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A B S T R A C T   

In contrast to water-steam Rankine cycles, the ORC process uses organic working fluids. For working fluids of the 
dry class, a recuperator heat exchanger is frequently installed to increase the cycle efficiency. This paper analyses 
an improved ORC process with these features: A liquid working fluid stream is injected into the vapour flow 
between the high-pressure and the medium-pressure stage of the turbine. Furthermore, the recuperator is 
replaced by a spray condenser. The main objective is to increase efficiency with moderate changes in the process 
layout. A thermodynamic comparison of the improved process with a state-of-the-art ORC process is carried out 
by simulations and optimisations. A significant efficiency gain for the improved ORC process is obtained by a 
combination of the aforementioned features, mainly because of an increase of the mass flow in the economiser of 
the vapour generator (better heat utilization) and a corresponding mass flow in the medium stage of the turbine 
(additional power production). As a use case, waste heat utilization from a clinker cooler at a temperature level 
of 275 ◦C was simulated. The improved process would lead to a significant increase in the overall net efficiency 
by up to 14%, compared to a state-of-the-art ORC process.   

1. Introduction 

1.1. ORC processes 

Electricity generation from low-temperature heat, such as waste 
heat, represents a significant contribution to fossil fuel substitution and 
a reduction in the CO2 intensity of energy supply. Around 50% of global 
energy consumption is expected to end up as waste heat by 2030 [1]. 
Economically viable waste heat utilization will thus play a substantial 
position in the energy transition. A number of studies estimate a high 
potential of useable waste heat [2–4]. 

One of the most promising options for the conversion of waste heat to 
electricity is the Organic Rankine Cycle (ORC) process. In Europe, the 
waste heat suitable for conversion by ORC plants is estimated to be 
around 20 TWh, which corresponds to CO2 emissions savings of around 

7.6 million tonnes [5]. Besides industrial waste heat utilization, ORC 
processes are also used for electricity generation in the fields of 
geothermal energy, biomass, or solar thermal energy. The annual 
installed capacity of ORC plants has steadily increased over the last 15 
years. At the end of 2016, 1754 plants with a total installed capacity of 
around 2.70 GW were installed worldwide [6]. By 2020, the cumulated 
global installed capacity had increased to 4.07 GW, with geothermal 
applications achieving the highest cumulative capacity growth (+970 
MW, +45%) from 2016 to 2020, whereas waste heat recovery applica
tions achieved the highest growth in terms of installed units (+628 
plants, +207%) [7]. 

Suggestions for improving this technology are expected to require 
more complex and sophisticated power plant cycles [8]. However, to 
expand the useable potential of low-temperature heat, the market also 
requires, among other things, an entry-level technology, cost efficiency, 
acceptance by operators and an ability to utilize low-exergy sources [9]. 
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The ORC technology can be adapted to different heat sources by 
matching an appropriate working fluid to the source’s temperature. This 
results in a wide range of applications, with a minimum source tem
perature of approximately 80 ◦C. Output power ranges from small plants 
with an electrical output of a few kW to power plants in the double-digit 
MW range [10–13]. 

The subcritical ORC process is well established in electricity gener
ation from waste heat and also in geothermal plants [14]. More recent 
ORC technologies propose the following efficiency-enhancing 
developments:  

• Selection of the process fluid: 
o selection procedures [15,16]. 
o zeotropic fluid mixtures [17,18].  

• Process design: 
o dual-pressure processes [19,20]. 
o dual-loop processes [21–23]. 
o novel ORC architectures for waste heat recovery [8]. 
o trans- and supercritical process design [24–26].  

• Optimisation of the process components [27,28] and the use of novel 
process components [8,29].  

• Advanced control strategies [30–33]. 

Comparative studies regarding zeotropic fluid mixtures show partly 
lower, partly moderately higher (up to 1.6%) net efficiencies [34–36]. 
However, this efficiency improvement is often associated with a need for 
a larger heat transfer area [37] and thus increased costs [38]. Adjusting 
the concentration during operation, for example to the outside 

temperature, can noticeably improve the average annual efficiency [39, 
40]. Zeotropic mixtures also complicate requirements for the vapour 
generator and condenser heat exchanger. 

