given by Equation (14a). The bilinear term
vvWf ECP «n (right side) can be substituted by a new varlamldlpl «nand linearized using the
Adams and Sherali [43] method. TW& heat load in eachl k can be calculated from:

Q" = ZiD\NF Fin I:EZhDPWFSS WCpﬂyh [qg‘fdd -6 )} (29)
Ok OTI;0h 0 PWFSG OWFSG ={2,3,4

The heat capacity of each zohes expressed Equation (15) as a sum of the biliteans

c @, (3" and ¢}, (&, which are linearized by the Adams and Sherali [43]

p.sh, —j.p pvap plig, —j.p
method. The heat capacity of tNé& in the superheating zone can therefore be exmtesse

follows:

psh

(Tar ) (T =2t =1) -cole (Ta ) fmae - 1) =15 (T2 )= 0 0 OWF [IpDPWE
(30)

The ideal gast'g (TWf ) dependence on temperature for W€ is a non-linear function which is

approximated by a piecewise linear function giveAppendix B.

In this paper, we assume the use of a Virial equaif state (EoS) to estimate residual enthalpy
and compressibility factors. A Virial EoS offersetladvantage that compressibility factors and

residuals enthalpies are defined by explicit funtdi whereas other common EoS such as the
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commonly used Peng — Robinson equation [46] funstare implicit. This considerably reduces
complexity of problem [47]. The residual enthalpfes superheating are estimated using the
second Virial coefficient. The residual enthalpyeéedence on temperature for the considered

WF is a non-linear function as expressed by Equd8da).

HE (T;:f ) =P B Op 0 PWF (31a)
2a W, 1la
By =a T_S':?f + (T_g:wp)z + (T_g:;)“ + (T Mp)g Op 0 PWF (31b)

The liquid vapor pressure, the coefficieﬁj‘, the heat capacity considered in the liquid-vapor

phase change and the liquid heat capacity areinearlfunctions of temperature hence they are
approximated by piecewise linear functions giverAppendix B. Equation (16a) is similar to

Equation (13a) hence linearizations are approaoked) the method of Balas [45] as follows:

= cuse Wi =0 OudCU;0kOTI (32a)
Yo < Ty OV OuCU; Ok OTI (32b)
WS~ Toin O OuOCU; Ok OTI (32¢)
Wik 2 = T, NG OuOCU; Ok OTI (32d)
k2 S~ T OV OuOCU;0kOTI (32e)
Yo s ST OV OuCU;0kOTI (32f)
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—l,l/j'fk’3 < —Toﬁu EP\/JL”M OuCuU;0kdTI (329)

The heat load of th€U streams is given by Equation (17a). Te\nmvzm:;‘: is substituted by a

new variablewcp,, , and linearized using the Adams and Sherali [43}hoek After this

transformation the heat load of t8&) can be calculated as follows:

=Y e, B Ovep,, 8 -6 OkOTI (33)

uocu v
4.2 Power generation section

The power generation in each turbine is presenyatid set of Equations (22a-22e). The turbine

efficiency is considered constant and the compbogé#gifactors Zturboutj and ZShj are estimated

using a Virial EOS as follows:

By,
Z,, =1+——[PST, 0j OWF (34a)
j R "
By, = > soonr O1p K, Oj OWF (34b)
a a a a
K, =Qpa* T"'Z + T‘;S + Tg"‘ + Tg's Op0PWF (34c)
sh; sh; sh; sh;
aur i .
A 1+ﬁ [PCD, Oj OWF (34d)
turboutj
BturboutJ = Z pOPWF Jj,p B(turboutp O J UWF (348)
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a a a a
=a,,+ +— + 8"'4 + 9"'5
1T T T T

turbout; turbout; turbout; turbout;

p.2 p.3

OpOPWF (34f)

K,

turbout ,

The second Virial coefficients, and &, are also non-linear function of temperature

approximated by piecewise linear function giverAppendix B: Terms), | EIPpCO”d, J,, P and

c Wp are linearized by the Adams and Sherali [43] me&tAde heat capacity in Equations

p.shy

(22d) - (22e) is estimated in the same mannerasdiat capacity of the superheating zone and

defined using the average temperature in the tarnilet and outlet, as follows:

C\rlnv,fshtp [ﬁ-]-qu\:f _Tturboutj )_Cpig (fﬂj ) [ﬁ-]-qu\:f _Tturboutj )_ Htljrbp (fﬂj ) =0 Dj OWF, pOPWF  (35a)

p

— TM +TUI' out ;
H S o, (T, ) = P B OpOPWE (350)
2a,, Ada,, S, 1O,

Op O PWF (35d)

The Cp? ('ﬁlﬂl) and 8" are approximated by piecewise linear function giiredppendix B.

