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Abstract

The organic Rankine cycle is a promising way for the conversion of low temperature heat to electricity. Different
fluids can be used in Rankine cycles for the utilization of waste heat. The suitability of a certain fluid will depend
on its thermodynamic properties as well as on the conditions at which the heat is available, thus it is often unclear if
an organic fluid has any advantage compared to inorganic fluids like water. Various substances starting from the
refrigerants to high boiling organic liquids have been investigated as possible working fluids for the different
temperature ranges at which the waste heat is available. The present communication reports the results for three
different classes of substances: 1) a hydrocarbon (n-heptane); 2) two refrigerants 1.1.1.3.3-pentafluoropropane
(R245fa) and pentafluoro butane mixture (Solkatherm, SES36); and, 3) water in the intermediate temperature range
(473 to 773 K) where the exhaust gases of combustion engines may be used as energy source for cogeneration. In
this range it turns out that for many conditions, water and heptane are well suited working fluids for cogeneration
systems. In the present investigation, the attention was not laid on the cycle efficiency alone, but also on the total
exergy usage from an enthalpy stream (e.g. exhausts gas). This is taken into account while discussing the quality of
the process. The results for different thermodynamic parameters and the surface area of the heat exchanger have

been discussed. T — H diagrams were also used for judging the suitability of a fluid. It turns out that water is well
suited for many cases in the intermediate temperature regime.

Keywords: ORC; Rankine cycle; Thermal efficiency; T-H diagram,; Exergy loss, CHP.

1. Introduction

In the last years, the utilization of low grade heat
sources, such as exhaust gases of gas turbines, engines,
geothermal resources, the waste heat from industrial plants,
and the energy recovery from molten carbonate fuel cells is
becoming more and more important (Drescher &
Briiggemann, 2007; Hung, 2001; Hung, Shai, & Wang,
1997; Yamamoto, Furuhata, Arai & Mori, 2001; Angelino
& Colonna di Paliano, 2000a, 2000b). Energy recovered
from waste heat streams could supply a substantial part or
all of the electric power required by a plant, at no
additional cost (Mago & Chamra, 2008). Therefore, heat
recovery offers a great opportunity to conserve by
productively using the waste energy to reduce overall plant
energy consumption and simultaneously decrease CO,
emissions.

The organic Rankine cycle is a promising way for the
conversion of low and medium temperature heat to
electricity (Drescher & Briiggemann, 2007; Hung, 2001;
Hung, Shai, & Wang, 1997; Yamamoto, Furuhata, Arai &
Mori, 2001). There are a number of fluids which can be
used as the working medium. So the question is which fluid
is most suitable under the specified conditions. The
suitability of the fluid will depend on its thermodynamic
properties as well as on the conditions at which the heat is
available (Saleh, Koglbauer, Wendland & Fischer, 2007).
We are working on a long term program to investigate
various substances starting from the refrigerants to high
boiling organic liquids to suggest suitable working fluids

for the different temperature ranges at which the waste heat
is available:
a) 373Kto473 K, e.g. geothermal resources
b) 473 Kto 773 K, e.g. waste heat from
industries, exhaust from engines
c) above 773 K, e.g. biomass combustion.

A large amount of waste heat energy is released into the
environment from exhaust gases from turbines and engines
as well as from industrial plants. The geothermal resources
and solar energy also offer themselves as low grade heat
sources.

The present study assumes a constant exhaust gas
stream at 773 K as the exergy source which transfers heat
to the cycle, which is a reasonable temperature for (Diesel
generator) engine exhausts. In contrast to most previous
publications the combined generation of heat and power
(CHP) using organic Rankine cycles is studied in the
present work, meaning that the heat rejection of the cycle
shall be used for heating purposes. Such systems can e.g.
be used as the energy supply for hospitals. Thus, to be
useful for this purpose, a heating of the cooling water to
85°C was studied.

