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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

There is significant interest in the deployment of organic Rankine cycle (ORC) technology for waste-heat recovery and power gen-
eration in industrial settings. This study considers ORC systems optimized for maximum power generation using a case study of
an exhaust flue-gas stream at a temperature of 380 ◦C as the heat source, covering over 35 working fluids and also considering the
option of featuring a recuperator. Systems based on transcritical cycles are found to deliver higher power outputs than subcritical
ones, with optimal evaporation pressures that are 4–5 times the critical pressures of refrigerants and light hydrocarbons, and 1–2
times those of siloxanes and heavy hydrocarbons. For maximum power production, a recuperator is necessary for ORC systems
with constraints imposed on their evaporation and condensation pressures. This includes, for example, limiting the minimum con-
densation pressure to atmospheric pressure to prevent sub-atmospheric operation of this component, as is the case when employing
heavy hydrocarbon and siloxane working fluids. For scenarios where such operating constraints are relaxed, the optimal cycles do
not feature a recuperator, with some systems showing more than three times the generated power than with this component, albeit
at higher investment costs.
c© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the IV International Seminar on ORC Power Systems.
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1. Introduction

The use of waste heat and of alternative sources of low- or medium-grade heat, such as geothermal or solar heat,
can play a key role in decreasing the current dependence and consumption rates of fossil fuels, increasing security
and decreasing emissions. Low- and medium-grade heat can be recovered to provide heating, or converted into useful
power such as electricity, or a combination of the two [1]. A number of technologies exist that are suitable for the
conversion of such lower-grade heat to useful power including the organic Rankine cycle (ORC), which employs dif-
ferent organic working fluids and their mixtures, such as hydrocarbons, refrigerants, or siloxanes [2–5]. A significant
effort has been placed on the development and improvement of ORC power systems in different applications including
waste-heat recovery, renewable heat (geothermal, biogas/biomass) conversion, and solar-thermal power [6–9].

The uptake of ORC technology is being handicapped by long payback periods. The power output of ORC systems
can however be enhanced by employing a recuperator, a heat exchanger used to preheat the working fluid before
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evaporation using recovered heat from the working fluid after expansion. This can reduce the amount of thermal
energy extracted from the heat-source stream, which increases the system’s thermal efficiency. Furthermore, this
decreases the heat-source stream’s temperature drop within the evaporator, and thereby may in some cases relax the
evaporator pinch limitations depending on where the pinch point is found inside this heat exchanger. This, in turn, may
allow the ORC system to operate with higher working-fluid flowrates (until the pinch conditions are re-established),
thus enabling a further increase in efficiency and power output, for the same heat-source conditions.

However, a number of questions remain unanswered regarding the introduction of a recuperator, which is an ad-
ditional component that leads inevitably to higher system complexity and cost. While its addition ensures an im-
provement in thermal efficiency, its effect on the optimal exergy efficiency and power output are still under discussion
[10,11]. The roles of the working fluid (dry, isentropic, wet) and cycle architecture (subcritical, transcritical) on the
decision to include a recuperator remain unexplored. For the cases where a recuperator may indeed be beneficial, the
effectiveness of the heat exchanger is also important, and the additional costs associated need to be considered.

In this work we explore the benefits and drawbacks of using recuperators in ORC systems with the aid of ther-
modynamic cycle analysis. The aforementioned working fluids and cycle architectures are optimized for maximum
net-power generation, with particular consideration given to the heat-source characteristics and the condenser bound-
ary conditions (cooling rates, exit temperatures). While cycles with no recuperation typically give higher exergy
efficiencies, there exist cases where a combination of factors (working fluids, boundary conditions) result in recuper-
ative cycles being optimal; we therefore extend our analysis to include the economic considerations of such cases.

2. ORC system models
2.1. External boundary conditions and working-fluid selection

In this paper, the heat source is a flue gas from an industrial cement kiln, with a flowrate of 185 kg/s at 380 ◦C. The
heat sink is taken as cooling water at 25 ◦C, with a maximum temperature increase of 30 ◦C. Over 35 pure working flu-
ids (see Table 1), spanning the classes of alkanes and their isomers, refrigerants, siloxanes and aromatic hydrocarbons
(benzene and toluene) are considered. These working fluids, chosen to span a wide range of critical temperatures and
in combination with the high heat-source temperature, are suitable for both subcritical and transcritical ORC systems.
They vary in degree of ‘dryness’ from the very dry siloxanes and heavy hydrocarbons to the wet refrigerants such
as R152a, and also including isentropic fluids such as R124 and R1234yf. The isentropic efficiencies of the pump
and expander are 85% and 75% respectively while the heat exchangers’ minimum temperature difference (∆Tmin) is
10 ◦C.

Table 1: Critical properties of selected ORC working fluids.

Working fluids’ class Working fluids Critical temperature (Tcrit, ◦C) Critical pressure (Pcrit, bar)

Light alkanes and alkene Propane, butane, isobutane, pen-
tane, hexane, isohexane, hep-
tane, propylene.

96.7, 152.0, 134.7, 196.6, 234.7,
224.6, 267, 91.1.

42.5, 38.0, 36.3, 33.7, 30.3, 30.4,
27.4, 45.6.