The power generation of the turbines in Equatidtajds transformed to the following equality

expression:

s

B (T = -
PST, ¥ =y TP (Tth )MTSE PST, 7 —=PCD; ¥ |=0 0OjOWF  (36)

W,

turb, j turbJ

as

4.3 Heat removal section
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The removed heat can be estimated using Equatigfa)-(23c). Termscf,’fshp @“j”fp and

wf wf
5]WprH cond (Toondj

)are linearized using the Adams and Sherali [43]hogtAH " (Tcﬁ’;dj) is

cond ,

approximated by a piecewise linear function givenAppendix B. Moreover, heat capacity

estimated as follows:

C\g,fdnurbp [é-rturboutj T _1) _Cpi,gJJ (-Fturbavg)[é-l_turboutj ~Toomg, _1) - Htll:frboutp (fu\fm,) =0 00OWF,pOPWF

(37a)
2 da 274 1
Ig;hturbout :ap’1+fﬁp,2 - p.3 - p.4 - p,59 Op O PWF (37b)
turbout; (Ttl‘:\rfIJouti ) (Ttl‘:\rfIJouti ) (-I-'(L‘J,\rfgouti )
Htljrbomp (fu‘::fbomj ) = Ppcond w;hturbom Up U PWF (37¢)
= Tturbout- +Tcond- +1 .
Torbou, = ’ 5 , Oj OWF (37d)

4.4 Liquid pressurization section

The pumping power requirements are calculated atton (24a). The bilinear terntgp EJ?I

in Equation (24b) are linearized using the Adamd 8herali [43] method. The specific molar

volume is estimated using the Rackett equation §8pllows:

_To\g:‘dl }2/7 [ i cvo\,;di ]2/7
Ter Ter
v = chzL eV [z Op O PWF (38)

p

v

cond
T

-
Term Z([;p s expressed as a piecewise linear function givenppehdix B:
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5. Calculation methodology

The step-by-step procedure required to developptbposed model based on the above set of

equations involves the following:

Step 1: Define waste heat streams (supply and target teahpes, flowrates, and heat

capacities).
Step 2: Define cold utilities (fluids, supply and targetriperatures).
Step 3: Select potential working fluids.

Step 4: Approximate temperature dependant thermo-phypicaderties of working fluids £,

wf wa

K, Cp,vapp' plig,

Cp‘;’, Ppsat) by piecewise linear functions (Appendix B).

Step 5: Introduce new variables to EQ.(28 Zaiq, » Zanep, 2Nd 2y, - Use Egs. (A1) - (A.4)

to establish new variables linear relationshipwinary (ygndjvk , ysméfmqjvk and ys“gvk) and

wf
! ysatvapjvk

continuous T, , Ty ,Toy andT") variables.
] 1

cond; ' ‘sat; !
Step 6: Specify linear constrains given by Egs.(2) — (9).

Step 7: Transform set of nonlinear constraints given by(H2p) to set of linear constrains using
Egs. (27a) — (279).

Step 8: Specify linear constraints given by Eq. (10b).

Step 9: The heat load of WS in K given by Eq. (11a), is linearized by introducireyuvariable

wt,  and establishing relationship between it and bingfy, and continuous variablg® using

Egs. (A.1) - (A.4).
Step 10: Introduce linear constraints given by Eq. (12).

Step 11: Transform the set of nonlinear constraints gibgriEq. (13a) to a new set of equations

given by Eqgs. (28a) — (28k). Introduce new variableT =T

cond; y 1 cond;

wi wf T wf wi
ij,k,l’WTj,k,Z _Tsatj |Evj k.2
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wf T wf
, WTJ.'k'2 =T

condj

wi W — T T Vi wf 1 wf wf
ij k ,21WTj,k,3 _Tsatj EN]N,fk,S’WTj,k,a _Tsatj ij k ,3’WTj,k,4 _Tshj IjNj k,41
WT' =Ty OV, ,and wT'f o =T (W)} . Establish relationships between new variablel wit
K, K, ;Wi

i.k.5

corresponding binary and continuous variables uBg (A.1) — (A.4).

Step 12: V: Introduce heat load &WF for eachTl k Eq. (29). Establish linear relationships
betweenwcpjyffk,h and corresponding binaw{”fk‘h and continuous variableﬁ:ﬂ”f’kﬂh) using Egs.

(A.1)-(A.4).

Step 13: Linearize Eq. (15) by introducing new variables;", = cy', [8/"

psh, =7 jp?

ca}f”p =c" M

p.vag, —j P

and cd)’, =cyy, [}, . Relationships between new variables and correipgrbinary and

continuous variables are given by Eqgs. (A.1) —-JA.4

Step 14: Introduce bilinear constraints given by Eq. (3@jch evaluate heat capacity of

superheating.

Step 15: Transform the set of nonlinear constraints givertQ.(16a) to a set of linear constrains
using Egs. (32a) — (329).