The organic Rankine cycle (ORC) offers a means to
recover at least a part of low grade heat. The recovery of
low grade waste heat is not only economical but also helps
to reduce the atmospheric pollution (emission of CO,, NO,,
CO and other pollutants). It can be applied to small systems
too. Some recent studies on the use of organic Rankine
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cycles for low grade heat recovery from various sources
can be found in (Drescher & Briiggemann, 2007; Hung,
2001; Hung, Shai, & Wang, 1997; Yamamoto, Furuhata,
Arai & Mori, 2001; Saleh, Koglbauer, Wendland &
Fischer, 2007). However, the best choice of the fluid and
the parameters for a given heat recovery problem remains
unresolved. Hydrocarbons such as pentane to dodecane,
aromatics, siloxanes and numerous refrigerants have been
investigated (Drescher & Briiggemann, 2007; Angelino &
Colonna di Paliano, 2000a, Saleh, Koglbauer, Wendland &
Fischer, 2007) in part also in comparison to water (Hung,
Shai, & Wang, 1997; Yamamoto, Furuhata, Arai & Mori,
2001). It was pointed out that all these fluids can be used
efficiently. However, no fluid could be recommended
which is thermodynamically suitable as well as
environmentally safe (Angelino & Colonna di Paliano,
2000a). For ORC with maximum temperatures of 250 °C
and 300 °C and pressures up to 5 MPa (Lai, Wendland &
Fischer, 2011) found cyclopentane to be the best fluid
under the conditions studied. In this paper the results for
representative substances viz., heptane, two refrigerants
(R245fa, CF;CH,CF,H and SES36, which is an azeotropic
mixture of CF;CH,CF,CH; and a perfluoro-polyether) and
water are presented for the case of waste heat availability at
773 K. Refrigerants like the latter two are marketed for
special applications, e.g. at low temperatures, but often it is
unclear whether they may also be useful in different
temperature ranges. Often small companies who made
good experiences with a certain fluid in previous
applications prefer to stick to this fluid also in different
temperature range applications. Such kind of questions
motivated us to select these two fluorinated refrigerants for
the present investigation.

Apart from the total efficiencies, the size of the heat
exchanger area is roughly estimated for each process, since
this is an important factor regarding the investment costs.
The cycles are studies for different evaporator pressures of
up to 16 bar, which is a reasonable value for single stage
turbines and also for safety reasons in small devices.

2. Method

The working principle of a Rankine cycle is well known
and can be found in any standard thermodynamic text
book. Using an organic fluid does not change anything in
principle. Only the shape of the saturation curve changes
depending on the fluid. However, the model used for the
calculations and the numbering of the different states is
shown in Figure 1 for a ready reference.

The related qualitative T-s diagram is also drawn in
Figure 2. An enthalpy stream of hot air, simulating an
exhaust gas, at a definite temperature is available from an
industrial process or an engine. Energy will be transferred
as heat to the working fluid of a Rankine cycle. The
Rankine cycle produces electricity and rejects the heat at a
lower temperature which can be used further for the
heating of cold water (W). The equations used for the
model process calculations are summarized below.

The working fluid which leaves the condenser as
saturated liquid at a lower pressure (state 5, p = Pcond) 1S
brought to a higher pressure (p = ppoier, State 0) with the
help of a pump.

The specific work of the pump is then

— v (pboiler — pz‘ond) (l)
MNp
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T Exhaustgas
1
2
4
05 Cold water
Water,in
T, 3
> §

Figure 2. The T-s diagram for the system shown in Figure
1.

where v is the specific volume of the pure saturated liquid
at state 5. Thus

hF,O = hF,S +wy, (2)

The subscript F refers to the fluid of the Rankine cycle
and the numbers refer to different states.

The working fluid receives energy from the hot gas
stream via a counter current heat exchanger and is
vaporized in three stages:

a) Heating of the working fluid up to boiling (state 0
— state 1)

b) Complete vaporization of the working fluid (state 1
— state 2)

¢) Superheating of the fluid (state 2 — state 3).

