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Power flash cycles (PFC) are a generalization of trilateral cycles (TLC) in which the compressed liquid is
heated up to its boiling point and then performs a flash expansion during which it delivers power. The
end point of the expansion may be in the wet vapour region (TLC) or in the dry vapour region. Here
model results are presented for PFC-systems including the heat transfer to and from the cycles with
aromates, siloxanes, and alkanes as working fluids. Optimization criterion is the exergy efficiency for
power production at different pairs of heat carrier and cooling agent inlet temperatures ranging from
(350 °C, 62 °C) to (150 °C, 15 °C). Comparisons with TLC for water, organic Rankine cycles (ORC) and
water Clausius-Rankine cycles are made. General findings are that PFC has higher power production
efficiencies than ORC but larger volume flows at the expander outlet. Moreover, TLC with water have in
all cases the highest or nearly highest power production efficiencies. The disadvantage of water are the
large outlet volume flows at low temperatures. For these cases alkanes like cyclopentane are to be
preferred in PFC which can have significantly smaller outlet volume flows and rather high power
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1. Introduction

For conversion of low and medium temperature heat to power
one can consider besides organic Rankine cycles (ORC) and Kalina
cycles also trilateral cycles (TLC) and their generalizations which we
call power flash cycles (PFC). In PFC the compressed liquid is heated
up at constant pressure to its boiling point and then performs
a flash expansion during which it delivers power. If the end point of
the expansion is in the wet vapour region the process is repre-
sented in the temperature vs entropy (T,s)- diagram approximately
by a triangle and hence this power flash cycle is called trilateral
cycle. Depending on the working fluid and the process the end
point of the expansion, however, may also lie in the dry vapour
region and then the process resembles more to a quadrangle in the
Ts-diagram. Whilst the latter process is sometimes also called TLC
we call it quadrilateral cycle (QLC) and both cyles, TLC and QLC, are
summarized as PFC.

There exists a wealth of literature on ORC [1—31] and on Kalina
cycles [29—37]; in view of the large number of publications about
these cycles the references given are by far not complete. Whilst
ORC and Kalina cycles are used already in existing power plants, the
PFC [38—53] are still in a state of technical development
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[46—48,50,52]. For an assessment of their efficiency we consider
systems which include the heat transfer from the heat carrier to the
working fluid, the cycle process, and the heat transfer from the
working fluid to the cooling agent. In case that the heat carrier is
a substance which cools down during the heat transfer the PFC has
the advantage that the cooling down curve of the heat carrier and
the heating up curve of the working fluid match well together
which means a very efficient heat transfer and causes high system
efficiency.

In a previous paper [53] a comparison was made between TLC
with water as working fluid and ORC with optimal selected working
fluids. Five cases specified by the heat carrier inlet temperature T5
and the cooling agent inlet temperature T; were considered. The
inlet temperature pairs range from (350 °C, 62 °C) for case I to
(150 °C, 15 °C) for case V. The objective function for optimization
was the exergy efficiency for power production £p which is the ratio
of the net power output to the incoming exergy flow of the heat
carrier. The ORC working fluids considered are - depending on Ts -
cyclopentane, n-butane, and propane and optimal results were
obtained with slightly sub- or supercritical pressures. We found
that £p is higher for the TLC-systems than for the ORC-systems for
all temperature intervals. For the high temperature interval (280 °C,
62 °C) £p is higher by 14% and for the lowest temperature interval
(150 °C, 15 °C) by 29%. Besides the exergy efficiency £p the second
most interesting quantity is the volume flow V at the outlet of the
expander which is important for the design of the expander and
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Nomenclature

CRC Clausius-Rankine cycle with superheating
¢ Heat capacity flow rate [kKW/K]

Cp Isobaric heat capacity [Kk]/kgK]

e Specific exergy [K]/kg]

E Exergy flow rate [kW]

h Specific enthalpy [k]/kg]

IHE Internal heat exchanger

m Mass flow rate [kg/s]

ORC Organic Rankine cycle
ORCo2+ ORC at subcritical pyax without superheating with IHE
ORCs2+ ORC at supercritical pmax with IHE

ORCs2- ORC at supercritical pmax without IHE
p Pressure [MPa]

PFC Power flash cycle

q Specific heat [k]/kg]

o] Heat flow rate [kKW]

QLC Quadrilateral cycle

QLC+  Quadrilateral cycle with IHE

QLC— Quadrilateral cycle without IHE

s Specific entropy [Kk]/kgK] or [J/molK]
T Temperature [K] or [°C]

TLC Trilateral cycle

v Specific volume [l/kg]

1% Volume flow rate [l/s]

w Specific work [Kk]/kg]

|W| Net power output of a cycle [kW]

Greek symbols

A Difference of quantities

Ts,p Isentropic pump efficiency

Ns.E Isentropic expander efficiency
Nth Thermal efficiency of the cycle
13 Total exergy efficiency

p Exergy efficiency for power production
Subscripts

1,2,3,4 State points of working fluid
2a,4a  State points of working fluid in cycle with IHE
5,6 State points of heat carrier

7.8 State points of cooling agent

c Critical point

CA Cooling agent

E Expander

HC Heat carrier

i State point

ij Process from state point i to j
in Ingoing flow

out Outgoing flow

P Pump, Power

p Pinch (hot stream), isobaric

s Isentropic

u Environment state

WF Working fluid

also for the sizing of the heat exchangers. The TLC with water have,
however, the drawback that at low working fluid temperatures the
volume flows become very large because of the low water vapour
pressures.

Here we consider pure organic substances as working fluids for
PFC with two aims. First, we expect that for low heat carrier inlet
temperatures Ts organic fluids with lower critical temperatures
should lead to smaller volume flows V4 at the outlet of the
expander. Second, we want to see whether organic fluids with high
critical temperatures are better than water for high values of Ts.
Thereto the same five cases as in [53] are studied. Comparison of
the results for the PFC-systems with organic working fluids will be
made with the TLC results for water and the optimal ORC results
[53]. Moreover, we give also results for water Clausius—Rankine
cycles (CRC) [54,55].

For the PFC-systems several classes of organic working fluids are
examined. For the highest temperature interval we consider the
aromates butylbenzene, ethylbenzene, m-xylene, and toluene and
the linear siloxanes dodecamethylpentasiloxane (MD3M),
decamethyltetrasiloxane (MD2M), octamethyltrisiloxane (MDM),
and hexamethyldisiloxane (MM). Going to lower temperature
intervals we remove successively the larger aromates and
siloxanes and include the alkanes cyclopentane, n-pentane,
isopentane, neopentane, and n-butane as well as the refrigerant
R245ca. We remind that the vapour - liquid - equilibrium (VLE)
curve in the temperature vs entropy (T,s)- diagram is bell-shaped
for water but it may be strongly overhanging for organic fluids
[8,22]. As this shape plays a significant role for the power flash
cycles we will first consider this behaviour and its reason here in
more detail.