Refrigerants R113, R114, R115, R12, R123,
R1233zd, R1234yf, R1234ze,
R124, R125, R134a, R141b,
R142b, R143a, R152a, R218,
R227ea, R245fa, RC318.

214.1, 145.7, 80.0, 112.0, 183.7,
165.6, 94.7, 109.4, 122.3, 66.0,
101.1, 204.4, 137.1, 72.7, 113.3,
71.9, 101.8, 154, 115.2.

33.9, 32.6, 31.3, 41.4, 36.6, 35.7,
33.8, 36.3, 36.2, 36.2, 40.6, 42.1,
40.6, 37.6, 45.2, 26.4, 29.3, 36.5,
27.8.

Heavy alkanes, siloxanes, aro-
matics and water

Octane, nonane, decane, D4, D5,
MM, MDM, MD2M, benzene,
toluene, water

296.2, 321.4, 344.6, 313.3,
346.1, 245.5, 290.9, 326.3,
288.9, 318.6, 373.9.

25.0, 22.8, 21.0, 13.3, 11.6, 19.4,
14.2, 12.3, 49.1, 41.3, 220.6.

2.2. ORC thermodynamic model
The thermodynamic model of simple subcritical ORCs is well described in literature. This consists of an energy

balance across each component of the cycle. The model used here is also capable of analysing superheated and
recuperated ORC systems. In recuperated cycles, the recuperator is modelled based on the amount of heat recoverable
from the working fluid exiting the expander with a dimensionless parameter called the recuperative fraction (θrecup):

θrecup =
h4 − h4r

h4 − h(T2+∆Tmin, Pcond)
≈ T4 − T4r

T4 − (T2 + ∆Tmin)
. (1)

At θrecup = 0, the recuperative cycle reverts to the basic cycle with no recuperation, and when θrecup = 1, the maximum
possible amount of heat is exchanged between the working fluid exiting the expander and that exiting the pump.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.09.187&domain=pdf
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evaporation using recovered heat from the working fluid after expansion. This can reduce the amount of thermal
energy extracted from the heat-source stream, which increases the system’s thermal efficiency. Furthermore, this
decreases the heat-source stream’s temperature drop within the evaporator, and thereby may in some cases relax the
evaporator pinch limitations depending on where the pinch point is found inside this heat exchanger. This, in turn, may
allow the ORC system to operate with higher working-fluid flowrates (until the pinch conditions are re-established),
thus enabling a further increase in efficiency and power output, for the same heat-source conditions.

However, a number of questions remain unanswered regarding the introduction of a recuperator, which is an ad-
ditional component that leads inevitably to higher system complexity and cost. While its addition ensures an im-
provement in thermal efficiency, its effect on the optimal exergy efficiency and power output are still under discussion
[10,11]. The roles of the working fluid (dry, isentropic, wet) and cycle architecture (subcritical, transcritical) on the
decision to include a recuperator remain unexplored. For the cases where a recuperator may indeed be beneficial, the
effectiveness of the heat exchanger is also important, and the additional costs associated need to be considered.

In this work we explore the benefits and drawbacks of using recuperators in ORC systems with the aid of ther-
modynamic cycle analysis. The aforementioned working fluids and cycle architectures are optimized for maximum
net-power generation, with particular consideration given to the heat-source characteristics and the condenser bound-
ary conditions (cooling rates, exit temperatures). While cycles with no recuperation typically give higher exergy
efficiencies, there exist cases where a combination of factors (working fluids, boundary conditions) result in recuper-
ative cycles being optimal; we therefore extend our analysis to include the economic considerations of such cases.

2. ORC system models
2.1. External boundary conditions and working-fluid selection

In this paper, the heat source is a flue gas from an industrial cement kiln, with a flowrate of 185 kg/s at 380 ◦C. The
heat sink is taken as cooling water at 25 ◦C, with a maximum temperature increase of 30 ◦C. Over 35 pure working flu-
ids (see Table 1), spanning the classes of alkanes and their isomers, refrigerants, siloxanes and aromatic hydrocarbons
(benzene and toluene) are considered. These working fluids, chosen to span a wide range of critical temperatures and
in combination with the high heat-source temperature, are suitable for both subcritical and transcritical ORC systems.
They vary in degree of ‘dryness’ from the very dry siloxanes and heavy hydrocarbons to the wet refrigerants such
as R152a, and also including isentropic fluids such as R124 and R1234yf. The isentropic efficiencies of the pump
and expander are 85% and 75% respectively while the heat exchangers’ minimum temperature difference (∆Tmin) is
10 ◦C.

Table 1: Critical properties of selected ORC working fluids.

Working fluids’ class Working fluids Critical temperature (Tcrit, ◦C) Critical pressure (Pcrit, bar)

Light alkanes and alkene Propane, butane, isobutane, pen-
tane, hexane, isohexane, hep-
tane, propylene.

96.7, 152.0, 134.7, 196.6, 234.7,
224.6, 267, 91.1.

42.5, 38.0, 36.3, 33.7, 30.3, 30.4,
27.4, 45.6.

Refrigerants R113, R114, R115, R12, R123,
R1233zd, R1234yf, R1234ze,
R124, R125, R134a, R141b,
R142b, R143a, R152a, R218,
R227ea, R245fa, RC318.