Step 16: Introduce the linear constraints given by Eq. {16b

Step 17: Term W ,[¢]" in Eq. (17a) is substituted by new variabt®,, ,. Establish

relationships between new variables with correspanbinary W, ,) and continuousd(;’)

variables using Egs.(A.1)-(A.4).
Step 18: Introduce the heat load of cold utilities giveny. (17a).

Step 19: Introduce the energy balance using Egs. (18&))(21

Step 21: Linearize Eqgs. (22b) and (22c¢) by introducing nﬁaMabIesde'pw““ and by applying
Egs. (A.1)-(A.4).

Step 22: Linearize Eq.(22€) in the same manner as in S3ep 1
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Step 23: Introduce bilinear constraints given by Eq. (3%#)ich evaluate the heat capacity of
superheating.

Step 24. Introduce bilinear constraints given by Eq.(22d).

Step 25: Linearize Eq. (34b) and (34e) by introducing neiables and applying Egs. (A.1) —
(A.4).

Step 26: Introduce nonlinear constraints of bilinear typeeg by Egs. (34a) and (34d)
Step 27: Introduce nonlinear constraints given by Egs. X220 (36).

Step 28: Linearize Eqs. (23b) and (23c) by introducing nesiables and applying Egs. (A.1)-
(A.4)

Step 29: Introduce bilinear constraints given by Eq. (3¥&)ich evaluate the heat capacity of

superheating.

Step 30: Introduce nonlinear constrainst of trlinear typetieat removal given by Eq. (23a)
Step 31: Introduce power for condensation given by Eqsd)23

Step 32: Linearize Eq. (24b) by introducing new variables applying Egs. (A.1)-(A.4)

Step 33: Introduce the power required for pumping troughlimear constraints of trilinear type

given by Eq. (24a).

Step 34: Introduce the objective function given by Eq. (25)

6. Implementation

This section illustrates the proposed approach wittase study. The aim is to determine the
maximum power production from waste heat carriedtlwg waste streams by minimizing
objective function (Equation 26). The inlet andleutemperatures of hot streams as well as heat
load available in each stream are given in Table 1.
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Table 1: Waste heat stream data

Cooling in the process is assumed to be perfornyesaber of inlet temperature of 298.15K and
targeted temperature of 313.15 K, and heat capatity.0 kJ/kg/K. Selection of the working

fluids is performed based on Tchanche et al. gl8$sification of working fluids for subcritical

operations. The working fluids considered as denigiptions during process optimization are
the following: 1) 1,1,1,2-Tetrafluoroethane, 2) ,1,8,3-Pentafluoropropane, 3) Hexane, 4)
Ethanol, 5) Benzene, 6) Toluene, and 7) Tribromameth The required thermo-physical
properties are obtained from the DIPPR database A8€D, it is assumed that up to four SORC
processes can be used at maximum, so up to fokirvgoiluids may be employed as part of the

setWF. The continuous decision variables include theamfibwrates of the working fluids (

Fij ), themolar flowrates of the cold utilityF™ ), the condensing temperatures of the working
fluids (Tcﬁ’:\dj ), the vaporization temperatures of working fluitteams ( T;“t'j ), and the
superheating temperatures of the working ﬂumgs'j'o. The discrete decision variables are based

on binary variables used to select working fluidsrf the available options.

The lower bounds fol .y, , T4 , andTy" are equal to the maximum value between the normal
boiling temperature of the selected working flu(6f§i ) and the inlet temperature of the cooling
medium (") increased byAT ;. ,i.e. max(T, Ty )+ AT, . The upper bounds for the same

temperatures are equal to the critical temperatofése working fluids ﬂ'cj ) that are selected

each time. In this case study,” is in the range between 0 and 1 kmol/s &fdis in the range

between 0 and 150 kg/Ehe power required to remove 1 kW of heat from wagKluid strean
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is assumed constant, at 0.01 kW per kW of remoweadt [#2]. The coefficients for piecewise

linear function approximations are given in tablé Bf Appendix B.

7. Results and discussion

The original problem consists of 708 nonlinear &®8 linear constraints with 196 binary
variables. For the original MINLP it took more tha4 hr of CPU time to find the first feasible
point. The linearization of the original problendueed number of nonlinear constraints to 80, of
which only four are exponential, while all othen® &ilinear or trilinear. As a result of the
linarization, the number of linear constrains ims®ed to 3096 and the number of binary
variables to 396. The resulting MINLP is solvedess than 21 min of CPU time on a desktop
PC (Intel(R) Core(TM) i5 CPU 3.33 GHz, with 8.00 ®BRAM) using GAMS with BARON
Solver [51]. The optimum number of ORC cascade s shown in Table 2, which also
illustrates the optimum values for the decisionialdes. To illustrate the advantages of the
proposed solution, Table 2 also contains the optimalues of the decision variables in case that
only one SORC system is considered.