The paper is organized such that in Section 2 the skewness of
the VLE curves in the Ts-diagram is quantified. In Section 3 the
configuration of the PFC-system and different types of cycles in
the T,s-diagram are described. In Section 4 the thermodynamics of

PFC is outlined including the process quantities, the heat transfers
to and from the cycle as well as energy and exergy equations. In
Section 5 we give results for the PFC-systems with organic
working fluids, compare them with other heat to power conver-
sion engines and discuss the findings. The paper is finished in
Section 6 with a summary and conclusions.

2. Shape of VLE curves in the T,s-diagram

In most heat to power conversion engines as well as in most
refrigeration machines and heat pumps the shape of the VLE curve
in the T,s-diagram plays a significant role. The VLE curve in the Ts-
diagram may either be bell (b)- shaped or overhanging (o) and
correspondingly we speak about b- or o-fluids [8]. Evidently, these
shapes are caused by the degree in which the entropy changes with
increasing temperature. This item was already addressed in [56]
and in [41] it was claimed that this increase is related to the
number of atoms in a molecule. A physically more profound
explanation is to relate this shape to the change of the ideal gas
entropy which is mainly determined by the activated internal
degrees of freedom in a molecule as e.g. vibrations and librations. In
particular it was shown in [22] for the o-fluids cyclopentane,
toluene, and MM that the VLE curve in the Ts-diagram becomes
more skewed with increasing c9.

Because of the practical importance of the skewness of the VLE
curve in the Ts-diagram of o-fluids it may be useful to introduce
a quantitative measure for it. From [41] and [22] it is known that for
o-fluids the entropy on the dew line has a maximum value s}, at
a temperature T(s},x) close to the critical temperature. At lower
temperatures the entropy on the dew line decreases and may
eventually pass through a minimum s, at a temperature T(s;,, ).
The interesting quantity is the average slope of the dew line
between sp., and s} . . For cases where s . is not or not easily
available as for the siloxanes one may take equally well the lowest
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available entropy on the dew line which in these cases is generally
close to a straight line. As the slope of the dew line may, however,
become nearly infinite in the transition from b- to o-fluids it is more
appropriate to consider the inverse slope of the dew line as quan-
titative measure. Hence, we define as measure for the skewness the
inverse overhanging steepness (I0S) as

I0S = (slrlnax - S;/nin)/[T(s;,nax) - T(sﬁlin)}' (1)

Data for the critical temperature T, the critical pressure p., the
acentric factor w, the I0S and for the isobaric ideal gas heat capacity
cg of all organic PFC working fluids considered in this paper are
compiled in Table 1. The cg—values were taken at T/T, = 0.7 in
analogy to the acentric factor w. The values of w and IOS are
obtained from the molecular based equations of state (EOS)
BACKONE (B1) [22,57,58] and PC-SAFT (PC) [59]. In passing, we note
that the PC-SAFT predictions for the isobaric heat capacities of the
saturated liquid siloxanes are in satisfying agreement with new
experimental data [68]. For some fluids (n-butane, neopentane,
R245ca, isopentane, n-pentane, toluene) we can compare the 10S
values from Table 1 with IOS values obtained from reference
equations of state (REOS) compiled in [69]. The average deviation in
I10S is 0.0041 with a maximum deviation of 0.0086 for R245ca [70]
and a minimum deviation of 0.0004 for toluene [71]; the references
quote the original REOS papers.

Table 1 shows that within a given class of fluids (n-alkanes,
aromates, linear siloxanes) the I0OS increases with the number of
atoms in the molecule as claimed in [41], whilst molecules with
the same number of atoms from different classes may have
rather different 10S, as e.g. cyclopentane and toluene. More
interesting, however, is the finding that fluids from different
classes with similar cg values have also similar IOS values, as e.g.
n-butane and cylopentane, or n-pentane and toluene, or MM and
butylbenzene. This finding can be a useful tool for a semi-
quantitative estimate of the skewness of the VLE curve in the
T,s-diagram.

Table 1

3. Power flash cycles
3.1. Configuration of the PFC-system

The PFC-system is shown in Fig. 1 and consists of the power flash
cycle to which heat is supplied from the heat carrier and removed
by the cooling agent.

The PFC-plants considered here use a pure substance as
working fluid and consist of a pump, a heater, a two-phase
expander and a condenser or a cooler-condenser and eventu-
ally an internal heat exchanger (IHE). In state 1 the working fluid
is a saturated liquid with temperature T; at the vapour pressure
p1. Then the liquid is pressurized by the pump to pressure p, and
arrives at state 2 in the homogeneous liquid with a temperature
T, being slightly above Ty Thereafter, the liquid enters the heater
where it is heated up isobarically just to its boiling point at
pressure p which is state 3. The temperature T3 is the boiling
temperature at pressure p,. At state 3 the fluid enters the two-
phase expander where it expands in a flash evaporation from
p2 down to pp at state 4. During this flash evaporation the
working fluid delivers power. Depending on the working fluid,
state 4 may be either in the wet or in the dry vapour region as
will be shown in Subsection 3.2. If state 4 is in the wet vapour
region, the temperature of the working fluid T4 is equal to T; and
its vapour content is denoted by x. Starting in this case from
state 4 the wet vapour is completely condensed till it reaches
state 1. If state 4 is in the dry vapour region, its temperature T4 is
higher than T;. In case that T4 is considerably higher than T heat
can be transferred in an IHE from the vapour between states 4
and 4a to the liquid between states 2 and 2a. Finally, the vapour
is cooled down from state 4 or 4a at constant pressure pi to its
dew point and thereafter completely condensed till it reaches
state 1.

As already mentioned, the heat is supplied to the PFC-plant from
a heat carrier which enters the heater at temperature Ts and leaves

Critical temperatures T, critical pressures p, acentric factors w, inverse overhanging steepnesses I0S and isobaric ideal heat capacities cg of organic PFC working fluids. The
cg—values are taken at T/T. = 0.7. The values of w and IOS are obtained from the molecular based equations of state BACKONE (B1) and PC-SAFT (PC).