The energy balance across the heat exchanger gives:

mF : (hF,3 - hF,O) + mair : (hair,() - hair,S) =0 (3)

The heat exchanger may be thought to be made up of
three parts and in each part one of the above operations
takes place. So the first part, i.e. the heat transfer needed
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for raising the temperature of the working fluid to the
boiling temperature, can be written as:

Qadd,Ol =k, - 4y, .ATLMTD,()I =1y '(hﬁ,l - hF,O) 4)

The logarithmic mean temperature difference ATy vrp
is defined as:
AT, — AT,
ATLMTD,m =—2 l Q)
AT,
In( )
AT,

The pinch point for the heat exchanger (states: 0-3) restricts
the maximum mass flow rate in the cycle, while the pinch
point in the heat rejection from the cycle limits the
maximum cooling water flow rate.

The temperature of air in state 1 is written as
Ty =T+ s~ lo) ©

mair : Cp,air

Similar equations hold for the second and the third part
of the heat transfer.

The superheated vapour is then expanded in a turbine
(state 3—state 4) to the pressure of the condenser, peond:

Wiy =Ty * (hF,45 - hF,3) (7

The isobaric condensation of the vapour proceeds to the
state of saturated liquid (state 4 — state 5). The heat will be
transferred from the cycle to the cold water (Index: W)
running in the condenser.

Qrem = mF ' (hF,S - hF,4) = mw '(hW,4 - hW,S) (8)

Various parameters (e.g. the thermal efficiency of the
cycle numpr, the total efficiency Mo, the net power of the
process P, the exergy loss of the hot stream and the

T — H diagram for the process) are used to evaluate system
performance. The thermal efficiency of a Rankine cycle is
defined as

n _ |W50 + W34| _ |W50 + W34|
hORC = =
o3 (hF,s - hF,o)

This efficiency of the cycle does not take into account
the residual enthalpy which is lost with the exhaust at a
temperature  higher than the temperature of the
surroundings. The exhaust gas at the exit of the heat
exchanger cannot be cooled down to the temperature of the
surroundings due to the pinch point restriction and thus
contributes to the exergy loss.

A more realistic approach will be to consider this
enthalpy loss and define the thermal efficiency of the
complete process, Viz., M total

)

ity - (Wsg + Wa) + 1y, - WP,W|

(10)

77111 Jtotal =
- C

air p.air ( air,3 air,surr )

In order to make the comparisons easier, the mass flow
rate of the air was chosen such that the term in the
denominator gives 1000 kW, meaning the maximum
possible heat transfer to the cycle would correspond to this
value.

The net power delivered by the system is

(11)

B = |mF Wy + wyy) + iy, 'WP,W|
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(12)

If the air is cooled up to T, s the exergy loss rate will
be

EProcesx = mair ' [(hair,3 - hair,xurr) - T;urr ' (Sair,S - Sair,xurr )]

- R’let - mW : [(hWA - hW,.yurr) - I‘s‘urr : (SW,4 - SW,surr )]

This formula assumes that the air exhausted to the
atmosphere will be equilibrated with the surrounding
without further usage and that some exergy is finally
present in the fluid stream.

In addition to this, the surface area of the heat
exchanger required for the complete heat transfer is also
very important from the point of view of its cost. This may
be estimated using Eqn. (4) for the three parts of the heat
exchanger using typical values for the overall heat transfer
coefficient £.

Wopw =Vips DPpy [ Mpyy

(13)

Description of the model process. All properties were
taken from (Lemmon, Huber, & Mclinden, 2007; Solvay,
2009). The model process was described by the following
parameters:

Surroundings: Ty, = 298.15 K, pg,; = 101.3 kPa.

Gas Stream: Air, ideal gas [c, = 1.004 kJ/(kg K)]
entering at 773 K. The mass flow rate was constant at
2.097 kg/s resulting in a maximum possible heat flow rate
of 1000 kW. The exit temperature of the gas stream from
the heat exchanger was calculated according to a pinch
point analysis for the studied maximum temperature and
pressure of the cycle fluid, leading to gas exhaust
temperature Ty,

Heat Exchangers: adiabatic towards the surroundings,
isobaric heat transfer. Overall heat transfer coefficients, gas
to liquid: ki, = 40 W/(m® K) [also in 2-phase] and gas to
gas: ko, = 20 W/(m2 K). AT,inan=10 K was taken as the
temperature difference at the pinch point. Thus, the
temperature of the hot exhaust gas at the exit of the heat
exchanger is throughout higher than the ambient
temperature.