Table 2: Case study results

Based on the results presented in Table 2, theower production in the case of two SORC is
14.7 % higher than in the case of the single SOR$§D, 25.8 % more heat is extracted from the
waste heat streams in the case of two SORC. Them#hefficiency in the case of two SORC is
approximately 1.5 % lower than in the case of 0®&E. This behavior is reasonable because in
the case of the two SORC the extracted heat cantagher quantity of low grade heat (heat at
lower temperature) which leads to lower thermatefhcy. On the other hand, in the case of two
SORC the higher net power output supports a 5 %enigxergy efficiency. In both cases, the

condensation temperature of benzene is equal tmdah®al boiling temperature, whereas for
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1,1,1,3,3-Pentafluoropropane it is set to the loweue shown in Table 2. The vaporization
temperature for benzene and 1,1,1,3,3-Pentafluopame is lower than their critical
temperature. The superheated temperatures arerhigheonly 1K than the vaporization
temperatures. This is expected because Benzeng, 8/i¢3,3-Pentafluoropropane are so called
dry fluids hence superheating is avoided. Findlhe system of two SORC includes higher
condensation and pumping requirements than thdesiBQRC, which are compensated by
higher power generation in the turbine.

Figures 5a and 5b illustrate the composite cuivaébe heat extraction section when the single
SORC and double SORC systems are employed with toeiesponding working fluids. In
Figure 5a, segment 1 shows the cooling of the waest¢ streams using cold utility. Segments 2
and 3 indicate the heating of the working fluidiltite states of saturated liquid and saturated
vapor, respectively. The pinch temperature whiatucx at 428.15 K imposes a limitation on the
qguantity of heat that can be transferred from thestes streams to the working fluid. By
employing the two SORCs the pinch temperature scatiB53.2 K hence there is a much better
exploitation of the available heat above the pinidhis is clearly illustrated in Figure 5b where
segment 1 represents cooling of waste heat strégneeld utility. Segment 2 represents heat
transfer from waste heat streams to cold utilitg dnl1,1,3,3-Pentafluoropropane. Segment 3
represents heat transfer from waste heat streanisltt,3,3-Pentafluoropropane. Segment 4
represents heating of 1,1,1,3,3-Pentafluoroprogante state of saturated liquid, as well as
heating of benzene. Segment 5 represents heatihg 4f3,3-Pentafluoropropane from saturated
liquid to saturated vapor. Segment 6 representsingeaf benzene to the saturated liquid
whereas segment 7 shows the phase change of bdnaensaturated liquid to saturated vapor.

Figure 5b clearly shows that the amount of heatttoshe cold utility is very small compared to
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Figure 5a. Furthermore, the existence of two wayKinids allows the extraction of more heat

during phase change and less sensible heatinglnage of the two cascades.

Figure5: Composite curves for heat extraction section airsgle SORC, b) two SORC

Figure 5b indicates that there are more temperatisgvals than in the case of Figure 5a,
however this does not necessitate a considerabhplex or capital intensive heat exchanger
network (HEN). Figures 6 and 7 illustrate the HEN the cases of the one and two SORC. Both
networks consist of thre&SWF and twoWS-CU heat exchangers. The size of g heat
exchangers will be smaller in Figure 7 due to thecimlower cooling load. On the other hand,
heat exchangers 2 and 3 in the case of two SORfuir@=i7) transfer most of the additional heat
load compared to the case of one SORC, but theyatgpat a much higher temperature
difference (i.e., 54 K and 21.9 K for heat exchaageand 3). Despite the extraction of higher
amounts of heat in Figure 7, the heat exchanger iaranlikely to be higher than in the case of
one SORC where both heat exchangers 2 and 3 opmratéifference of approximately 10 K.
The split of streams observed in Figure 7 increabescomplexity of the stream network
compared to Figure 6, however this is not expettethave a significant impact on capital

expenditures since the heat exchanger area ig biyefanost important feature.

Figure 6: Heat exchanger network for heat extraction seaimingle SORC

Figure 7: Heat exchanger network for heat extraction seaifdwo SORC

Figures 8 and 9 illustrate how the two HENs areneated to the entire SORC configuration. In
Figure 9, the SORC at the top exploits part offteat that cannot be efficiently utilized from the
SORC at the bottom. Compared to the configuratioRigure 8, there is a need for an additional

pump and an additional turbine in Figure 9, wherdws overall condenser area will also be
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slightly higher in Figure 9 due to the higher cagliloads. The additional capital costs for this
equipment are likely to be compensated by redustioduced in heat exchanger areas due to
higher temperature differences, as noted previo@bgrall, the higher power output achieved in
the case of two SORC and the qualitative indicatiabout the expected capital costs compared
to the case of one SORC appear to be promisingedBas Quoilin [52] et al., the cost of ORC
equipment depends on volumetric flowrates, heaisfea area and power required for pumping
the working fluid. All these parameters can be eatdd for the results obtained in the presented
study so as to identify the lower cost design.
Figure 8: lllustration of single SORC system