Substance CAS no T; (K) pc (MPa) ) 10S (J/molK?) cg (J/mol K) EOS type, source cg source
EC no

n-Butane 106-97-8 425.20 3.922 0.212 0.0500 100 B1 [57] [60]
203-448-7

Neopentane (2,2-Dimethylpropane) 463-82-1 433.8 3.2 0.197 0.1089 124 B1[57] [61]
207-343-7

R245ca (1,1,2,2,3-Pentafluoropropane) 679-86-7 447.57 3.92 0.347 0.0821 121 B1 [58] [62]
N/A

Isopentane (2-Methylbutane) 78-78-4 460.90 3.39 0.222 0.1081 127 B1 [57] [61]
201-142-8

n-Pentane 109-66-0 469.65 3.370 0.248 0.1137 133 B1 [57] [63]
203-692-4

Cyclopentane 287-92-3 511.7 4.51 0.193 0.0589 102 B1 [22] [64]
206-016-6

MM 107-46-0 518.70 1.925 0.420 0.331 264 PC [59] [65]
203-492-7

MDM 107-51-7 564.13 1.415 0.536 0.591 394 PC [59] [65]
203-497-4

Toluene 108-88-3 591.80 4.109 0.263 0.1122 144 B1 [22] [66]
203-625-9

MD2M 141-62-8 599.40 1.190 0.658 0.812 503 PC [59] [65]
205-491-7

m-Xylene 108-38-3 617.05 3.541 0.321 0.165 179 B1 [22] [66]
203-576-3

Ethylbenzene 100-41-4 617.20 3.609 0.301 0.169 186 B1 [22] [67]
202-849-4

MD3M 141-63-9 629.00 0.945 0.720 1.131 668 PC [59] [65]
205-492-2

Butylbenzene 104-51-8 660.05 2.887 0.392 0.276 258 B1 [22] [61]

203-209-7
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Fig. 1. Configuration of the PFC — system.

it at temperature Tg. The heat is removed by a cooling agent
which enters the condenser at temperature T; and leaves it at
temperature Tg.

The two-phase expander is the technically most challenging
component and may be a turbine, a scroll expander, a screw
expander or a reciprocating engine. A review of expanders was
given in 1993 by Smith [41] who somewhat later described the
design of high-efficiency two-phase screw expanders [46]. Recent
developments for a screw-type engine are described in [47] and for
a reciprocating engine in [48,50,52]. We believe that the latter is
presently the most promising two-phase expander.

3.2. Different types of power flash cycles

In order to understand a PFC it is helpful to consider cycles with
different working fluids in the T,s-diagram. In Figs. 2—4 results are

550

500 1

450

400 1

T (K)

350 1

250 T v T T T
0 20 40 60 80 100 120

s (J/mol.K)

Fig. 2. Ts-diagram of optimized PFC with cyclopentane (Ts = 493.15 K, T; = 31115 K,
10S = 0.059, T, = 511.7).
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Fig. 3. Ts-diagram of optimized PFC with n-pentane (Ts = 493.15 K, T; = 311.15 K,
10S = 0.107, T, = 469.65 K).

shown for three optimized PFC-systems for case IV with heat
carrier inlet temperature Ts = 493.15 K and minimum cycle
temperature T; = 311.15 K. The working fluids have increasing 10S
and are cyclopentane, n-pentane, and MM. The optimization
criterion will be explained later.

In Fig. 2 the PFC for cyclopentane (I0S = 0.059 J/molK?,
Tc = 511.7) is shown. The end point 4 of the flash expansion is in the
wet vapour region with a vapour content x = 0.76. The shape of the
PFC in the T;s-diagram is rather similar to that of water with the
difference that water has for the same case IV at point 4 only
a vapour content of x = 0.25 [53]. Because of its shape in the Ts-
diagram this type of PFC is called TLC as points 1 and 2 are close
together in the T,s-diagram.

The PFC for n-pentane (I10S = 0.107 J/molK?, T, = 469.65 K) is
shown in Fig. 3. The power flash passes through the wet vapour
region and ends at point 4 in the dry vapour region with Ty = 325 K.
Because of its shape in the T,s-diagram this type of PFC is called QLC.
As T4 is only 12 K higher than T; it is not rewarding to use an IHE.

In Fig. 4 the PFC for MM (I0S = 0.331 J/molK?, T, = 518.7 K) is
shown. The power flash expansion passes through the wet vapour
region and ends at point 4 in the dry vapour region which has the
temperature T4 = 353 K. Because of its shape in the T,s-diagram this

550
500 1
450 A
X 400 1

350 1

300

250 T . .
0 50 100 150 200

s (J/mol.K)

Fig. 4. Ts-diagram of optimized PFC with MM (Ts = 493.15 K, T; = 31115 K,
I0S = 0.331, T. = 518.7 K). In an IHE heat can be transferred from the vapour between
states 4 and 4a to the liquid between states 2 and 2a.
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type of PFC is called QLC. As Ty is considerably larger than T; it may
be rewarding to transfer heat in an IHE from the vapour between
states 4 and 4a to the liquid between states 2 and 2a.

Summarizing, if the end point of the expansion, state 4, is in the
wet vapour region the PFCis called TLC. If state 4 is in the dry vapour
region the PFCis called QLC which depending on the temperature T4
may be designed without (QLC-) or with IHE (QLC+).

4. Thermodynamics of PFC-systems

The thermodynamic calculations for PFC-systems are similar to
that of ORC- [8,22] and TLC-systems [53]. In the following, the
quantities T;, p;, h;, S; and v; denote the temperature, the pressure,
the specific enthalpy, the specific entropy and the specific volume
at state point i and the quantities wj; and g;; denote the specific
work and heat in the process from state point i to state point j. The
hypothetical state point 2’ lies on the isobar p; and has the same
entropy as state 1, s, = sy, the hypothetical state point 4’ lies on the
isobar p; and has the same entropy as state 3, s, = s3. Moreover, we
assume throughout the paper for the isentropic pump efficiency
nsp = (hy,—h1)/(ha—h1) = 0.65, for the isentropic expander efficiency
ns,e = (hy—h3)/(h}—h3) = 0.85 and for all pinch point temperature
differences AT = 10 K.

4.1. Process quantities of the PFC

The specific work transferred to the cycle in the pump is
w1z = hp—hy and specific work delivered from the expander is
w34 = hg—hs. Hence, the net specific work is w = w3 + ws4. For
a mass flow rate of the working fluid riyr the net power output is

|W| = miyr|wiz + waa (2)

and the volume flow rate V; at a given state i with specific volume v;
is given by

Vi = mypy;. (3)

For easy comparison we refer all flow rates throughout the
paper to a net power output |W| of 1 MW.