214.1, 145.7, 80.0, 112.0, 183.7,
165.6, 94.7, 109.4, 122.3, 66.0,
101.1, 204.4, 137.1, 72.7, 113.3,
71.9, 101.8, 154, 115.2.

33.9, 32.6, 31.3, 41.4, 36.6, 35.7,
33.8, 36.3, 36.2, 36.2, 40.6, 42.1,
40.6, 37.6, 45.2, 26.4, 29.3, 36.5,
27.8.

Heavy alkanes, siloxanes, aro-
matics and water

Octane, nonane, decane, D4, D5,
MM, MDM, MD2M, benzene,
toluene, water

296.2, 321.4, 344.6, 313.3,
346.1, 245.5, 290.9, 326.3,
288.9, 318.6, 373.9.

25.0, 22.8, 21.0, 13.3, 11.6, 19.4,
14.2, 12.3, 49.1, 41.3, 220.6.

2.2. ORC thermodynamic model
The thermodynamic model of simple subcritical ORCs is well described in literature. This consists of an energy

balance across each component of the cycle. The model used here is also capable of analysing superheated and
recuperated ORC systems. In recuperated cycles, the recuperator is modelled based on the amount of heat recoverable
from the working fluid exiting the expander with a dimensionless parameter called the recuperative fraction (θrecup):

θrecup =
h4 − h4r

h4 − h(T2+∆Tmin, Pcond)
≈ T4 − T4r

T4 − (T2 + ∆Tmin)
. (1)

At θrecup = 0, the recuperative cycle reverts to the basic cycle with no recuperation, and when θrecup = 1, the maximum
possible amount of heat is exchanged between the working fluid exiting the expander and that exiting the pump.
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2.3. Optimization algorithm
An optimization algorithm in MATLAB is employed to find the maximum net-power output of the aforementioned

waste-heat recovery ORC systems, which necessitates an objective function and constraints to be defined:

maximize
Pevap , Pcond , θSH , θrecup , ṁwf

{Ẇnet = Ẇexp − Ẇpump} (2)

subject to: ∆Ti ≥ ∆Tmin (10 ◦C) ∀ i (3)

Tdew(Pcond) ≤ T4 (4)

0 ≤ θSH, θrecup ≤ 1 (5)

Pevap ≤ 0.95Pcrit or Pevap ≥ 1.05Pcrit (6)

Pcond ≥ 1 bar(a) . (7)

Eq. 3 is applied separately to each discretized segment of the evaporator, condenser and recuperator, ensuring
that the pinch conditions in these heat exchangers are satisfied. The temperature at the expander outlet, T4, has to
be higher than or equal to the dew point temperature at the condensation pressure (Eq. 4) in order to prevent liquid
droplet formation in the expander. In addition, both the degree of superheating and the recuperative fraction must be
between zero and unity (Eq. 5). In Eq. 6, a switch is established between the subcritical cycles, and the supercritical
vapour generation of transcritical cycles. The factors 0.95 and 1.05 are chosen arbitrarily to exclude the critical region
and to prevent numerical instabilities with the equation of state and the optimizer; factors of 0.90 and 1.12 have also
been used by other authors [12]. Finally, the (absolute) condensation pressure is constrained to be equal to or larger
than 1 bar (ambient pressure), see Eq. 7, to avoid sub-atmospheric pressures in the cycle and expensive solutions to
mitigate air ingress [7]. The effect of this constraint on the cycle design is also investigated in this work.

2.4. Component sizing and cost evaluation
For the purpose of comparing the cost implications and benefits of the derived system designs, the installation costs

are calculated using the earlier derived optimal solutions. The cost of the individual system components are calculated
based on their sizes, and summed together. This gives an indication of the installation cost (other engineering costs
not considered will be similar), which is weighted by the net power output to derive the specific investment cost (SIC).

The heat exchangers (shell and tube) are sized with their UA-values, and costed using the ‘C-value’ method and the
ESDU 92013 chart [13], where C is the ratio of the heat duty to the log-mean temperature difference. Heat exchangers
involving multiple working-fluid phases, such as the evaporator and condensed, are divided into distinct segments (of
constant heat capacity) and each segment is sized and costed accordingly. The pressure effects on the heat exchanger
costs are accounted for by multiplying the base costs with a pressure factor defined as [14]:

FP = 0.9803 + 0.018(P/100) + 0.0017(P/100)2, where P is in psig. (8)

The expanders are sized based on their power output and their costs are calculated for pressure discharge and vacuum
discharge units respectively as [14]:

Cexp = 672.2Ẇ0.81
exp and Cexp = 1509Ẇ0.81

exp . (9)

The centrifugal pump and accompanying motor are costed based on their head and power requirement as in Ref. [14].
All equipment costs are brought to 2016 figures using the CEPCI (500 for year 2006, 314 for 1982 for the C-value
method, and 556.8 for year 2016).

3. Results and discussion
We start by presenting and comparing the optimal net power output for the subcritical and transcritical ORC sys-

tems, with respect to their levels of recuperation. Finally, the effect of the condenser boundary condition is discussed.