Figure9: lllustration of two SORC systems

8. Conclusions

This paper has presented an approach to design XYREms which are able to efficiently
exploit more than one heat sources using multipd@ascades. The approach also includes the
simultaneous selection of working fluids for ea@saade from a pool of pre-selected working
fluids. The design problem follows an MINLP formtiten where maximum net power output is
chosen as the objective function. Partial linediazeof the initial MINLP is performed to reduce
the computational effort by considerably reducihg humber of nonlinear constraints. The
problem is solved using the global deterministitirajzation algorithm proposed by Tawarmala
and Sabhinidis [44] and the optimum solution cosstdta system with two SORC which operate
using Benzene and 1,1,1,3,3-Pentafluoropropaneodsamng fluids. The obtained results indicate
that by using two ORC cascades with different wagkiluids it is possible to avoid heat transfer
limitations caused in a single cascade and coratiemcrease the extracted heat. A qualitative
analysis of the impact that the two ORC cascades ba capital costs, indicates that the ability
of proposed system to operate at much higher teatyper differences than the single SORC.
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This will have a positive effect on the requiredahexchange areas which take up a large
percentage of the overall system costs. The pempapproach maximizes a thermodynamic
performance criterion. Future work will address remic criteria as objective functions. This

would require significant research efforts towaasextended approach, which would balance
additional complexity from potentially highly noméar equipment design models and cost

functions with appropriate accuracy of predictitmgnable design decisions.
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Nomenclature

Indices:

h - zone in which of working fluid streajns present
i —waste heat stream

] —working fluid employed in ORC system

k — temperature interval

| — zone in which of waste heat streais present
p — potential working fluid for ORC system

s - zone in which of cold utility is present

u — cold utility

Sets:
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CU - set of cold utilities

CUSG - set of zones cold utility

PWF — set of potential working fluids

Tl — set of temperature intervals

WEFSG - set of zones working flujd

WSEG - set of zones for waste heat stream
WS — set of waste heat streams

WEF — set of employed working fluids

Parameters:

c‘;‘: - heat capacity of cold utility (kJ/kmol/K)
c:f‘- heat capacity of waste streauikJ/kmol/K)

F"°- mole flowrate of waste streainfkmol/sec)
NTI — total number of temperature intervals

F?:,, - critical pressure of working fluid p (Pa)

Rys- universal gas consta(kd/kmol/K)

Thl ) - boiling temperature of promising working flyadat 1atm (K)
Ter, - critical temperature of promising working fludd(K)

Tifh“ - cold utility u supply temperature (K)

Ti,f’s - waste heat streainsupply temperature (K)

Trex — Maximum temperatui)
Trin — Minimum temperaturg)

T, - surrounding temperature 298 K

Tof'j:u - cold utility u ending temperature (K)
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T, - Waste heat streajrtarget temperature (K)
Ve, - critical molar volume of promising working flujgl(m*/kmol)
ZCp - critical temperature of working flujgb (K)

a, - parameten of second Virial coefficient of promising workiriigid p

ATmin — minimum temperature approach (K)

M onp,; - PUMP efficiency for working fluid streain(%)
Nurw,; - turbine efficiency for working fluid streapm(%)

A; - power required to remove 1kW of heat from workfluid streamn)

Variables:
CPjt“rb- average heat capacity between inlet and outletrbfrie for working fluidj kJ/kmol/K)

CP3, - average heat capacity between outlet of turbimtecndensation temperature for
working fluid j kJ/kmol/K)

CF’l.”f,’(f’h - heat capacity of working fluigin Tl k in zoneh (kJ/kmol/K)

CpiF? - ideal gas heat capacity of promising working flpi¢kJ/kmol/K)

VVf -

Cpi, liquid heat capacity of potential working flupgkJ/kmol/K)

Wf -

Cpwan, liquid-vapor heat capacity of potential workirgi€l p(kJ/kmol/K)
cr,’fshp - super heating heat capacity of potential worklagl p (kJ/kmol/K)
F™ - mole flowrate of cold utilityu (kmol/sec)

Fij - mole flowrate of working fluid streain(kg/sec)

HCD; - heat of condensation for working fluid j (kJ/kino

H;p - residual enthalpy for superheated phase of promisorking fluid p (kJ/kmol)
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TCi - critical temperature of working fluigd(K)

PfaI - vaporization pressure of potential working flpidPa)

P,f°“d - condensation pressure of potential working fluidPa)

PCD, - condensation pressure of working fljii(Pa)

PST, - vaporization pressure of working fluidPa)

Q. - heat which waste heat streams exchange in tetuperintervak(KW)

QV,V]-SJ(M - heat exchanged between waste heat streard working fluid strearf{(KW)

Q"5 - heat exchanged between waste heat stream cold utilityu (KW)

Q" - heat load which working fluid streams receivéemperature intervadKW)
" - heat load which cold utilities receive in tenggere intervak (KW)