Whilst the transferred works and the net power output are
independent from the use of an [HE, the situation is different for the
transferred heats. In case without IHE the heat flow rate to the cycle
is Q23 = My q23 With ga3 = h3—hy. The heat flow rate from the cycle
is Q41 = Mwr qa1 With g41 = h1—h4 and the thermal efficiency of the
cycle ne, is

Nih = W12 + W3g4l|/qa3 (without IHE). (4)

In case with IHE states 2 and 4 have to be replaced by states 2a
and 4a. Then the heat flow rate to the cycle is Q243 = iwr g2a3 With
G243 = h3—hya. The heat flow rate from the cycle is Q4a1 = Myr Gaa1
with g4a1 = h1—hg4, and the thermal efficiency of the cycle ny, is

Nih = W12 + W34/qaq3 (with IHE). (5)

4.2. Heat transfers to and from the PFC

Heat transfer processes to and from the working fluid have been
discussed for ORC and TLC in Section 4 of [53] in detail. Here we
follow this previous work and assume throughout the paper that all
heat transfer processes to and from the working fluid of the PFC are
adiabatic. Hence, we have Qs = —Q53 and Q75 = —Q4; without IHE
and Qs = —Q2.3 and Q75 = —Q4a1 with IHE. Note that Qsg has
negative sign whilst Qg has positive sign. Moreover, we assume
that the heat carrier (HC) and the cooling agent (CA) have constant

heat capacities ¢,. In order to express the heat flow rates Q56 and
Q7g it is convenient to use heat capacity flow rates € = mcp.
Therewith the absolute value of the heat flow rate |Qsg| from the
heat carrier to the working fluid is

|Qs6| = Che(Ts —Tp), (6)

and the heat flow rate Q;g from the working fluid to the cooling
agent is

Q75 = Caa(Ts — T7) (7)

For the heat transfer to a TLC a T, AH-diagram for two cases is
shown in Fig. 4 of [53]. These diagrams look similar for all PFC, only
in case of an IHE the cold end of the working fluid is shifted from T
to Tra.

For the heat transfer from the working fluid, we have to
distinguish between TLC and QLC processes. For the TLC,
a T, AH-diagram is shown in Fig. 7 of [53]. For the QLC with IHE the
T, AH-diagram is the same as for an ORC with IHE which is shown
in Fig. 8 of [53], in case of no IHE state 4a has to be replaced in
Fig. 8 of [53] by state 4. In both cases of QLC one has to make
separate balances for the cooling and the condensation as
described in [53].

4.3. Energy and exergy equations

4.3.1. Energy equations
From the first law of thermodynamics and the assumption of
adiabatic heat transfer in the PFC-systems one obtains

|Qs6| — Q78 = |W|, (8)

which yields for the case of |W| =1 MW used throughout this paper
Q78 = |Qs6]—1 MW. Next, one gets from the definitions of the
thermal efficiency 7, the relation

|W} = |Q56|77tha (9)

which says that the net power output is the product of the heat flow
rate |Qsg| transferred from the heat carrier to the working fluid
times the thermal efficiency ny, of the PFC.

4.3.2. Exergy equations

As exergy equations have been given in detail in [53] we repeat
here only the most important ones. Generally, for a state point i and
a mass flow rate i the exergy flow rate E; is given as

E; = tie;, (10)
where e; is the specific exergy at state i which is known to be
ej = (hj — hy) — Tu(s; — su), (11)

where the subscript u refers to the conditions of the environment.
Finally, using the heat capacity flow rate C = riic, one obtains for the
exergy flow rate

Ei = C[(T; = Tu) — Tuln(Ty/Tu)). (12)

The latter equation can now be specified for the exergy flow
rates Es, Eg, E7, and Eg at the inlet and outlet of the heat carrier and
the cooling agent by using the appropriate temperature T; and the
appropriate heat capacity flow rate Cyc or Cea.

With Eq. (12) exergy efficiencies can now be formulated. The
exergy efficiency for power production &, is defined as ratio of the
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net power output |W| to the incoming exergy flow rate of the heat
carrier E5 and is obtained as

&p = |W|/{Chcl(Ts — Tu) — Tuln(Ts/Ty)]},

whilst the total exergy efficiency ¢ defined as ratio of all outgoing
exergy flows to all incoming exergy flows is given as

(13)

£ = (|W|+Eg+Eg)/(Es + E7). (14)

5. Results and discussion

We consider five cases specified by the inlet temperature of the
heat carrier T5 and the inlet temperature of the cooling agent T-. The
inlet temperature pairs (Ts, T7) are for case I (350 °C, 62 °C), for case
I1 (280 °C, 62 °C), for case III (280 °C, 15 °C), for case IV (220 °C,
15 °C) and for case V (150 °C, 15 °C). Organic PFC are compared with
water TLC [53], with optimized ORC [53] and also with water CRC.
For the thermodynamic data of the organic working fluids we use
BACKONE [72] and PC-SAFT [59] with details given in Table 1, for
water we take the Wagner EOS [73] via the NIST webbook [69].

In all calculations we assume for T; = T; + 23 K, for the envi-
ronmental temperature T, = 15 °C, for the isentropic pump effi-
ciency n,p = 0.65, for the isentropic expander efficiency 15 = 0.85,
for all pinch point temperature differences AT = 10 K and also that
all heat exchangers are adiabatic.

Optimized results of the present calculations for organic PFC and
for water CRC are displayed together with previous optimized results
[53] for water TLC and optimized ORC in Tables 2—6. The optimization
criterion for these systems is that the exergy efficiency for power
production £, becomes a maximum. For completeness, we include for
all QLC+ also the results of the corresponding QLC— in brackets.

The quantities given are the critical temperature T, of the working
fluid and its 10S, the cycle type, the cycle temperatures and pressures
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Ty, Tz, T3, T4, P1, 3, the expander inlet and outlet volume flow rates
V3, V4, the mass flow rate rinyy, the heat transferred in the IHE Q3 2,
the vapour content at the expander outlet x, the thermal efficiency of
the cycle 5, the heat carrier outlet temperature Tg, the temperature
of the heat carrier at the pinch point Ty, the absolute value of the heat
transferred to the working fluid |Qsg|, the heat capacity flow rate of
the heat carrier Cy, the cooling agent outlet temperature Tg, the heat
capacity flow rate of the cooling agent C¢y, the total exergy efficiency
¢, and the exergy efficiency for power production £ As already said all
flow rates are given for a net power output |W| of 1 MW.

Quantities that can be easily calculated from the data in the
tables are Q75 = |Qs56|—1 MW, Ty, = T, + 10 K. Moreover Es, Eg, E7, Eg
can be calculated from Eq. (12) as Cucand Ccy and all temperatures
Ts to Tg and T, are also given.

Comparison of the bracketed QLC— with the corresponding
QLC+ results in Tables 2—5 shows that the total exergy efficiency £
is always smaller for QLC— as it has to be. The exergy efficiency for
power production £, is also smaller for QLC— for a lower pinch
point temperature T, but identical with the QLC+ value in case of
the same T),. The latter case may be considered at a first glance as an
advantage for QLC— because according to Fig. 1 one needs only two
heat exchangers for QLC— instead of three for QLC+. But the total
amount of heat to be transferred for QLC— is |Qtot,
Q| = 1Q231+1Q411 = 1Q2a31+1Qaa11+21Q22al, whilst for QLC+ it is
only 1Quot, qucel = 1Q2a314+1Q4a1l+1Q22al. Hence, there is no
advantage of QLC— over QLC+ in case that Ty is sufficiently higher
than T as in Fig. 4 and we will not include the bracketed QLC—
results in the subsequent discussions of the case studies.