In two-stage processes, which can also lead to an increase in effi
ciency, vapour generation takes place at two different temperature 
levels [41–43]. The supercritical process shows efficiency advantages 
for heat sources with temperatures above 300 ◦C [44]. Suitable working 
fluids (e.g. R1233zd) improve the cycle efficiency [45]. 

Literature estimates of the (relative) efficiency gains achievable by 
the measures mentioned above do not exceed 15%, compared to the 
conventional subcritical ORC process. However, each of these measures 
requires additional design development or additional modifications to 
the plant design as a whole. 

1.2. Improved ORC process design 

The improved cycle aims at a relative increase of the overall effi
ciency beyond 10%, using common components. Unconventional ways 
of removing condensation heat and of extracting useful heat are central 
features of the proposed thermodynamic cycle. Nevertheless, well- 
known process steps (e.g., desuperheating by means of liquid injec
tion) are used. The basic idea of the invention can be applied to a wide 
variety of designs, from highly efficient to cost-optimised, multi-purpose 
systems, with a wide range of power generated. 

The improved ORC process design (Fig. 1, right) is characterized by 
preheated working fluid being injected into the vapour flow between the 
high-pressure and medium-pressure stage of the turbine at the MI MP 
(mixing chamber, medium pressure) stage. In a further step, mixing 
takes place also after the medium pressure MI LP (mixing chamber, low 
pressure (exhaust vapour)) stage of the turbine, before the condenser. 
This renders unnecessary the recuperator heat exchanger that is usually 
part of a state-of-the art ORC process (component R in Fig. 1, left). 
Furthermore, the mass flow of the working fluid increases in the pre
heater and in the medium pressure stage of the turbine, which leads to a 
higher energy output and an increase of the overall cycle efficiency. 

The additional requirements, relative to a common ORC, are:  

a. The use of a turbine with two casings (similar to a steam reheat 
turbine)  

b. The introduction of desuperheating at the intermediate pressure 
level to increase efficiency (spray desuperheating is a widely used 
component in steam power plants to control temperatures)  

c. The additional introduction of desuperheating at the low-pressure 
level, before condensation, to enhance heat transfer at the condenser  

d. The provision of a preheater with a somewhat larger heat transfer 
surface 

Nomenclature 

η efficiency (%) 
g acceleration of gravity (m/s2) 
h enthalpy (kJ/kg) 
ṁ mass flow (kg/s) 
P electrical power (kW) 
p pressure (bar) 
Q̇ thermal power (kW) 
v velocity (m/s) 
W mechanical power (kW) 
s entropy (kJ/kgK) 
T temperature (◦C) 
x vapour quality (− ) 
z geodetic altitude (m)  

Fig. 1. Flow diagram of a state-of-the-art ORC process (left), and of the improved ORC process (right), both applied to waste heat recovery from exhaust air from a 
clinker cooler. 

J. Krail et al.                                                                                                                                                                                                                                     



Energy 266 (2023) 126352

3

e. The optional replacement of the shell and tube condenser by a spray 
condenser (an occasionally used technology in steam power plants 
with a dry cooling tower system), combining desuperheating and 
condensation in one component. 

Point a. appears to be the largest requirement; on the other hand, a 
turbine with two casings paves the way to combined heat and power 
generation in waste heat recovery. Also on the positive side, the use of 
condenser-side options may lead to a process simplification. 

A patent application has been filed for this improved process design, 
and a national (Austrian) patent [46] has already been granted; the in
ternational patent application [47] is pending. 

To illustrate the thermodynamic advantages of the improved ORC 
process design, Fig. 2 compares the T-s diagram of the two ORC pro
cesses for the working fluid n-pentane. 

Dry class working fluids are characterised by a superheated exhaust 
vapour state after expansion (Fig. 2 (left) – state point 6; Fig. 2 (right) – 
state point 6, 8). This has the advantage that the vapour does not have to 
be superheated before entering the turbine, which is particularly rele
vant for low-temperature processes. However, this overheating of the 
exhaust vapour at the turbine outlet has thermodynamic disadvantages, 
which are partly compensated by a recuperator heat exchanger in state- 
of-the-art processes (Fig. 1 (left) – component R; Fig. 2 (left) – state 
points 6–7 → 2–3). 