3.1. Output from subcritical and transcritical cycles
Simulations were performed to investigate the effect of the evaporation pressure (Pevap) on the maximal net-power

output, Ẇnet, while employing the selected pure working-fluids from Table 1 in subcritical and transcritical ORCs.
These results are presented Fig. 1 (with the exception of a few refrigerants so as not to overload the figure), which
shows plots of the power output as a function of the reduced evaporation pressure (Pevap,r = Pevap/Pcrit). The subcritical
cycles (Pevap,r < 1) are those to the left of the vertical dotted lines while the transcritical cycles (Pevap,r > 1) are to the
right. As expected, the transcritical cycles deliver a higher power output than the subcritical cycles with the optimal
net-power generally increasing with the evaporation pressure, irrespective of the working fluid.
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There is, however, a limit to this increase in power output, at a supercritical evaporation pressure (Pevap,r > 1), after
which the power output declines. This is a result of the dependency of the power output on the expansion pressure
ratio (specifically, the enthalpy change) and the working-fluid mass flowrate, and also to a lesser extent on the required
pumping power. At higher Pevap, there is always a large pressure ratio and hence a large enthalpy change during the
expansion process. However, a higher Pevap brings the working-fluid’s evaporation temperature-profile ‘closer’ to that
of the heat source, thereby reducing the maximum possible working-fluid mass flowrate before the evaporator pinch
conditions are met. Furthermore, a higher evaporation pressure requires a higher pumping power. The decrease in
the working fluid flowrate and increase in the pumping power eventually counterbalance the increased specific work
output, leading to the observed optimal evaporation pressure at the maximum net-power output.
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Fig. 1: Optimal net power output from subcritical (Pevap,r < 1) and transcritical (Pevap,r > 1) ORCs as a function of the (reduced) evaporation
pressure, Pevap,r = Pevap/Pcrit with light hydrocarbon (left), refrigerant (middle) and heavy hydrocarbon/siloxane (right) working fluids.

This maximum power output generally occurs at Pevap,r values between 4.0 and 5.0 for the refrigerants and lighter
hydrocarbons considered here, having similar profiles from Fig. 1. The heavier hydrocarbons and siloxanes have a
different profile, with the power output increasing more gently with increasing Pevap,r, and peaking at Pevap,r values
between 1.1 and 2.0. This could be a result of the condensation pressures of these working fluids which fall on the
limit of atmospheric pressure from the constraint in Eq. 7. At this pressure, these fluids condense at high temperatures
(60 ◦C – 210 ◦C), much higher than the heat sink temperatures, thereby limiting the power output. The refrigerants
and the lighter hydrocarbons are condensed at the lowest temperature possible and are not limited by this constraint.

The observed maxima in the net power outputs in Fig. 1 provides valuable insight into the design and economics
of high-pressure ORC systems; higher Pevap do not always guarantee higher power outputs. Moreover, the purchase
costs of high-pressure components/equipment are usually higher than those of low-pressure ones. Thus, ORC systems
being designed to operate at higher Pevap, beyond the identified maxima, will have higher SICs due to their higher
capital costs and lower net power production. Therefore, it may be beneficial from both the thermodynamic and
economic perspectives to limit the operating pressure in ORC evaporators to the limits identified above.

3.2. Optimization of recuperative subcritical and transcritical ORC systems
We now proceed to consider the employment of recuperators in subcritical and transcritical ORC systems. Simula-

tions were performed aimed at maximizing the net power output of these systems, based on Eqs. 3 to 7. The optimum
net power outputs from both the subcritical and transcritical cycles based on the chosen working fluids are presented
in Fig. 2, while the recuperative fractions of the cycles are presented in Tables 2 and 3 respectively.

3.2.1. Optimal cycle design conditions
For most of the working fluids considered here, the resulting optimal cycles were superheated to various degrees,

ranging from 0.4 to 0.8 (1.0 for the transcritical cycles); the wet fluids such as propane, R143a and R152a need
to be superheated before expansion to achieve a reasonably superheated vapour after the expansion process due to
the constraint in Eq. 4. The exception to this were the heavy hydrocarbons (including benzene and toluene) and
the siloxanes, which are very dry fluids and as such did not require any amount of superheat before the expander to
achieve a superheated vapour after expansion.In the subcritical cycles, the optimal cycles generally feature evaporation
at the Pevap,r limit of 0.95 for most of the working fluids, due to the high temperature of the heat source. The single
exception was the cycle with D5, operating at a reduced evaporation pressure of 0.61, due to the close proximity of its
critical temperature to the heat source temperature. Without the imposed limit, it may be expected that most optimal
(subcritical) cycles will involve evaporation at the respective critical pressures of the fluids, i.e., Pevap,r = 1.
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2.3. Optimization algorithm
An optimization algorithm in MATLAB is employed to find the maximum net-power output of the aforementioned

waste-heat recovery ORC systems, which necessitates an objective function and constraints to be defined:

maximize
Pevap , Pcond , θSH , θrecup , ṁwf

{Ẇnet = Ẇexp − Ẇpump} (2)

subject to: ∆Ti ≥ ∆Tmin (10 ◦C) ∀ i (3)

Tdew(Pcond) ≤ T4 (4)

0 ≤ θSH, θrecup ≤ 1 (5)

Pevap ≤ 0.95Pcrit or Pevap ≥ 1.05Pcrit (6)

Pcond ≥ 1 bar(a) . (7)