5.1. Case I: Ts = 350 °C, T; = 62 °C

Let us first consider the PFC-systems. From Table 2 we learn that
the water TLC has the highest exergy efficiency for power

Table 2
Optimized results for case I (Ts = 623.15 K, T; = 335.15 K, Ty = 358.15 K, T, = 288.15 K). All flow rates are given for a net power output |W| of 1 MW.

Butylbenzene Water? MD3M Ethylbenzene m-Xylene MD2M Toluene MDM MM Water Cyclopentane?®

Tc (K) 660 647 629 617 617 599 592 564 519 647 512

10S 0.276 — 1.131 0.169 0.165 0.812 0.112 0.591 0.331 — 0.059

Cycle type QLC+ TLC QLC+ QLC+ QLC+ QLC+ QLC+ QLC+ QLC+ CRC ORCs2-+
(QLC-) (QLC-) (QLC-) (QLC-) (QLC-) (QLC-) (QLC-) (QLC-)

T (K) 358.83 360.21 358.28 359.66 359.61 358.46 360.46 358.80 359.62 358.41 362.28

T2a (K) 401.15 — 434.01 390.43 386.08 429.72 380.76 428.20 411.07 — 384.29

T3 (K) 588 590 534 588 588 537 583 534 515 613 529

T4 (K) 419.44 358.15 453.68 409.26 403.95 450.55 397.28 449.57 431.70 358.15 401.00

p1 (kPa) 3.94 57.87 0.57 20.26 18.44 237 46.04 11.26 62.92 57.87 289

p3 (kPa) 1134 10,821 195 2485 2402 431 3622 912 1887 1400 5412

V3 (Ifs) 16.27 7.00 37.69 18.14 18.15 38.74 21.33 41.93 55.68 366.02 51.0

Va4 (1/s) 60,151 4994 396,435 14,231 15,469 109,174 7051 28,274 7053 5114 1778

mwer (kg/s) 9.14 4.72 23.01 9.06 9.08 21.55 9.18 20.28 20.56 1.86 11.35

Q224 (MW) 0.77 — 3.27 0.56 0.48 2.82 0.36 2.79 223 - 0.54

X Dry 0.37 Dry Dry Dry Dry Dry Dry Dry 0.97 Dry

Nth 0.230 0.198 0.206 0223 0.220 0.207 0.216 0.203 0.181 0.194 0.186
(0.195) (0.123) (0.198) (0.199) (0.130) (0.200) (0.129) (0.129)

Ts (K) 411.67 370.53 444.01 402.12 397.78 439.72 393.89 438.20 421.07 447.76 394.29
(373.97) (368.28) (374.49) (373.91) (368.46) (376.00) (368.80) (369.62)

T, (K) 433 414 444 446 442 440 452 438 421 477 394
(433) (368) (446) (442) (368) (452) (369) (370)

|Qs6] (MW) 434 5.05 4.85 4.48 4.54 4.84 4.64 4.93 5.54 5.15 537
(5.12) (8.12) (5.04) (5.02) (7.67) (5.00) (7.72) (7.75)

Crc (MW/K) 0.0205 0.0200 0.0271 0.0203 0.0201 0.0264 0.0202 0.0267 0.0274 0.0294 0.0234
(0.0205) (0.0319) (0.0203) (0.0201) (0.0301) (0.0202) (0.0304) (0.0306)

Ts (K) 348.77 348.15 349.49 348.75 348.73 349.37 348.74 349.39 349.36 348.15 348.94
(351.92) (361.68) (350.94) (350.58) (359.81) (350.09) (359.48) (356.26)

Cca (MW/K) 0.245 0312 0.268 0.256 0.260 0.270 0.268 0.276 0319 0.320 0317

£ 0.885 0.873 0.850 0.882 0.881 0.851 0.878 0.847 0.827 0.840 0.844
(0.863) (0.765) (0.868) (0.869) (0.775) (0.869) (0.774) (0.774)

£y 0.432 0.443 0.328 0.438 0.441 0.336 0.438 0.332 0.324 0.302 0.378
(0.432) (0.278) (0.438) (0.441) (0.295) (0.438) (0.292) (0.290)

¢ Results are from [53].
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Table 3

Optimized results for case Il (Ts = 553.15 K, T; = 335.15 K, T; = 358.15 K, T, = 288.15 K). All flow rates are given for a net power output |W| of 1 MW.

1023

Butylbenzene Water® Ethylbenzene m-Xylene MD2M Toluene MDM MM Cyclopentane Water Cyclopentane?®
T. (K) 660 647 617 617 599 592 564 519 512 647 512
10S 0.276 — 0.169 0.165 0.812 0.112 0.591 0.331 0.059 — 0.059
Cycle type  TLC TLC TLC TLC QLC+ (QLC-) TLC QLC+ (QLC-) QLC+ (QLC-) TLC CRC ORCo2+
T, (K) 358.45 359.08 358.89 358.86 358.35 359.36 358.60 359.46 361.48 358.27 360.63
Tza (K) — — — — 406.70 — 405.31 401.97 - — 380.27
Ts (K) 535 534 535 535 514 533 512 508 510 543 489.00
T4 (K) 358.15 358.15 358.15 358.15 424.30 358.15 423.17 420.83 358.15 358.15 396.41
p1 (kPa) 3.94 57.87 2026 18.44 237 46.04 11.26 62.92 288.80 57.87 288.8
ps (kPa) 507 4757 1221 1172 278 1914 627 1691 4418 700 3342
V3 (I/s) 23.08 1040 24.77 24.93 43.01 26.92 45.06 54.56 45.41 874.18 121.0
V4 (1/s) 80,450 6540 18,937 20,539 122,980 9349 31,753 7388 2130 6873 1937
mwr (kgfs)  14.61 8.13 15.05 15.14 25.79 15.69 24.24 22.14 15.88 2.49 12.53
Q24 (MW)  — - - - 2.26 - 221 197 - - 0.53
X 0.98 0.28 0.92 0.90 Dry 0.87 Dry Dry 0.98 0.98 Dry
Nth 0.166 0.159 0.164 0.164 0.179 (0.127) 0.163 0.176 (0.127) 0.170 (0.128) 0.150 0.152 0.173
Ts (K) 375.64 369.15 374.58 374.08 416.70 (368.35) 374.48 415.31(368.60) 411.97 (369.47) 373.67 431.81 408.70
T, (K) 448 387 451 449 417 (368) 447 415 (369) 412 (369) 413 447 483
|Qs] (MW)  6.01 6.31 6.08 6.09 5.59 (7.85) 6.15 5.69 (7.90) 5.88 (7.83) 6.66 6.58 5.79
Che (MW/K) 0.0338 0.0343 0.0341 0.0340 0.0410 (0.0425) 0.0344 0.0413 (0.0428) 0.0416 (0.0426) 0.0371 0.0543 0.0401
Ts (K) 348.15 348.15 348.15 348.15 349.35 (356.32) 348.15 349.36 (356.05) 349.35(355.00) 348.15 348.15 348.85
Cea (MW/K) 0.385 0.408 0391 0.391 0323 0.396 0.330 0.344 0.436 0429 0.350
¢ 0.886 0.881 0.884 0.884 0.878 (0.833) 0.882 0.875 (0.832) 0.870 (0.833) 0.867 0.852 0.890
& 0.383 0378 0.381 0.382 0.316 (0.305) 0377 0.314 (0.303) 0.312 (0.304) 0.350 0239 0.332