Condenser: The conditions for the cooling water were
TW,5 = 298.15 K, TW,4 = 358.15 K, and Mew = 0.7. The
cycle pressure in the condenser was chosen such that the
saturation temperature of the fluid was Tgg,=363.15K if
not mentioned otherwise.

The isentropic efficiencies of the turbine and pump
were both taken as 0.85.

The boiler pressure was varied between 3 and 16 bar.
The turbine entrance temperature Tg; was varied from the
saturation temperature of the investigated fluid up to the
maximum temperature calculated according to the pinch
point analysis. At higher pressures the design of the turbine
gets complex, and due to the flow velocities at the turbine
exit more than one stage is needed.

3. Results and Discussion

The parameters defined by Eqns. (9)-(11) and (13), and
the required surface areas for the heat exchanger were
calculated. The needed thermodynamic parameters, viz. the
enthalpies in different states were taken from (Lemmon,
Huber, & Mclinden, 2007; Solvay, 2009). Some
representative results of the calculations are summarized in
Table 1. This table also shows the exergy losses in different
process steps which will be analysed in the later part.
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Table 1: Temperature T,,.g, Temperature Tr; mass flow
rate of the working fluid m,, the volumetric flow rate at

turbine inlet Vs , the volumetric flow rate at turbine outlet
V4, total thermal efficiency Ny, i, turbine power Prypine
pump power Ppy,,, the net power P,,, the required surface
area of the heat exchanger A, exergy loss rate in boiler

E exergy loss rate in condenser E_

Conderser

, exergy loss

Boiler*

rate in turbine E

Turbine

, the exergy loss rate in the exhaust

and exergy loss rate for the complete process at 16

Exhaust

bar.
Water Heptane R245fa  SES36
T, (K) 433 373 373 373
T,,(K) 523 523 523 493
m, (kg | s) 0.282 1.299 2512 3.300
Vi(m?/s) 0.0400  0.0247  0.0475  0.0383
V,(m3/s) 0.0003”  0.6927  0.0812  0.1331
M ot 0.130 0.119 0.031  0.058
Prone BW) 1322 125.4 35.1 63.8
B (BW) 05 3.7 1.7 3.6
P (kW) 129.6 119.2 30.6 58.3
A(m*) 219.0 320.3 3003 322.1
E,,, (kW) 96.7 93.8 1494 1347
Eppios W) 5200 87.2 1245 109.4
E W) 191 14.3 3.7 72
Epp FW) 4938 17.1 17.1 17.1
Epp 6W) 2202 218.5 2993 2747

a) Water quality x = 0.908

It is observed from Table 1 that for water the
volumetric flow rate at the turbine outlet is much smaller
than those for the other fluids. The obvious reason is that
water exits the turbine not as a superheated vapour but as a
mixture of liquid and vapour (vapour quality x = 0.908).
The flow rate for heptanes is the highest followed by
SES36 and R245fa. The flow rates at the turbine inlet are
of the same order of magnitude.

In Figure 3 the total efficiency results for heptane are
shown as a function of pressure and turbine entrance
temperature. It is recognized that the efficiency drops with
maximum temperature. This is easily explained by the
shape of the T-s Diagram (not shown) which leads to
superheated vapour at the turbine exit and thus, to an
increased average temperature of heat rejection. This is not
balanced by the increased average temperature of heat
addition to the cycle. Therefore, for a given pressure the
state at the turbine entrance is best chosen as saturated
vapour for such a simple Rankine cycle. Regarding the
pressure, the highest possible is recommended, in the
present case this is restricted to 16 bar (due to safety
reasons and the possibility of using single stage turbine).
This leads to a maximum total thermal efficiency of
12.2%, while the thermal efficiency of the Rankine cycle is
14.8%. Most of the difference comes from the exhausting
of relatively hot air, thus, not all of the 1000 kW are
transferred due to the pinch point. The exergy losses drop
with increasing total efficiency, as seen in Table 1, thus
only total efficiencies are discussed in the following.
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Figure 3. The total thermal efficiency of the process for n-
heptane as a function of upper pressure level and the
turbine entrance temperature T ;.