Eq. 3 is applied separately to each discretized segment of the evaporator, condenser and recuperator, ensuring
that the pinch conditions in these heat exchangers are satisfied. The temperature at the expander outlet, T4, has to
be higher than or equal to the dew point temperature at the condensation pressure (Eq. 4) in order to prevent liquid
droplet formation in the expander. In addition, both the degree of superheating and the recuperative fraction must be
between zero and unity (Eq. 5). In Eq. 6, a switch is established between the subcritical cycles, and the supercritical
vapour generation of transcritical cycles. The factors 0.95 and 1.05 are chosen arbitrarily to exclude the critical region
and to prevent numerical instabilities with the equation of state and the optimizer; factors of 0.90 and 1.12 have also
been used by other authors [12]. Finally, the (absolute) condensation pressure is constrained to be equal to or larger
than 1 bar (ambient pressure), see Eq. 7, to avoid sub-atmospheric pressures in the cycle and expensive solutions to
mitigate air ingress [7]. The effect of this constraint on the cycle design is also investigated in this work.

2.4. Component sizing and cost evaluation
For the purpose of comparing the cost implications and benefits of the derived system designs, the installation costs

are calculated using the earlier derived optimal solutions. The cost of the individual system components are calculated
based on their sizes, and summed together. This gives an indication of the installation cost (other engineering costs
not considered will be similar), which is weighted by the net power output to derive the specific investment cost (SIC).

The heat exchangers (shell and tube) are sized with their UA-values, and costed using the ‘C-value’ method and the
ESDU 92013 chart [13], where C is the ratio of the heat duty to the log-mean temperature difference. Heat exchangers
involving multiple working-fluid phases, such as the evaporator and condensed, are divided into distinct segments (of
constant heat capacity) and each segment is sized and costed accordingly. The pressure effects on the heat exchanger
costs are accounted for by multiplying the base costs with a pressure factor defined as [14]:

FP = 0.9803 + 0.018(P/100) + 0.0017(P/100)2, where P is in psig. (8)

The expanders are sized based on their power output and their costs are calculated for pressure discharge and vacuum
discharge units respectively as [14]:

Cexp = 672.2Ẇ0.81
exp and Cexp = 1509Ẇ0.81

exp . (9)

The centrifugal pump and accompanying motor are costed based on their head and power requirement as in Ref. [14].
All equipment costs are brought to 2016 figures using the CEPCI (500 for year 2006, 314 for 1982 for the C-value
method, and 556.8 for year 2016).

3. Results and discussion
We start by presenting and comparing the optimal net power output for the subcritical and transcritical ORC sys-

tems, with respect to their levels of recuperation. Finally, the effect of the condenser boundary condition is discussed.

3.1. Output from subcritical and transcritical cycles
Simulations were performed to investigate the effect of the evaporation pressure (Pevap) on the maximal net-power

output, Ẇnet, while employing the selected pure working-fluids from Table 1 in subcritical and transcritical ORCs.
These results are presented Fig. 1 (with the exception of a few refrigerants so as not to overload the figure), which
shows plots of the power output as a function of the reduced evaporation pressure (Pevap,r = Pevap/Pcrit). The subcritical
cycles (Pevap,r < 1) are those to the left of the vertical dotted lines while the transcritical cycles (Pevap,r > 1) are to the
right. As expected, the transcritical cycles deliver a higher power output than the subcritical cycles with the optimal
net-power generally increasing with the evaporation pressure, irrespective of the working fluid.
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There is, however, a limit to this increase in power output, at a supercritical evaporation pressure (Pevap,r > 1), after
which the power output declines. This is a result of the dependency of the power output on the expansion pressure
ratio (specifically, the enthalpy change) and the working-fluid mass flowrate, and also to a lesser extent on the required
pumping power. At higher Pevap, there is always a large pressure ratio and hence a large enthalpy change during the
expansion process. However, a higher Pevap brings the working-fluid’s evaporation temperature-profile ‘closer’ to that
of the heat source, thereby reducing the maximum possible working-fluid mass flowrate before the evaporator pinch
conditions are met. Furthermore, a higher evaporation pressure requires a higher pumping power. The decrease in
the working fluid flowrate and increase in the pumping power eventually counterbalance the increased specific work
output, leading to the observed optimal evaporation pressure at the maximum net-power output.
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Fig. 1: Optimal net power output from subcritical (Pevap,r < 1) and transcritical (Pevap,r > 1) ORCs as a function of the (reduced) evaporation
pressure, Pevap,r = Pevap/Pcrit with light hydrocarbon (left), refrigerant (middle) and heavy hydrocarbon/siloxane (right) working fluids.

This maximum power output generally occurs at Pevap,r values between 4.0 and 5.0 for the refrigerants and lighter
hydrocarbons considered here, having similar profiles from Fig. 1. The heavier hydrocarbons and siloxanes have a
different profile, with the power output increasing more gently with increasing Pevap,r, and peaking at Pevap,r values
between 1.1 and 2.0. This could be a result of the condensation pressures of these working fluids which fall on the
limit of atmospheric pressure from the constraint in Eq. 7. At this pressure, these fluids condense at high temperatures
(60 ◦C – 210 ◦C), much higher than the heat sink temperatures, thereby limiting the power output. The refrigerants
and the lighter hydrocarbons are condensed at the lowest temperature possible and are not limited by this constraint.