@ Results are from [53].

Table 4
Optimized results for case Il (Ts = 553.15 K, T; = 288.15 K, T; = 311.15 K, T,, = 288.15 K). All flow rates are given for a net power output |W| of 1 MW.
Water®? Ethylbenzene m-Xylene Toluene MDM MM Cyclopentane Water Cyclopentane?®

T (K) 647 617 617 592 564 519 512 647 512
10S - 0.169 0.165 0.112 0.591 0.331 0.059 - 0.059
Cycle type TLC TLC TLC TLC QLC+ (QLC-) QLC+ (QLC-) QLC— CRC ORCo2+
T (K) 311.90 311.79 311.78 312.22 31145 312.14 314.31 311.20 312.96
T2 (K) - - - - 368.34 366.48 - - 337.65
Ts (K) 534 528 529 527 496 498 510 543 470.00
T4 (K) 311.15 311.15 311.15 311.15 388.69 388.40 315.94 311.15 357.09
p1 (kPa) 6.63 2.58 2.28 7.16 1.20 10.43 68.88 6.63 68.88
p3 (kPa) 4757 1100 1071 1759 468 1441 4418 350 2546
V3 (I/s) 6.24 15.94 15.92 17.06 28.56 31.76 26.65 1231 113.7
V4 (s) 33,546 87,736 97,612 35,293 185,330 26,805 4944 35,374 4824
mwr (kg/s) 4.88 9.85 9.81 10.13 16.28 14.13 9.32 1.74 7.98
Q224 (MW) - - - - 1.71 1.51 - - 0.38
bY 0.32 0.95 093 0.89 Dry Dry Dry 0.94 Dry
Nth 0.211 0.215 0.216 0.214 0.228 (0.164) 0.228 (0.170) 0.209 0.202 0.2329
Ts (K) 322.39 329.53 329.91 329.62 378.34 (321.45) 376.48 (322.14) 333.66 398.30 372.89
T, (K) 388 411 413 412 378 (321) 376 (322) 413 421 480
|Qs6] (MW) 4.75 4.65 4.64 4.67 4.38 (6.09) 4.38 (5.88) 4.78 4.95 4.29
Che (MW/K) 0.0206 0.0208 0.0208 0.0209 0.0251 (0.0263) 0.0248 (0.0254) 0.0218 0.0320 0.0238
Ts (K) 301.15 301.15 301.15 301.15 302.16 (309.21) 302.11 (308.29) 301.35 301.15 301.65
Cea (MW/K) 0.288 0.281 0.280 0.283 0.242 0.242 0.286 0.304 0.245
3 0.706 0.709 0.710 0.706 0.710 (0.604) 0.711 (0.617) 0.688 0.660 0.721
& 0.631 0.624 0.625 0.620 0.517 (0.494) 0.524 (0.510) 0.596 0.406 0.545

¢ Results are from [53].
b Contains corrections for some values of [53].

production £p = 0.443 and the smallest volume flow rate
V4 = 4994 |/s at the outlet of the expander. The aromates toluene,
m-xylene, ethylbenzene, butylbenzene exhibit QLC and show
nearly the same &p as water in TLC with an average value
0.437 =+ 0.003. The volume flow rate V, = 7051 1/s for toluene is
acceptable, but it increases for the other aromates with T, up to
V4 = 60,151 I/s for butylbenzene. The siloxanes MM, MDM, MD2M,
MD3M exhibit also QLC as expected because of their large 10S
values. They show lower &p values with an average value
0.330 + 0.004. The volume flow rate V4 = 7053 1/s is acceptable for
MM but increases for others dramatically with T, up to
V4 = 396,435 1/s for MD3M. Hence for this case water is the best
working fluid for PFC.

Let us now compare the PFC with the water CRC and the
cyclopentane ORC. In [53] it was already pointed out that &p for the

water TLC is larger by 17% than for the cyclopentane ORC. On the
other hand we see that the volume flow V4 of the ORC amounts
only 36% of the water TLC value. Considering the water CRC we see
that its £p is only 70% of that for the water TLC and 80% of that for
the cyclopentane ORC.

Finally, it is interesting that the values for the total exergy effi-
ciency ¢ are rather high with an average value of 0.86 + 0.02.

5.2. Case II: T5s = 280 °C, T; = 62 °C

From Table 3 we see that the PFC of the aromates are now of TLC
type with an average value of £p for all aromates of 0.381 + 0.002
and the highest value 0.383 for butylbenzene. For the water TLC £p
has the slightly lower value 0.378. Looking now on the volume flow
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Table 5
Optimized results for case IV (Ts = 493.15 K, T; = 288.15 K, T; = 311.15 K, T, = 288.15 K). All flow rates are given for a net power output |W\ of 1 MW.
Water®  Ethylbenzene Toluene MDM MM Cyclopentane  n-Pentane Isopentane R245ca  Water n-Butane?®