In the improved ORC process the superheating of the turbine exhaust 
vapour is reduced by adding working fluid after the high-pressure stage 
of the turbine (Fig. 1 (right) – component MI MP; Fig. 2 (right) – state 
points 6 + 3a → 7). This is carried out until the state of the vapour 
entering the medium pressure stage of the turbine is on the saturated 
vapour line (Fig. 2 (right) – state point 7). This increases the mass flow 

through the medium-pressure stage of the turbine (TU MP), resulting in 
a higher turbine power output. Furthermore, working fluid is again 
added after the turbine’s medium pressure stage in the form of a spray 
condenser (Fig. 1 (right) – component MI LP; Fig. 2 (right) – state points 
8 + 12 → 9), which avoids the need for a recuperator in the improved 
ORC process. The absence of the recuperator’s pressure loss allows 
expansion to a lower exhaust vapour pressure level (Fig. 2 (right) – state 
point 8), compared to the state-of-the-art ORC process (Fig. 2 (left) – 
state point 6). This leads to a higher enthalpy gradient at the turbine 
stages, which increases the turbine power output. For simplicity, the 
improved ORC process is shown in Fig. 2 with only one mixing step (3a) 
and without a condensate cooler (CC). 

2. Materials and methods 

2.1. Energy balance and process efficiency 

The thermodynamic simulation of both investigated ORC processes 
was based on mass and energy balances for steady state flow processes, 
according to Eqs. (1) and (2), according to Ref. [48]. The index “IN” 
stands for the mass and energy flows entering the system and the index 
“OUT” for the energy and mass flows leaving the system, the index “I” 
stands for the cross-sectional mean values of the state values of the fluid 
in the inlet cross section and the index “O” stands for the cross-sectional 
mean values of the state values of the fluid in the outlet cross section. In 
the calculations carried out, the velocity momentum and the geodetic 
altitude were neglected, so that the equation can be simplified according 
to Eq. (3). In the following calculations, heat losses are neglected for all 
components (units and pipes). The pressure drop was calculated for heat 
exchangers, but assumed to be zero for pipes. 

Fig. 2. T-s Diagram of the state-of-the-art ORC process (left) and the improved ORC process (right).  

Fig. 3. Energy balance and efficiency coefficients.  
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ṁI

(

h +
w2

2
+ g z

)

I
(2)  

Q̇+ P =
∑

OUT
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The process evaluation was carried out on the basis of efficiency 
coefficients (Fig. 3). In addition to the overall net efficiency ηNET, the 
individual efficiency coefficients of the vapour generator ηB and the 
thermodynamic cycle ηC were also calculated. 

The efficiency of the thermo oil boiler ηB was calculated according to 
Eq. (4). Since waste heat is assumed as the heat source for the investi
gated processes, the thermal power input into the vapour generator 
Q̇HS− REF was assigned reference conditions (THS,REF = 25 ◦C, pHS,REF =

1.013 bar) that are commonly used in power plant engineering. The 
output is defined as the thermal power transferred to the cycle Q̇B− VG, 
with heat losses neglected for the vapour generator and for all heat 
exchangers and pipes. 

ηB =
Q̇B− VG

Q̇HS− REF
=

ṁWF(hVG− TU − hPU− VG)

ṁHS
(
hHS,IN − hHS,REF

) (4) 

The cycle efficiency ηC describes the internal energy conversion of 
the process without taking into account the utilization of the available 
heat source. For the calculation of cycle efficiency, the output of the 
expansion machine ẆTU− G minus the power for the pump operation 
ẆM− PU was considered as the useful power Eq. (5). The input power is 

the thermal power of the vapour generator Q̇B− VG. 

ηC =
ẆTU− G − ẆM− PU

Q̇B− VG
=

ṁWF(hVG− TU − hTU− C) − ṁWF(hPU− VG − hCO− PU)

ṁWF(hVG− TU − hPU− VG)

(5) 

Although the use case investigated here is a process where the heat 
source is available as waste heat, it is appropriate for economic reasons 
to consider the overall net efficiency ηNET as the most relevant criterion 
for the process comparison with a conventional state-of-the-art ORC 
process. It relates the net electrical output of the process PEL,G −

∑
PEL,A 

to the amount of waste heat based on the reference conditions Q̇HS− REF 

and represents the “yield” of electrical power from an existing/available 
waste heat source (Eq. (6)). For the net electrical output of the process, 
all outputs for operating auxiliary units 

∑
PEL,A were subtracted from 

the electrical output of the generator PEL,G. The auxiliary units were the 
pump for the working fluid, the thermal oil pump, as well as the elec
trical power for the fan of the air condenser and the electrical power for 
the waste heat fan for covering the pressure loss of the thermo oil boiler. 