The observed maxima in the net power outputs in Fig. 1 provides valuable insight into the design and economics
of high-pressure ORC systems; higher Pevap do not always guarantee higher power outputs. Moreover, the purchase
costs of high-pressure components/equipment are usually higher than those of low-pressure ones. Thus, ORC systems
being designed to operate at higher Pevap, beyond the identified maxima, will have higher SICs due to their higher
capital costs and lower net power production. Therefore, it may be beneficial from both the thermodynamic and
economic perspectives to limit the operating pressure in ORC evaporators to the limits identified above.

3.2. Optimization of recuperative subcritical and transcritical ORC systems
We now proceed to consider the employment of recuperators in subcritical and transcritical ORC systems. Simula-

tions were performed aimed at maximizing the net power output of these systems, based on Eqs. 3 to 7. The optimum
net power outputs from both the subcritical and transcritical cycles based on the chosen working fluids are presented
in Fig. 2, while the recuperative fractions of the cycles are presented in Tables 2 and 3 respectively.

3.2.1. Optimal cycle design conditions
For most of the working fluids considered here, the resulting optimal cycles were superheated to various degrees,

ranging from 0.4 to 0.8 (1.0 for the transcritical cycles); the wet fluids such as propane, R143a and R152a need
to be superheated before expansion to achieve a reasonably superheated vapour after the expansion process due to
the constraint in Eq. 4. The exception to this were the heavy hydrocarbons (including benzene and toluene) and
the siloxanes, which are very dry fluids and as such did not require any amount of superheat before the expander to
achieve a superheated vapour after expansion.In the subcritical cycles, the optimal cycles generally feature evaporation
at the Pevap,r limit of 0.95 for most of the working fluids, due to the high temperature of the heat source. The single
exception was the cycle with D5, operating at a reduced evaporation pressure of 0.61, due to the close proximity of its
critical temperature to the heat source temperature. Without the imposed limit, it may be expected that most optimal
(subcritical) cycles will involve evaporation at the respective critical pressures of the fluids, i.e., Pevap,r = 1.
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It is also interesting to note the performance of the working fluids across the working fluid classes. With the
alkanes, Ẇnet increases from propane till hexane but decreases beyond this up to decane (see Fig. 2). This is due to the
lighter alkanes (propane to pentane) being condensed at the lowest possible temperature/pressure because they are not
constrained by Eq. 7. The heavier alkanes on the other hand are all condensed at atmospheric pressure. This, with the
fact that the critical pressures of the alkanes decrease with molecular complexity, reduces the pressure difference (and
the specific enthalpy change) during expansion, thereby leading to a reduction in Ẇnet from hexane to decane. This
trend is also noticeable with the siloxanes and between benzene and toluene, which are all condensed at atmospheric
pressure. However, in the transcritical cycles, the disparity in Ẇnet between propane and hexane is reduced as each
of the working fluids are no longer constrained to a Pevap,r of 0.95; they are now able to evaporate at higher pressures
(with the optimal Pevap,r ranging from 6.5 for propane to 2.2 for hexane), thereby maximizing their power potential.
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Fig. 2: Optimal net power output from subcritical and transcritical ORCs with working fluids from Table 1.

Table 2: Recuperative fraction of subcritical ORCs at optimal net power output.

Fluids with θrecup � 0 Fluids with 0 < θrecup < 1 Fluids with θrecup � 1

Pentane, decane, R113, R123, R141b, water. Propane (0.84), propylene (0.70), R115
(0.66), R12 (0.95), R1234yf (0.87), R125
(0.37), R134a (0.90), R143a (0.45), R218
(0.64), benzene (0.21), toluene (0.23).

Butane, isobutane, hexane, isohexane, hep-
tane, octane, nonane, R114, R1233zd,
R1234ze, R124, R142b, R152a, R227ea,
R245fa, RC318, D4, D5, MM, MDM,
MD2M.

Table 3: Recuperative fraction of transcritical ORCs at optimal net power output.

Fluids with θrecup � 0 Fluids with 0 < θrecup < 1 Fluids with θrecup � 1

Propane, butane, isobutane, pentane, propy-
lene, R113, R114, R12, R123, R1233zd,
R1234ze, R124, R134a, R141b, R142b,
R143a, R152a, R245fa.

Isohexane (0.80), benzene (0.01), toluene
(0.06).

Hexane, heptane, octane, nonane, decane,
R115, R1234yf, R125, R218, R227ea,
RC318, D4, D5, MM, MDM, MD2M.

3.2.2. Degree of recuperation
Only a few of the working fluids have optimal subcritical cycles requiring no recuperation (θrecup � 0, see Table 2).

These fluids, with the exception of decane, are fluids with only a slight degree of dryness whereas other very dry fluids
like the siloxanes require a great deal of recuperation. Also, the isentropic fluids such as R125 and to some extent
benzene and toluene require low levels of recuperation. In contrast, all the wet fluids, such as propane, R12 and R152a
require very large recuperative fractions since they are usually superheated, ensuring that vapour exits the expander.
Similarly, all the working fluids condensing at atmospheric pressure, required high recuperative fractions.