Q;“ - heat removed from working streajduring condensation (KW)

R, - heat flow to temperature interda(KW)

W

cond i

- condensing temperature of working fluid streafid)
T;fj - vaporization temperature of working fluid strep(K)
Tsﬁf -superheating temperature of working fluid strg&(ii)
T\N‘f

tur bouti

- turbine outlet temperature of working fluid stmrep(K)

TCi - critical temperature of working fluid j (K)

Tbj - boiling temperature of working fluid j at 1 atm (K)

'E,Y?j" - average temperature between vaporization and seguanr temperaturg)

W,

Col

o, work required by auxiliary units in condensatmmocess (kW)

Wpurrpi - work required to pressurize working fljikfom condensing to vaporization pressure

(kW)
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V\4urbi - work produced in turbine by expanding workingdistream (kW)

ZShj - compressibility factor at working fluid stregmat superheating temperature
Zturboutj - compressibility factor at working fluid stregnat turbine outlet temperature
¥, - polytropic expansion coefficient of working fluittsam |

Ka, + Kuroour, - S€CONd Virial coefficients of promising workinigit p (m/kmol)

AEX . - exergy loss during heat exchange between wastestreams and working fluid streams

(kW)

AH va,'ndj - specific heat requited for phase change of setdnaapor to saturated liquid (kW)

6" - boundary temperature of hot temperature intei(i)
g - boundary temperature of cold temperature inter\(&)

vjsa‘saturation molar volume of working fluid stregam

"' average temperature of hot temperature intéey)

& - average temperature of cold temperature intéyi)

sat . 'Y . . 3
U, - saturation molar volume of promising working tiy (m*/kmol)

Binary variables

yiffk - if 1 supply temperature of waste heat strearboundary temperature of temperature
intervalk

yf,ftiyk - if 1 targeting temperature of waste heat streaoundary temperature of temperature
intervalk

ygmik - if 1 condensing temperature of working fluid sirg is boundary temperature of
temperature intervdd

yS“E’ft”qjk - if 1 bubble temperature of working fluid streaim boundary temperature of
temperature intervdd

ys“;fwapjk - if 1 dew temperature of working fluid stregms boundary temperature of temperature
intervalk
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y;::k - if 1 superheated temperature of working fluigkatnj is boundary temperature of
temperature intervdd

yfr“,mk - if 1 inlet temperature of cold utility is boundary temperature intenkal
You,, - If 1 outlet temperature of cold utilityis boundary temperature intertal
WY, - if 1 waste strearnis present in temperature interkdh zonel

V\ij""fk’h- if 1 working fluidj is present in temperature interkah zoneh

W)y - if 1 cold utility u is present in temperature interkdh zones

b“jf”p-if 1working fluid j is selected from potential working flup

Appendix A

The Adams and Sherali method introduces a new hariahich is equal to a product of the

binary (in) and the continuousgn) variablenv =bin[¢on. The new variablewv has to satisfy

the following linear conditions.

nv<binléon, Eq. (A.1)
V= con Eq. (A.2)

nv = con-con,,,, (1-bin) Eq. (A.3)
nv=0 Eq. (A.4)
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Appendix B
Any nonlinear nonconvex function can be approximditg a set of piecewise linear functions as

follows:

fo+a (T-A) AsT<A
. fo+a (A -A)*ra,(T-A) A<T<A Ea (B1
(7)= 040, (A~ A)+a,(A-A)+a(T-A) A<T<A, % @B
f°+0/1(A2—Al)+a'2(A3—A2)+...+any(T—Ah) A<T<A,
F(T)=1"+> az Eq. (B.2)
T=A +ZiDN fi 1&-3)
X (As-A)<t <(A.-A) 0 ofg Eq. 4.
X (As-A)<t <(Au-A) X hio{2,n-3 Eq. (B.5)
0<7 <(A-A.) X 0i O{n} Eq.(B.6)
X1 SX, 0i Of{1,n} Eq. (B.7)
x3{0.,3 Eq(B.8)

Table B.1: Coefficients for piecewise linear function approaions on thermophysical

properties

TableB.1 (Continued)
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Table 2: Waste stream data

Name Inlet temperature (K) Outlet temperature (K)  Heat load (kKW/K)