ηNET =
PEL,G −

∑
PEL,A

Q̇HS− REF
=

PEL,G −
∑

PEL,A

ṁHS
(
hHS,IN − hHS,REF

) (6)  

2.2. Process simulation 

The simulation of the processes was carried out with the commercial 
software IPSEpro [49]. Fig. 4 describes the steps involved. In the model 
library, the individual units that are used to design the process are 
described with thermodynamic mass and energy balance equations. The 
IPSEpro library for low-temperature processes “LTP-Lib - 

Fig. 4. Structure of the process simulation in IPSEpro.  

Fig. 5. Design of an ORC waste heat recovery process in a cement production plant by using exhaust air from the clinker cooler (based in part on [58]).  
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Low-Temperature Processes” [50] was used as model library. Further
more, the thermodynamic fluid properties are also calculated in the 
model library. The database used for calculation is the “RefProp” data
base [51]. 

IPSEpro “PSE - Process Simulation Environment” [52] offers a visual 
programming interface for the modelling, simulation and optimisation 
of thermodynamic cycles. The IPSEpro equation solver, which is part of 
the simulation environment, is based on a Newton-Raphson algorithm 
[53]. The optimisation module “PSOptimize” [54] allows process 
multivariate optimisation. Free equations can be used to define addi
tional variables, e.g. for the calculation of efficiency coefficients. By 
means of the additional module “PSXLink” [55], parameter variations 
can be carried out in Excel. 

In the simulation model, the processes to be analysed are designed 
based on units available in the model library, and then appropriate 
boundary conditions are added. 

The simulation result delivers the results of the parameter variation 
and the process optimisation based on process-specific indicators, such 
as efficiency factors. Furthermore, simulation results can be displayed as 
diagrams (e.g. T-s diagram). 

2.3. Comparison of the improved ORC process with the state-of-the-art 
ORC process 

To compare the two ORC processes under investigation, a waste heat 
recovery process in a cement production plant was taken as a use case 
(Fig. 5). In this use case, the exhaust air from the clinker cooler is utilised 
for electricity production. The use case is based on a real plant, which is 
documented in reports by Heidelberger Cement AG [56] and defined by 
the German Environment Agency [57] as Best Available Technique in 
the Cement, Lime and Magnesium Oxide Industry. 

After the exhaust air leaves the clinker cooler at a temperature of 
275 ◦C, it is led to the thermo oil boiler, where the heat of the exhaust air 
is transferred to the thermo oil cycle. The thermo oil cycle is interposed 
in the ORC process for safety reasons. The exhaust air exits the thermo 
oil boiler at a lower temperature level and is transported by means of an 
induced draught fan to downstream filters (not shown in the illustra
tion). The thermo oil cycle transports the heat to the vapour generator, 
where it preheats and evaporates the working fluid to the saturation line 
in a counter current flow arrangement. Afterwards, in a downstream 
ORC process, the thermal energy is converted into mechanical energy 
and subsequently into electrical energy. 

The suitability and advantages of the improved ORC technology 
depend on boundary conditions and parameters that are specific for 
each project, process, and plant. First, there is the selection of the 
working fluid. As already mentioned, the thermodynamic advantages 
are predicated on organic working fluids of the dry class, but even 
within this class, the entropy reductions at the saturated vapour line 
during expansion can vary. Another determining factor is the waste heat 
source itself, with its yield and temperature. Current research is not 
known to allow generally valid and quantifiable statements about the 
thermodynamic advantages with a wide range of parameters and 
parameter combinations. Therefore, the following comparison is based 
on an operational and comprehensively documented, state-of-the-art 
ORC plant for electricity generation from hot air from the clinker 
cooler of a cement factory [56,57]. The improved ORC process is 
designed for this same application. 