The situation is similar for the other two organic fluids, but
less favourable. This is shown in Figure 4 where the results
for the four fluids are compared for the maximum pressure
of 16 bar, which leads throughout to the highest total
efficiency. The lowest efficiencies are found for the
refrigerant R245fa, while the efficiencies for SES36 is
slightly better, but far from those of heptane and water. It is
also noticed that with all the three organic liquids the
efficiency decreases with increasing temperature level and
is highest without superheating. Similar results were
reported in (Yamamoto, Furuhata, Arai & Mori, 2001).
Water as working fluid exhibits the highest ORC cycle
efficiency as well as the total process efficiency. This
increases with the increasing higher (boiler) pressure level
and with superheating.

0.225
0.200 F p =16 bar
> E
g 015 F [-ewater -=R245fa - SES36 ~—Heptane |
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o CF -
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Q E
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Temperature (K)

Figure 4. A comparison of the total thermal efficiency of
the process for various working fluids at 16 bar.

Examining the total process efficiency at lower
pressures (not shown), it is also noticed that the results for
heptane approach those for water. This is due to the fact
that the hot air stream may leave the heat exchanger at a
lower temperature for the organic liquids, because the
pinch point for most of the organic liquids is found to be at
state 0, at the outlet of the heat exchanger, whereas for
water it is near to state 1 and thus the exhausted air is at a
relatively high temperature, leading to a higher ‘heat loss’.
Depending on the case, 15-25% of the incoming enthalpy
remains unused and is exhausted, this is in part a
consequence of the usage of the cycle for cogeneration,
leading to relatively high condenser temperatures. This
becomes clear if one compares the T-s diagrams of various
working fluids. For water the highest total efficiency would
be 15.2%, while the thermal efficiency of the cycle is
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21.5%, the latter being misleading. Regarding the water
heating, it is clear from the energy balance, that the
remaining energy is split in the part which is used to heat
the water to the desired 358 K. Between 60 and 80% of the
initial enthalpy stream are used to heat the cooling water;
for heptane at 16 bar; without superheating the value is
71.7%. This means that for an enthalpy stream input of
1000 kW, 717 kW heating power at 85°C would be
available. This amount of heating power was regarded as
sufficient, so the main concern was the electrical power
output.

The process and its partial deficiencies are easiest
rationalized in T —H diagrams (Bejan, Tsatsaronis &
Moran, 1996) where not only the Rankine cycle, but also
the process lines for the air and the cooling water are
included. The temperature differences along the heat
transfer processes can easily be seen as a direct measure of
thermodynamic irreversibilities. One example is seen in
Figure 5 for heptane with superheating to 523 K. The
number 4 marked on the graph indicates the state at the
turbine exit.

800 |
750 | Heptane (p=16 bar, T;;=523.15 K)
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— 650 |
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555 f
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— 400 £
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250 E-

-1000 -800 -6 00 -200 0

00 . -4
HEW)
Figure 5 T- H diagram for n-heptane for superheating to

523.15 K at 16 bar. The condenser pressure is 71.2 kPa
(TF,sat:360K)'

The exergy losses would be minimized when the lines
along the heat transfer from and to the cycle fall on each
other. However, the distance between the upper dotted line,
which shows the temperature change of the heat source
(hot air) from high to low temperature, and the upper part
of the full curve showing the change of temperature of the
cycle fluid heptane from a sub-cooled liquid to a
superheated vapour increases with the temperature
difference between the hot and cold streams. It is easily
recognized that the mean temperatures of these two fluids
differ considerably, leading to large exergy losses in heat
transfer. This is also true for the heat transfer in the
condenser. The low dotted line shows the temperature
increase of the cooling water, while the distance to the full
curve is quite large. It is also recognized that the average
temperature of heat rejection from the cycle is considerably
above the saturation temperature, leading to reduced
efficiencies.