WS, 678.15 358.15 25

WS, 428.15 328.15 35




Table 2: Case study results

Variable One SORC Two SORC
Working fluids Benzene Benzene Penta%iﬁ’olr’gf)?(-)pane
W, KW 1407.07 1613.97
Heat Extracted, kW 8330.9 11305.1
Thermal Efficiency, % 16.89 14.27
Exergy Efficiency, % 34.01 39.01
F™ kglsec 52.84 3.25
F'" kmol/sec 0.1820 0.1346 0.1545
Toong K 353.2 353.2 308.15
To K 550.15 550.15 416.2
T K 551.15 551.15 417.2
W, » KW 1587.90 1162.76 700.56
Woimg » KW 110.00 68.13 85.20
W, » KW 70.83 44.10 51.92

congj




TableB.1: Coefficients for piecewise linear function approximations on thermophysical

properties
Property Working fluid f° A Ao As

Cp? 1,1,1,2-Tetrafluoroethane 87.0811 30815 4445  561.3
Cpig 1,1,1,3,3-Pentafluoropropane 118.42 308.15 4445 541.8
Cp? Hexane 15049 34180 46577 571.9
Cp? Ethanol 7470 35140 43740 55738
Cp? Benzene 9949 35324 45584 57555
Cp? Toluene 13583 38378 46100  589.7
Cp? Tribrommethane 7954 42235 50313  583.91
Ppsat, Pp°°nd (Pa) 1,1,1,2-Tetrafluoroethane 0.8866e6  308.15 327.35  350.16
Ppsat, Ppcond 1,1,1,3,3-Pentaf|uoropropane 0.2128¢6  308.15 341.27  376.63
P,fa‘, P,f"“d Hexane 0.1013e6  341.88 391.53  441.57
P, poond Ethanol 010136 35144 41089  454.62
P;a‘, P;"“d Benzene 0.1013e6  353.24 429.02  499.24
s, poend Toluene 0.1013¢6 38378 45150  527.10
Ppsat, Pp°°nd Tribrommethane 0.1013e6 42235 52565 611.96
B B 1,1,1,2-Tetrafluoroethane 164 30815 36590  480.91
B, B 1,1,1,3,3-Pentafluoropropane 3.02 308.15 377.80 48153
B, B Hexane -4.85 3418 42122 54205
B, B Ethanol 713 35144 39823  456.69
B, B Benzene 335 35324 41693 53622
B B Toluene 488 38373 44892 553.66
B B Tribrommethane 295 42235 45684 50554
KSfb , Kturboutp 1,1,1,2-Tetrafluoroethane -0.45 308.15 380.06 504.72
K shy ,Ktu,boutp 1,1,1,3,3-Pentafluoropropane -0.80 308.15 38457  520.62
K, + Kiarbous, Hexane 132 34188 43672 56134
K, + Kuarbout, Ethanol 101 35144 41137  504.48
K, + Kuarvout, Benzene -094 35324 437.08 542.78




K s, » Ktu,boutp Toluene -1.25 383.73 433.00 540.77
KS*L ,Kmrboutp Tribrommethane -0.88 42235 486.66 579.96
Cgt,app ,AH ;’gndp 1,1,1,2-Tetrafluoroethane 1.7447e4 30815 33852  360.68
c;”fvapp ,AH CVZ,fndp 1,1,1,3,3-Pentafluoropropane 25439e4 30815 374.88  409.63
c;”fvapp ,AH c“{f,,dp Hexane 2.8801e4 341.88 429.07  484.80
Chvap, »AHcong, Ethanol 3.9185e4 35144 44568  503.59
Coup, 1 AH cong, Benzene 2.8014e4 35324 44411  494.63
c;”fvapp ,AH CVandp Toluene 3.3280e4 38373 50455  573.08
c;”fvapp ,AH cvfndp Tribrommethane 3.7524e4 42235 589.62  662.01
Cmiqp 1,1,1,2-Tetrafluoroethane 150.43 308.15 32730 343.72
Cmiq ; 1,1,1,3,3-Pentafluoropropane 195.39 308.15 349.30 386.60
c{,”f,iqp Hexane 21300  341.88 402.74  464.26
cﬁf’,iqp Ethanol 13831 35145 42001  472.08
Chia, Benzene 147.86 35324 42977  506.76
c;{‘,iqp Toluene 18406  383.76 483.04  537.85
Chii, Tribrommethane 160.30 42235 51744  597.88
ot
cont lj
S 1,1,1,2-Tetrafluoroethane 0.44 30815 32829 344.44
ZCp
wi 217
cond;
T 1,1,1,3,3-Pentafluoropropane 040 30815 36524  412.47
ZCp
wi 217
cond;
T Hexane 038 34188 44176 49117
ZCp
wf 27
cond;
S Ethanol 036 35145 44760 49854
ZCp
wf 27
cond;
S Benzene 037 35324 48614 54257
ZCp
wf 27
cond;
T Toluene 0.37 383.76 51044  566.877




Tribrommethane 0.40 42235 53919 63543
Cp
Table B.1 (Continued)
Property Working fluid A 09 0 o3