In order to ensure an equal comparison between the two ORC process 
designs, the same boundary conditions were set (Table 1). The simula
tions presented here refer to an input waste heat stream at 275 ◦C and a 
thermal power input of 14 MW, based on reference conditions. n- 
pentane is used as the working fluid in the state-of-the-art process, and 
so it was also chosen for the improved design. The isentropic efficiency 
of the turbine was calculated on the basis of design data from Hei
delberger Cement AG [56] and subsequently assumed to be 74.5% for 
both comparative processes in the respective turbine stages. On the heat 
sink side, an ambient temperature of 11 ◦C was assumed in each case. 
The thermodynamic comparability of the heat exchangers was ensured 
by assuming the same minimum temperature difference between the hot 
and cold fluid of the heat exchanger. Since the recuperator is no longer 
required in the improved process, the turbine can expand to a lower 
condensation pressure by omitting the pressure drop of the recuperator. 

Parameter studies were carried out for the two processes, whereby 
both processes were investigated with a focus on maximising the overall 
net efficiency ηNET, using the IpsePro optimisation algorithm PSOpti
mize. While the process-external boundary conditions were kept con
stant (see Table 1), the vapour pressure entering the high-pressure stage 
of the turbine (Figs. 1 and 2 – state point 5) was varied. In the case of the 
improved process, for each pressure variation of the vapour pressure 
entering the high-pressure stage of the turbine, the pressure level of the 
intermediate pressure (Fig. 1 (right) and Fig. 2 (right) – state point 7) 
was also optimised with a focus on maximising the net overall efficiency 
ηNET. In both cases, the pressure variation of the vapour was carried out 
in the subcritical pressure range of the working fluid n-pentane. Based 
on these simulations, an optimum vapour pressure was calculated for 
each individual process in order to reach a maximum overall net- 
efficiency. 

Table 1 
Boundary conditions.   

State-of-the-art 
ORC processa 

Improved ORC 
process 

Unit 

Waste heat input (hot air from clinker cooler) 
Waste heat input – temperature 

THS,IN 

275 275 ◦C 

Waste heat input – mass flow ṁHS 55 55 kg/ 
s 

Waste heat input – thermal 
power Q̇HS− REF

b 
14,000 14,000 kW 

ORC process 
Working fluid n-Pentane n-Pentane  
Thermo oil boiler – min. temp. 

difference ΔTTOB,MIN 

37.9 37.9 K 

Vapour generator – min. temp. 
difference ΔTVG,MIN 

14.0 14.0 K 

Recuperator – min. temp. 
difference ΔTR,MIN 

28.9 – K 

Generator – electric efficiency 
ηEL,G 

98.0 98.0 % 

Generator – mechanic efficiency 
ηM,G 

97.0 97.0 % 

Motor – electric efficiency ηEL,MO 95.0 95.0 % 
Motor – mechanic efficiency ηM, 

MO 

97.0 97.0 % 

Pump – isentropic efficiency ηIS, 

PU 

78.5 78.5 % 

Pump – mechanic efficiency ηM, 

PU 

97.0 97.0 % 

Turbine – isentropic efficiency 
ηIS,TU

c 
74.5 74.5 % 

Turbine – mechanic efficiency 
ηM,TU 

98.0 98.0 % 

Turbine – exhaust vapour 
pressure pTU,OUT

d 
1.03 0.98 bar 

Condenser (cooling medium ambient air) 
Condenser inlet – temperature 

TCO,IN 

11 11 ◦C 

Condenser outlet – temperature 
TCO,OUT 

33 33 ◦C  

a State-of-the-art ORC process, boundary conditions based on Heidelberger 
Cement AG [56] and Umweltbundesamt [57]. 

b Based on reference conditions THS,REF = 25 ◦C and pHS,REF = 1.013 bar. 
c The isentropic efficiency applies to both stages of the turbine. 
d The lack of a recuperator-caused pressure loss in the improved process 

causes a lower exhaust vapour pressure at the turbine outlet. 
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3. Results 

To better explain the simulation results, the influence of the optimal 
vapour pressure on the cycle efficiency ηC and the boiler efficiency ηB is 
first considered separately. The influence on the net overall efficiency 
ηNET is then summarised in a separate chapter. 

3.1. Cycle efficiency 

An increase in live steam pressure and temperature is cited in the 
thermodynamics literature for water-steam Rankine cycles as a possible 
measure for increasing the cycle efficiency [48,59,60]. The increase of 
the live steam temperature is technically limited due to the temperature 
level of the heat source and the temperature durability of the boiler 
materials. 