On comparing the recuperative fractions of the transcritical cycles (Table 3) with those of the subcritical cycles
(Table 2), it can be seen that a higher number of working fluids now have optimal cycles which feature very little
recuperation (θrecup � 0). However, the optimal cycles with very dry working fluids and those condensing at atmo-
spheric pressure remain with large recuperative fractions. Working fluids such as butane, R114 and R245fa, which
required large amounts of recuperation in subcritical cycles, now require no recuperation when applied to transcritical
cycles. Thus, it may be concluded that the restriction on their evaporation pressures (to Pevap,r = 0.95) in subcritical
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cycles, led to the optimizer resorting to recuperation in order to maximize the net power output. When this restriction
is relaxed in transcritical cycles and the working fluids are being evaporated at much higher pressures, there is no
longer the need for recuperation. Rather, the power is maximized by evaporating at higher pressures.

3.2.3. Economic indications
The corresponding specific investment costs are presented in Fig. 3. The SIC is seen to have an inverse relationship

with the net power output; systems with lower power output generally have higher SIC and vice versa. This is evident
(in comparison to Fig. 2) in subcritical systems with R115, R125, R143a, R218, D5 or MD2M as working fluids;
their low power outputs is seen to result in high SICs. A few exceptions to this general trend include the transcritical
systems with propane, propylene, R12, R1234ze, R134a or R143a; they feature evaporators and recuperators operating
at very high pressures (> 230 bar) and hence are much more expensive than the systems operating at lower pressures.
Thus, although these systems deliver high power outputs, their SICs are nevertheless high. The inverse relationship
is also evident within working fluid classes. For the alkanes, the SIC is seen to decrease from propane to hexane and
then increase to decane, mirroring the trend in power output within the family. In the same vein, the SIC increases
from D4 to D5 and from MM to MD2M, since the power output decreases from D4 to D5 and from MM to MD2M.

However, this relationship between the SIC and the net power output does not follow through when a direct com-
parison is made between transcritical ORC systems and subcritical systems. Although a transcritical system delivers
higher power output than a subcritical systems on the same working fluid (see Fig. 2), the transcritical systems are
more expensive (higher SIC) as in Fig. 3. While subcritical systems are limited to a maximum evaporation pressure
ratio of 0.95 (e.g., corresponding to Pevap = 32 bar for pentane), there is no such limit on the transcritical systems.
The optimal evaporation pressure ratio varies between 1.1 and 8.5 in transcritical systems (e.g., corresponding to
Pevap = 149 bar for pentane and higher for some refrigerants). Such high pressures require that the evaporators and
recuperators are more expensive, hence the higher system cost and SIC of the transcritical systems.
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Fig. 3: Specific investment cost of optimal subcritical and transcritical ORC systems with working fluids from Table 1.

3.3. Effect of condenser boundary conditions
The cycles with working fluids having high critical temperatures (heavy hydrocarbons and siloxanes) were gener-

ally condensed at atmospheric pressure (Eq. 7). Their power output was clearly restrained, especially when compared
to cycles with lighter working fluids in the same family. Beyond this, they were observed to feature high recuperative
fractions. For these fluids, it is important to investigate their performance without this lower condensation pressure
limit. The results from these simulations are presented in Fig. 4 (power and SIC) and in Table 4 (θrecup). As expected,
the condensation pressures after optimization were all below atmospheric, ranging from 0.0020 bar(a) to 0.76 bar(a).

On comparing the recuperative fractions of the optimal cycles (Table 4) with those of the previous subcritical
(Table 2) and transcritical (Table 3) cycles, it can be seen that a large number of the working fluids that earlier had
large recuperative fractions, now have optimal cycles which feature very little recuperation (θrecup � 0). These fluids
include the alkanes from hexane till decane, benzene and toluene, D4 and MD2M; it is evident that relaxing the
constraint in Eq. 7 resulted in optimal cycles without recuperation. A similar reversal was observed in Section 3.2.2,
when the Pevap,r limit of 0.95 (for subcritical cycles) was relaxed to enable transition into transcritical cycles. Thus,
it can be concluded that adding constraints on the operating range may result in recuperators being deployed for
increased power output. When these constraints are relaxed, the optimal cycles usually feature no recuperation.
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It is also interesting to note the performance of the working fluids across the working fluid classes. With the
alkanes, Ẇnet increases from propane till hexane but decreases beyond this up to decane (see Fig. 2). This is due to the
lighter alkanes (propane to pentane) being condensed at the lowest possible temperature/pressure because they are not
constrained by Eq. 7. The heavier alkanes on the other hand are all condensed at atmospheric pressure. This, with the
fact that the critical pressures of the alkanes decrease with molecular complexity, reduces the pressure difference (and
the specific enthalpy change) during expansion, thereby leading to a reduction in Ẇnet from hexane to decane. This
trend is also noticeable with the siloxanes and between benzene and toluene, which are all condensed at atmospheric
pressure. However, in the transcritical cycles, the disparity in Ẇnet between propane and hexane is reduced as each
of the working fluids are no longer constrained to a Pevap,r of 0.95; they are now able to evaporate at higher pressures
(with the optimal Pevap,r ranging from 6.5 for propane to 2.2 for hexane), thereby maximizing their power potential.
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Fig. 2: Optimal net power output from subcritical and transcritical ORCs with working fluids from Table 1.