CpiéJ (kJkmol/K) 1,1,1,2-Tetrafluoroethane 678.1 0.1701 0.1233 0.0891
CpiéJ 1,1,1,3,3-Pentafluoropropane 678.15 0.2361 0.1860 0.1275
Cp? Hexane 67815 03808 03082  0.2699
Cp? Ethanol 67815 01481 01264 01111
Cp? Benzene 67815 02828 02242 01753
Cp? Toluene 67815 03000 02705 02185
Cp? Tribrommethane 67815 00531 00435  0.0344
P, P (Pa) 1,1,1,2-Tetrafluoroethane 37418  0.0293¢6 0.0448¢6  0.0655¢6
ps, poond 1,1,1,3,3-Pentafluoropropane 4272 0011166 0.021366 0.04561€6
s, poend Hexane 507.6 ~ 0.0053¢6 0.0138¢6  0.0301e6
Py, peon Ethanol 514  0.0100e6 0.0308¢6  0.0685¢6
Py, peon Benzene 562.05 0.0072¢6 0.0213¢6  0.0435¢6
po, poond Toluene 591.75 ~ 0.059¢6 0.0169¢6  0.035¢6
P, poend Tribrommethane 678.15 0.0039¢6 0.0148¢6  0.0505¢6
B, B 1,1,1,2-Tetrafluoroethane 67815 108e2 4133  15le3
ﬁ;h , ﬂshturb 1,1,1,3,3-Pentafl uoropropane 678.15  1.90e2  7.39%3 2.55e-3
B B Hexane 67815 265e2 106e2  4.3%3
B B Ethanol 67815 87le2 286e2 4833
B, B Benzene 67815 197e2  7.79e3  3.29e3
B, B Toluene 67815 290e2 1232  547e3
B, B Tribrommethane 67815 217e2 924e3 3923
KSH) ; Kturboutp 1,1,1,2-Tetrafluoroethane 678.18 2.68e-3 1.08e-3 4.77e-4
Ksha ,Kwrboutp 1,1,1,3,3-Pentafluoropropane 678.15 4.57e-3 1.82e-3 7.50e-4
K, + Karbous, Hexane 67815 650603 272603  1.29e-03
K shy ,Ktu,boutp Ethanol 678.15 9.43e-3 2.61e-3 6.67e-4




K shy ,Ktu,boutp Benzene 678.15 4.55e-3 2.06e-3 1.05e-3
KSfb ,Kmfboutp Toluene 678.15 1.37e-2 2.15e-3 4.88e-4
KSfb ,Kmfboutp Tribrommethane 678.15 3.35e-3  1.98E-3 1.35E-3
Chap, » AHcong 1,1,1,2-Tetrafluoroethane 37418 -1222  -2057 -679.8
C‘;vaapp ,AH ;’Z)fndp 1,1,1,3,3-Pentafluoropropane 427.2 -108.5 -184.7 -670.4
Chap, » BH o Hexane 507.6 -85.1 -152.1 -565.8
Coup, 1 AH cong, Ethanol 5140  -1136  -2763  -1198.9
c;”fvapp ,AH C“fjndp Benzene 507.6 9112 -18290  -809.07
Chap, » BH o Toluene 591.75  -76.36  -159.70  -702.26
Conep, +OH o Tribrommethane 67815 ~ -80.52  -10856  -476.50
Cmiqp 1,1,1,2-Tetrafluoroethane 353.15 0.9914 1.024 1.675
Cmiq ; 1,1,1,3,3-Pentafluoropropane 427.2 0.3323 0.2609 0.2589
Chia, Hexane 507.6 04734 05743  0.699%4
Chia, Ethanol 514 2018 05742  0.4531
C‘rl)v,fliqp Benzene 562.05 0.3220 1.0046 0.3293
Cmiq . Toluene 591.75 0.4434 0.5659 0.6362
Cmiq ; Tribrommethane 678.15 0.5576 0.8561 1.0665
TMd- 27
_ conj
T 1,1,1,2-Tetrafluoroethane 353.75 1.88e-3  2.60e-3 3.88e-3
ZCp
TWfd' 27
_ cont J
T 1,1,1,3,3-Pentafluoropropane 427.2 1.19e-3 2.79e-3 2.73e-2
ZCp
_Tcz:\di i
T Hexane 507.6 9.45e-4 2.54e-3 2.42e-2
ZCp
wad‘ 27
_ cont J
T Ethanol 514.0 9.40e-4 2.83e-3 2.63e-2
ZCp
_Tc‘g:\dj N
T Benzene 562.0 7.98e-4  2.28e-3 2.03e-2
ZCp
Tc‘g:mdj >
T Toluene 591.75 8.06e-4 1.93e-3 1.67e-2




ACCEPTED MANUSCRIPT

wf 217
cond;
{1‘ TC]] Tribrommethane 678.15 4.82e-4 9.76e-4  2.51e-3
Z
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Highlights:

» Systematic approach to design an Organic Rankine Cycles

» Approach efficiently exploit more than one heat sources using multiple ORC cascades
» Approach includes the simultaneous sel ection of working fluids

* Thedesign problem follows a mixed integer non-linear problem formulation

* Aninclusive and flexible ORC modd is automatically evolved