As an intermediate result of the comparative simulations, Fig. 6 
shows the cycle efficiencies according to Eq. (4) of the state-of-the-art 
ORC process and of the improved ORC process, both as a function of 
the vapour pressure. As in conventional water-steam Rankine cycles, the 
cycle efficiency of the state-of-the-art ORC process increases with rising 
vapour pressure. At the same time, the degree of superheating of the 
exhaust vapour at the turbine outlet increases with increasing vapour 
pressure, which has a negative effect on the cycle efficiency. At pressures 
above appr. 30 bar, this negative influence of the increased superheating 
in the turbine exhaust vapour outweighs the increase in efficiency due to 
the increased live vapour pressure. As a result, the cycle efficiency of the 
process decreases in this pressure range. The maximum cycle efficiency 
of the state-of-the-art process is 17.4%, which is reached at a vapour 
pressure of 30 bar. The relative increase in cycle efficiency in the pres
sure range investigated is 24.6%rel for the state-of-the-art ORC process. 

The improved ORC process shows a similar trend. In the comparison 
between the two cycles investigated, however, the cycle efficiency in
creases only moderately with increasing vapour pressure and reaches its 
maximum at the maximum vapour pressure of 32 bar, close to the 
critical pressure, at 15.23%. The percentage increase in cycle efficiency 
in the pressure range investigated is 14.5%rel for the improved ORC 
process. If cycle efficiency is used as the only criterion for process 
evaluation, it becomes evident that at optimum vapour pressure the 
state-of-the-art process shows a 14.2%rel higher cycle efficiency than the 
improved ORC process. 

However, further considerations of the boiler efficiency and the 
resulting overall net efficiency show that cycle efficiency is not suffi
ciently meaningful as a decision criterion, as will be explained in the 
following sections. The available power yield from a given heat sources 
is better described by the overall net efficiency given in Eq. (6). 

3.2. Boiler efficiency 

The boiler efficiency (calculated with Eq. (4)) of the two processes 
reacts in a fundamentally different way to a variation of the vapour 
pressure (Fig. 7). In the case of the improved ORC process, the boiler 
efficiency is significantly higher than that of the state-of-the-art process 
over the entire range of the vapour pressure. While boiler efficiency 
decreases significantly with increasing vapour pressure in the state-of- 
the-art process, it remains almost constant in the improved ORC process. 

The decrease of the boiler efficiency with increasing vapour pressor 
at the turbine inlet at the state-of-the-art ORC process is based on two 
effects. First, a higher vapour pressure leads to a higher outlet temper
ature because the pinch point in the vapour generator is located at the 
end of the preheater and at the beginning of the evaporator. As a second 
effect, a higher vapour pressure leads to a higher superheating of the 
process fluid at the turbine exhaust, which means that the recuperator 
transfers a higher load of thermal power which increases the tempera
ture of the process medium at the boiler feed. With the state-of-the-art 
ORC process, the maximum boiler efficiency of 68.21% is thus 
reached at a vapour pressure of 12 bar. With increasing vapour pressure, 
this drops by 26.3%rel to 53.99% at a pressure of 29 bar. 

With the improved process the boiler efficiency curve is based on the 
following system behaviour. The boiler efficiency of the improved pro
cess is inherently higher because the degree of superheating of the 
process fluid is lower due to desuperheating by fluid injection and 
simultaneously the mass flow rate of the process fluid in the preheater is 
increased. The pressure dependency of the boiler efficiency is low, as the 
degree of superheating is lower compared to the state-of the-art process, 
since the desuperheating is carried out on the medium pressure stage. 
The resulting maximum boiler efficiency for the improved ORC process 
is 75.25% at a vapour pressure of 13 bar. As the vapour pressure in
creases, the boiler efficiency decreases slightly, by 2.4%rel to 73.51% at a 
pressure of 32 bar. The comparison of the maximum boiler efficiencies 
of the two processes leads to a relative difference of 10.3%rel in favour of 
the improved ORC process. 