The situation is worse for the two other investigated
fluids; the 7 — H diagram for R245fa is shown in Figure
6. The distance between the heat source line and the cycle
gets extremely large leading to negligible thermal
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efficiencies and total efficiencies. It is also seen that the
effect of superheating is negative, because the average
temperature of heat rejection increases faster than the mean
temperature of heat addition to the cycle. The question
arises, why is the situation more favourable for water as the

cycle fluid? Inspecting the 7 — H diagram for water
(Figure 7) it is found that the main advantage, compared to
heptane, is not the heat addition to the cycle as the average
temperature in this part remains relatively low as long as
the pressure remains in the range around 16 bar. But the
temperature of heat rejection is much lower, leading to
slightly higher total efficiencies. Compared to R245fa, both
temperature levels are more favourable.

If we look into the exergy losses given in Table 1 for
various steps we find that the exergy losses in boiler and
condenser are the main exergy losses, both being smallest
for water. For R245fa and SES36 these are 50% (or more)
higher than those for water and heptanes. The exergy losses
in the condenser are mainly due to the relatively high
average temperatures of heat rejection of the working fluid.
This could be in part be improved using an internal heat
transfer to the fluid leaving the pump (discussed later in
this section). The exergy loss rate in the exhaust is higher
for water as a consequence of the higher exhaust
temperature which results due to the pinch point restriction.
The exergy loss rate for the complete process is small for
water and heptanes as compared to refrigerants R245fa and
SES36.

Further improvements of the organic Rankine cycles for
CHP were investigated. The pressure level in the condenser
can also be fixed after performing a pinch point analysis for
the condenser. This was not done in the initial calculations,
where the saturation pressure at a temperature of 90°C was
selected. This reduction of the condenser pressure helps to
reduce the average temperature of heat rejection and is
shown in Figure 8. The total efficiency for this case is
increased considerably from 11.9% to 15%. This efficiency
is even superior to water, where similar improvements by
changing the condenser conditions are not possible, since
the pinch point is already defined at the condenser
entrance.

A second well-known approach was also investigated,
which is the addition of an internal recuperator to use a part
of the enthalpy of the fluid leaving the turbine to preheat
the fluid exiting the pump.

800
250 R245fa (p=16 bar, T, ;=523.15 K)

Air,@_ .

300 L D
Water,in
250 B

-1000 -800 600 -400 -200 0
HEW

Figure 6. T- H diagram R245fa for a superheating at
523.15 K as a function of upper pressure level.
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Regarding the cycle and with the parameters given in
Table 1, including such a heat exchanger increases the total
efficiency for heptane as the cycle fluid to 14.3%, and the
thermal efficiency of the cycle would even be increased to
21.4%.

As mentioned earlier, one important cost factor for
these cycles is the heat exchanger. The estimated heat
exchanger area may be regarded as one important measure
of the relative investment costs. The values from Table 1
give some insight: The heat exchanger area for water is
throughout smaller by approximately 30% at 16 bar
compared to the organic fluids. In part this difference
comes from the different mass flow rates, originating from
the different enthalpy levels. At lower evaporator pressures
the difference is smaller, but these cases are less
interesting. Including an internal heat exchanger increases
the size by a further 15-20%, while the reduction of the
condenser pressure to the lowest possible value leads to an
increase of 10%.

In total the question arises whether the quite small
increase in thermal efficiency is worth choosing an organic
fluid as the working fluid. The advantages of water as a
cheap, harmless, non-ignitable and well-established fluid
may outweigh the small difference in total thermal
efficiency. Also the total size of the process would be
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considerably smaller, as seen from the mass flow rates and
heat exchanger areas.