Tc (K) 647 617 592 564 519 512 470 461 448 647 425
10S - 0.169 0.112 0.591 0.331 0.059 0.114 0.108 0.082 - 0.050
Cycle type TLC TLC TLC QLC+ (QLC-) QLC+ (QLC-) TLC QLC- QLC- TLC CRC ORCs2+
T (K) 31143 31141 311.62 311.34 311.76 312.93 313.29 313.52 31342 311.17 314.86
T2a (K) - - - 345.08 336.82 - - - - - 321.54
T3 (K) 479 475 475 472 470 469 464 458 445 483 443.60
T4 (K) 311.15  311.15 311.15 361.56 352.67 311.15 325.27 326.43 311.15 311.15 333.55
p1 (kPa) 6.63 2.58 7.16 1.20 1043 68.89 109.25 142.99 163.9 6.63 359.7
ps3 (kPa) 1754 449 776 292 894 2508 3045 3197 3679 150 4706
V3 (Ifs) 9.53 24.64 25.81 3243 34.79 31.95 39.88 45.48 43.88 3393 74.8
V4 (1/s) 43550 114,143 45,852 209,935 31,205 6429 4318 3584 3216 47331 1711
mwr (kg/s) 8.18 16.92 17.36 19.83 18.15 16.22 13.07 14.26 29.56 2.30 13.90
Q0 (MW)  — - - 1.21 0.87 - - - - - 0.24
X 0.25 0.72 0.68 Dry Dry 0.76 Dry Dry 0.97 0.95 Dry
Nth 0.171 0.174 0.173 0.195 (0.158) 0.188 (0.161) 0.169 0.166 0.162 0.150 0.159 0.161
Ts (K) 32142 326.67 326.58 355.11(322.41) 347.08 (323.12) 32843 327.24 325.56 32342 381.68 333.18
T, (K) 321 392 393 361 (362) 365 (365) 390 386 367 323 394 368.16
|Qs6| (MW)  5.86 5.75 5.77 5.12 (6.33) 5.33 (6.20) 5.92 6.01 6.18 6.66 6.28 6.22
Chec (MW/K)  0.0341  0.0345 0.0347 0.0371 (0.0371)  0.0365 (0.0365) 0.0359 0.0362 0.0369 0.0393 0.0564 0.0389
Ts (K) 301.15 301.15 301.15 302.15(306.27) 302.08 (304.85) 301.15 302.09 302.22 301.15 301.15 302.13
Cca (MW/K) 0374 0.365 0.367 0.294 0.311 0.378 0.359 0.368 0.436 0.406 0.373
13 0.681 0.685 0.682 0.724 (0.662) 0.708 (0.665) 0.666 0.664 0.652 0.611 0.644 0.627
£y 0.584 0.578 0.575 0.537 (0.537) 0.547 (0.547) 0.555 0.551 0.541 0.508 0.354 0.513

@ Results are from [53].

rates at the outlet of the expander we find for water V, = 6540 /s
whilst for the aromates the lowest value is that for toluene being
V4 = 9349 I/s but increases for the other aromates with T. up to
V4 = 80,450 1/s for butylbenzene. Toluene, however, has in
comparison with water a marginally smaller £p = 0.377. The silox-
anes exhibit still QLC and show again low &p with an average value
£p = 0.312 + 0.004. For MM the volume flow rate V4 = 7392 I/s is
reasonable but increases dramatically with T, up to V4 = 122,980 /s
already for MD2M so that there is no advantage for using siloxanes.
In addition, we show PFC results for cyclopentane which are
interesting. The cycle is of TLC type with £, = 0.350 which is 93% of
the water TLC value and has a rather low V4 = 2130 1/s. Note,
however, that the maximum cycle temperature T3 = 510 K is rather
close to its critical temperature T, = 512 K which may cause
problems in a real process.

Let us now compare the PFC with the water CRC and the
cyclopentane ORC. In [53] it was already pointed out that &p for the
water TLC is larger by 14% than for the cyclopentane ORC. On the
other hand we see that the volume flow V, at the outlet of the
expander of the ORC amounts only 30% of the water TLC value.
Considering the water CRC we see that its £p is only 63% of that for
the water TLC and 72% of that for the cyclopentane ORC, which
confirms the claim that water CRC become worse with decreasing
heat carrier inlet temperatures.

53. Case lll: Ts = 280 °C, T = 15 °C

Table 4 shows that water in TLC has now again the highest
¢p = 0.631. (Let us note that in [53] a calculation error occurred for
case III in the water TLC which is corrected here.) The aromates
exhibit TLC and have nearly the same £p as water with an average
value of 0.623 + 0.002. A dramatic increase in £p in comparison with
case II is observed which amounts 67% for the water TLC and 61%
for the aromates which is caused by lowering the temperature T,
from 62 °C to 15 °C. As a consequence of this increase in £p the mass
flow rates myyr for 1 MW net output decrease in comparison with
case Il and so do the volume flow rates V5. On the other hand,
because of the low vapour pressures at Ty, the volume flow rates V4
become significantly larger. For water V4 becomes 33,546 1/s, for

toluene V, = 35,293 I/s, and for the other aromates the V, values
are still higher; consequently we did not include butylbenzene in
Table 4. Looking on the siloxanes no advantages can be found. Their
volume flow rates V, are also rather high whilst their exergy effi-
ciencies £pare 17.5% lower than that of water. Cyclopentane exhibits
now a QLC which has a similar T,s-diagram as shown in Fig. 3. The
cycle yields a £p value of 0.596 which is 94% of the &p for the water
TLC. Moreover, because the whole cycle runs at high reduced
temperatures T/T the volume flow rate V, is only 4944 1/s which is
just 15% of that for water. The problem is again that in the opti-
mized system the maximum cycle temperature T3 = 510 K is rather
close to its critical temperature T, = 512 K.

We compare now the PFC-systems with the water CRC system
and the cyclopentane ORC system. The water CRC shows again
a small £p and a slightly larger V4 than the water TLC. Considering
the cyclopentane ORC it is seen that its £p amounts to 86% to that of
the water TLC and 91% to that of the cyclopentane QLC. The volume
flow rates V4 of the QLC and of the ORC with cyclopentane are
nearly the same. These results for cyclopentane indicate a certain
convergence of PFC- and ORC-systems.

Finally, the average value for the total exergy efficiency ¢ of all
systems in Table 4 is 0.70 + 0.02 which is remarkably smaller than
in cases I and II.

54. Case IV: Ts = 220 °C, T; = 15 °C

From Table 5 it is seen that the water TLC has again the highest
£p being 0.584 and that the aromates follow closely. On the other
hand the volume flow rates V, become now already 43,550 l/s for
water and 45,852 |/s for toluene. The V, values increase again for
the higher aromates up to 713,235 1/s for butylbenzene and hence
this fluid and m-xylene are not included in Table 5. For the silox-
anes Table 5 presents results for MM and MDM which still exhibit
QLC. Using an IHE we find for MM &p = 0.547 which is 94% of the
water TLC value and V4 = 31.205 I/s which is smaller than for water.
Fig. 4 shows the QLC with IHE for MM in the T,s-diagram.