In addition to its contribution to the overall net efficiency, the boiler 
efficiency has another significance, which is illustrated in Fig. 8 for the 
constant boundary conditions shown in Table 1. With constant inlet 
conditions of the waste heat source (top right), the heat source can be 
utilised much better in the improved ORC process, which is noticeable 
not only in the increased transferred heat but also in a significantly 
lower temperature of the thermo oil flow at the vapour generator outlet. 
As a result, the waste heat source at the outlet of the thermo oil boiler 
also has a significantly lower temperature (see Fig. 9). This aspect has a 
direct influence on the dimensioning of downstream aggregates such as 
fans or filter systems due to a lower volume flow of the cooled down 
exhaust air after the thermo oil boiler. In addition to a cost saving due to 

Fig. 6. Cycle efficiency of the state-of-the-art ORC process (dashed line) and 
the improved ORC process (solid line) as a function of the vapour pressure. 

Fig. 7. Boiler efficiency of the state-of-the-art ORC process (dashed line) and 
the improved ORC process (solid line) as a function of the vapour pressure. 
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the reduced size of these units, there is also an additional energy saving 
due to the reduction of the volume flow of the draught fan. 

3.3. Overall net efficiency 

The overall net efficiency (as defined in Eq. (6)) is based on the 
available energy of the heat source. The simulation results show that 
cycle efficiency increases with increasing vapour pressure entering the 
high-pressure stage of the turbine (Fig. 10), which is to be expected 
thermodynamically. As the vapour pressure increases, the boiler effi
ciency decreases due to an increase in the output temperature of the 
waste heat source from the boiler. This effect is much more evident in 

the state-of-the-art ORC process than in the improved ORC process. The 
final result shows that with the state-of-the-art ORC process the 
maximum overall net efficiency is reached at a vapour pressure entering 
the high-pressure stage of the turbine of p5 = 16.5 bar; the achieved 
overall net efficiency is ηNET = 8.05%. With the improved ORC process 
the maximum overall net efficiency exceeds the respective values of the 
state-of-the art ORC at any pressure: at a vapour pressure of p5 = 20 bar 
the relative increase of the overall net efficiency of the 11.4% is reached 
(Fig. 11). At the thermodynamically optimal vapour pressure of p5 = 32 
bar the improved ORC process reaches an overall net efficiency of ηNET 
= 9.17%, which means an increase of the overall net efficiency of 14% 
relative to the state-of-the-art ORC process. This increase in the overall 

Fig. 8. Heat exchanger diagram of the vapour generator under optimum conditions of the state-of-the-art ORC process (left, vapour pressure p5 = 16.5 bar) and the 
improved ORC process (right, vapour pressure p5 = 32 bar). 

Fig. 9. Heat exchanger diagram of the thermooil boiler under optimum conditions of the state-of-the-art ORC process (left, vapour pressure p5 = 16.5 bar) and the 
improved ORC process (right, vapour pressure p5 = 32 bar). 

Fig. 10. Parameter study of the state-of-the-art ORC process (left) and the improved ORC process (right): Boiler efficiency, cycle efficiency and overall net efficiency 
as a function of vapour pressure at the high-pressure stage of the turbine. The pair of values shown in both graphs denotes the optimisation result for the overall 
net efficiency. 
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net efficiency of the process is mainly determined by the ability of the 
improved ORC process to lower the return temperature of the heat 
source. 

The detailed simulation results of both variants are shown in Table 2. 
The results apply to the respective optimal vapour pressures for each 
process. In a realistic plant design, the vapour pressure is commonly 
chosen to be lower than the thermodynamically optimal pressure. 
Generally, the idea of the improved cycle favours the application of a 
higher pressure level on the working fluid side. 

4. Conclusions 

This study compares an improved ORC process with a state-of-the-art 

ORC process. The improved process calls for adaptations in the process 
design. A fluid flow is injected after the high-pressure stage of the tur
bine via a branch-off from the preheater of the vapour generator. This 
increases the mass flow through the preheater as well as the mass flow of 
the medium-pressure stage of the turbine. The recuperator, which is 
frequently used for dry class working fluids, can be omitted and is 
replaced by a spray condenser after the intermediate pressure stage of 
the turbine. Consequently, the condensation pressure decreases due to 
the elimination of the pressure drop of the recuperator and a higher 
enthalpy drop at the expansion turbine can be achieved. Although the 
cycle efficiency of the improved ORC process decreases slightly, the 
boiler efficiency increases significantly, and the heat source can be 
better utilised. Taken together, these effects lead to an increase in the 
overall net efficiency of up to 14% relative to the state-of-the-art ORC 
design, as determined at the optimal operating points of the respective 
process. 
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