If the needed amount of heating power is lower, another
approach is worth consideration: The condenser pressure
could be reduced to a reasonable minimum and the exhaust
gas temperature T, o could be increased. The exhausted air
at a higher temperature could be used for heating, while the
cooling water would no longer be useful for this purpose.
However, the reduction of the condenser temperature may
compensate for this. To investigate this possibility, a series
of calculations for an evaporator pressure of 16 bar, were
performed. The condenser pressure was chosen at the
saturation pressure of the given fluid at 323 K and the
exhaust gas temperature T,,o was increased and fixed to
175°C (448.15 K). The latter temperature leads to a
maximum heating power of 316 kW, compared to 600-800
kW in the initial approach. However, the total thermal
efficiency for water as a working fluid is increased to
values between 16.7% and 18.7%, depending on the exact
temperature. This approach is less effective for heptane, for
which the total efficiencies change to a value of 13%.

In summary several combined heat and power
generation processes to use exhaust gases from engines
seem promising.

4. Conclusions

Rankine cycles working with four different fluids were
investigated for their usage in combined heat and power
generation systems which utilize the waste enthalpy stream
of typical combustion engines. For this investigation a
fixed temperature level of 500°C was assumed. It turns out
that the total efficiency of energy conversion has to be
regarded and not only the efficiency of a given cycle,
mainly because the largest exergy losses come from the
heat transfer through relatively large temperature
differences to and from the cycle. Also the energy source is
not isothermal along the heat transfer. If this is neglected,
the fluid for the best cycle but not for the highest total
energy conversion efficiency will be chosen.

It seems that there is not a single simple criterion for the

selection of the best fluid. However the usage of T' -H
diagrams (Bejan, Tsatsaronis & Moran, 1996) is perhaps
the best and most intuitive way to judge the performance or
the weakness of a certain combination of a fluid and the
heat source and heat sink, as was also done in (Drescher &
Briiggemann, 2007; Saleh, Koglbauer, Wendland &
Fischer, 2007) but is not often found in the recent
publications about fluid selection for ORC’s. As it was
shown for the presented selection of fluids, water may be a
good choice for these conditions, even if the steam
generator pressure is not selected too high, so that a single
turbine stage is sufficient and also the process safety is
easier to be ensured. Under certain conditions the alkane
heptane leads to a higher total efficiency with the drawback
of larger heat exchanger areas and being more expensive
than water and flammable. The two fluorinated
hydrocarbons are not suited for the investigated
temperature range, where e.g. the exhaust of Diesel
generators may be used.

Other hydrocarbons or siloxanes may be even a better
choice than water or heptane. They will be investigated in
near future.
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Nomenclature:
A area (surface area for heat exchanger, m’
Cpair specific heat capacity of air, kl/(kg K)

Boiler exergy loss rate in boiler

Condenser

exergy loss rate in condenser

E oo exergy loss rate in exhaust

E s exergy loss rate in the complete process

Eruane exergy loss rate in turbine

" enthalpy stream, kW

Rgir.i specific enthalpy of air in state 7, kJ/kg

hEg; specific enthalpy of fluid in state i, kl/kg

ki heat transfer coefficient i— j, kJ/(m” K)

M mass flow rate of air, kg/s

Ity mass flow rate of fluid, kg/s

ORC organic Rankine cycle

P, net power delivered by the system

Pump power for the pump

Pbine power delivered by the turbine

DPhoiler pressure in state 0 (boiler), kPa

Deond pressure in state 5 (condenser), kPa

Quia heat transfer during state change /—2, kJ

q; specific heat transfer between state i and j, kJ/kg

sat saturated

surr surroundings

T temperature, K

Tiri temperature of air in state i, K

Tr; temperature of fluid in state i, K

T sar saturation temperature of fluid at condenser
pressure, K

Ty temperature of cold water in state i, K

v Volume flow rate at state i. m’/s

v specific volume of pure saturated liquid, m*/kg

wp specific work of the pump, kl/kg

Ws,0 specific work of the pump, kl/kg

Wp, specific work of the pump for cold water, kJ/kg

np efficiency of pump

new efficiency of cold water pump

NinORC thermal efficiency of ORC cycle

Nihtotal thermal efficiency of ORC cycle

ATivrpy; logarithmic  mean  temperature — difference
between state i and j, K

AT; difference between the temperature of air and
that of fluid in state i, K

AT,y difference between the temperature of hot air

and the fluid at pinch point
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