With decreasing Ts the alkanes gain more interest and so cyclo-
pentane, n-pentane, and isopentane are included in Table 5. They
have an average value £p = 0.549 + 0.006 with a maximum value of
0.555 for cyclopentane which is 95% of &p for water. The volume flow
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Table 6
Optimized results for case V (Ts = 423.15 K, T; = 288.15 K, T; = 311.15 K, T, = 288.15 K). All flow rates are given for a net power output \W\ of 1 MW.
Water? Toluene MM Cyclopentane n-Pentane Isopentane R245ca Neopentane n-Butane Propane?
T, (K) 647 592 520 512 470 461 448 434 425 370
10S - 0.112 0.331 0.059 0.114 0.108 0.082 0.109 0.050 -
Cycle type TLC TLC TLC TLC TLC TLC TLC TLC TLC ORCs2-
T, (K) 311.22 311.27 311.33 311.76 311.98 312.18 312.29 312.74 313.22 315.81
T2a (K) - - - - - - - - - -
Ts (K) 412 410 411 409 409 409 408 407 406 390
T4 (K) 311.15 311.15 311.15 311.15 311.15 311.15 311.15 311.15 311.15 314.03
p1 (kPa) 6.63 7.16 1043 68.89 109.25 142.99 163.9 254.04 359.67 1309
p3 (kPa) 350 203 268 905 1235 1455 1926 2069 2760 5097
Vs (1/s) 224 61.67 68.57 70.82 70.60 74.67 61.40 86.17 87.16 201.3
V4 (1/s) 69,896 74,256 52,508 10,378 7068 5708 4640 3662 2710 997
mwr (kg/s) 20.73 46.27 42.96 43.23 34.17 35.11 61.71 35.57 33.82 27.34
Q224 (MW) - - - - - - - - - -
X 0.16 0.41 0.81 0.46 0.66 0.68 0.67 0.79 0.71 Dry
Nth 0.114 0.115 0.115 0.112 0.111 0.111 0.109 0.108 0.107 0.102
Ts (K) 321.22 32324 323.22 324.06 323.65 324.51 323.58 325.09 326.06 335.48
T, (K) 321 364 372 365 363 368 357 365 369 370
|Qs6] (MW) 8.80 8.73 8.73 8.92 9.02 9.04 9.15 9.25 9.38 9.77
Che (MW/K) 0.0863 0.0873 0.0873 0.0900 0.0907 0.0916 0.0918 0.0943 0.0966 0.111
Ts (K) 301.15 301.15 301.15 301.15 301.15 301.15 301.15 301.15 301.15 301.42
Cea (MW/K) 0.600 0.594 0.594 0.609 0.617 0.618 0.627 0.634 0.645 0.661
13 0.631 0.633 0.633 0.622 0.617 0.616 0.611 0.606 0.599 0.587
& 0.477 0.472 0.472 0.457 0.454 0.449 0.448 0.437 0.426 0.370

@ Results are from [53].

rates V, for the alkanes are also considerably smaller than those for
water, the aromates, and the siloxanes. They increase from 3584 1/s
for isopentane to 6429 I/s for cyclopentane with increasing T.
Moreover, Fig. 2 shows the T,s-diagram for the cyclopentane TLC and
Fig. 3 shows it for the n-pentane QLC without IHE. In addition, we
consider also the refrigerant R245ca. It exhibits a TLC, has for the
present case IV a rather low V4 but also the lowest £p of the PCF shown
in Table 5. We also want to mention that the maximum cycle
temperatures T3 of n-pentane, isopentane, and R245ca are close to
their critical temperatures. For cyclopentane, however, T3 is now 43 K
lower than T.. Hence, for case IV cyclopentane may be more inter-
esting as working fluid for PFC than water.

Let us now compare the PFC-systems with the water CRC and
the n-butane ORC. The water CRC shows again a small £p and
a slightly larger V, than the water TLC. Considering the n-butane
ORC it is seen that its £p amounts to 88% to that of the water TLC and
92% to that of the cyclopentane TLC. On the other hand, the volume
flow rate V4 of the n-butane ORC is the lowest in case IV.

55. Case V: Ts =150 °C, T; = 15 °C

Because of the trends in cases I to IV we present for case V in
Table 6 PFC for water, toluene, MM, several alkanes, and R245ca and
the ORC for propane. First, the Table shows that now all PFC-
systems are of TLC type. Then we see that the water TLC has
again the highest £p amounting 0.477 which is followed closely by
the £p for toluene and MM. But for these three working fluids the
volume flow rates V, are rather high with the smallest value for
MM which has the lowest T..

Next, we consider the TLC for the alkanes and R245ca. We see
that the £p values decrease from 0.457 for cyclopentane to 0.426 for
n-butane and also that the V, decrease from 10,378 /s for cyclo-
pentane to 2710 I/s for n-butane. As for cyclopentane £p amounts to
96% of the water £p and its V4 is only 15% of the value for water,
cyclopentane may for case V again be a more interesting working
fluid for PFC than water.

Considering finally the propane ORC it is seen that its &p
amounts to only 81% to that of the cylopentane TLC. On the other
hand, the volume flow rate V, for the ORC with propane is
substantially lower than for all TLC-systems.

6. Summary and conclusions

Model results were presented for PFC-systems including the
heat transfer to and from the cycles with aromates, siloxanes, and
alkanes as working fluids. Five cases were studied which are
characterized by different pairs of heat carrier and cooling agent
inlet temperatures. The optimization criterion is the exergy effi-
ciency for power production. Comparisons with previous results for
water TLC and ORC as well as with new results for water CRC were
made. For an assessment of the considered heat engines the most
important quantities are the exergetic efficiency for power
production £p and the volume flow rate at the outlet of the
expander V, which determines the sizing of the system.

It was found that the TLC-systems with water have the highest
or nearly highest power production efficiencies £p among all
systems considered. Whilst the volume flow rates V4 for water TLC
are for the higher temperature intervals small to midsize, they
become for the low temperature cases extremely large. For the low
temperature cases IV and V we found that the TLC with cyclo-
pentane are the best. It has a critical temperature T, being only 79%
of T, of water and a very low IOS of 0.059. Whilst in cases IV and V
the efficiencies &p for the cyclopentane TLC amount to 95% and 96%
of the water TLC values, the volume flow rates V, for the cyclo-
pentane TLC are only 15% of those for the water TLC.

For cases Il and III the cyclopentane PFC gave also very good
results for the efficiencies £p and the volume flow rates V4. The
problem with the optimized results presented here is the
maximum cycle temperature T3 = 510 K. This is rather close to
the critical temperature of cyclopentane being T, = 512 K which
may cause problems in a real process. There are, however, indi-
cations that £p as function of T3 has a flat maximum which would
allow to go to smaller values of T3 without significant loss in
efficiency.

Finally it is worth to mention that Smith [44] had also suggested
to use in trilateral cycles mixtures as working fluids for which
thermodynamic data can be calculated again with BACKONE
[57,74]. Mixtures have the advantages that their critical tempera-
ture can be continuously varied with the composition and that the
temperature glide during condensation better matches to the
temperature profile of the cooling agent.
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