Table 2: Recuperative fraction of subcritical ORCs at optimal net power output.

Fluids with θrecup � 0 Fluids with 0 < θrecup < 1 Fluids with θrecup � 1

Pentane, decane, R113, R123, R141b, water. Propane (0.84), propylene (0.70), R115
(0.66), R12 (0.95), R1234yf (0.87), R125
(0.37), R134a (0.90), R143a (0.45), R218
(0.64), benzene (0.21), toluene (0.23).

Butane, isobutane, hexane, isohexane, hep-
tane, octane, nonane, R114, R1233zd,
R1234ze, R124, R142b, R152a, R227ea,
R245fa, RC318, D4, D5, MM, MDM,
MD2M.

Table 3: Recuperative fraction of transcritical ORCs at optimal net power output.

Fluids with θrecup � 0 Fluids with 0 < θrecup < 1 Fluids with θrecup � 1

Propane, butane, isobutane, pentane, propy-
lene, R113, R114, R12, R123, R1233zd,
R1234ze, R124, R134a, R141b, R142b,
R143a, R152a, R245fa.

Isohexane (0.80), benzene (0.01), toluene
(0.06).

Hexane, heptane, octane, nonane, decane,
R115, R1234yf, R125, R218, R227ea,
RC318, D4, D5, MM, MDM, MD2M.

3.2.2. Degree of recuperation
Only a few of the working fluids have optimal subcritical cycles requiring no recuperation (θrecup � 0, see Table 2).

These fluids, with the exception of decane, are fluids with only a slight degree of dryness whereas other very dry fluids
like the siloxanes require a great deal of recuperation. Also, the isentropic fluids such as R125 and to some extent
benzene and toluene require low levels of recuperation. In contrast, all the wet fluids, such as propane, R12 and R152a
require very large recuperative fractions since they are usually superheated, ensuring that vapour exits the expander.
Similarly, all the working fluids condensing at atmospheric pressure, required high recuperative fractions.

On comparing the recuperative fractions of the transcritical cycles (Table 3) with those of the subcritical cycles
(Table 2), it can be seen that a higher number of working fluids now have optimal cycles which feature very little
recuperation (θrecup � 0). However, the optimal cycles with very dry working fluids and those condensing at atmo-
spheric pressure remain with large recuperative fractions. Working fluids such as butane, R114 and R245fa, which
required large amounts of recuperation in subcritical cycles, now require no recuperation when applied to transcritical
cycles. Thus, it may be concluded that the restriction on their evaporation pressures (to Pevap,r = 0.95) in subcritical
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cycles, led to the optimizer resorting to recuperation in order to maximize the net power output. When this restriction
is relaxed in transcritical cycles and the working fluids are being evaporated at much higher pressures, there is no
longer the need for recuperation. Rather, the power is maximized by evaporating at higher pressures.

3.2.3. Economic indications
The corresponding specific investment costs are presented in Fig. 3. The SIC is seen to have an inverse relationship

with the net power output; systems with lower power output generally have higher SIC and vice versa. This is evident
(in comparison to Fig. 2) in subcritical systems with R115, R125, R143a, R218, D5 or MD2M as working fluids;
their low power outputs is seen to result in high SICs. A few exceptions to this general trend include the transcritical
systems with propane, propylene, R12, R1234ze, R134a or R143a; they feature evaporators and recuperators operating
at very high pressures (> 230 bar) and hence are much more expensive than the systems operating at lower pressures.
Thus, although these systems deliver high power outputs, their SICs are nevertheless high. The inverse relationship
is also evident within working fluid classes. For the alkanes, the SIC is seen to decrease from propane to hexane and
then increase to decane, mirroring the trend in power output within the family. In the same vein, the SIC increases
from D4 to D5 and from MM to MD2M, since the power output decreases from D4 to D5 and from MM to MD2M.

However, this relationship between the SIC and the net power output does not follow through when a direct com-
parison is made between transcritical ORC systems and subcritical systems. Although a transcritical system delivers
higher power output than a subcritical systems on the same working fluid (see Fig. 2), the transcritical systems are
more expensive (higher SIC) as in Fig. 3. While subcritical systems are limited to a maximum evaporation pressure
ratio of 0.95 (e.g., corresponding to Pevap = 32 bar for pentane), there is no such limit on the transcritical systems.
The optimal evaporation pressure ratio varies between 1.1 and 8.5 in transcritical systems (e.g., corresponding to
Pevap = 149 bar for pentane and higher for some refrigerants). Such high pressures require that the evaporators and
recuperators are more expensive, hence the higher system cost and SIC of the transcritical systems.
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Fig. 3: Specific investment cost of optimal subcritical and transcritical ORC systems with working fluids from Table 1.

3.3. Effect of condenser boundary conditions
The cycles with working fluids having high critical temperatures (heavy hydrocarbons and siloxanes) were gener-

ally condensed at atmospheric pressure (Eq. 7). Their power output was clearly restrained, especially when compared
to cycles with lighter working fluids in the same family. Beyond this, they were observed to feature high recuperative
fractions. For these fluids, it is important to investigate their performance without this lower condensation pressure
limit. The results from these simulations are presented in Fig. 4 (power and SIC) and in Table 4 (θrecup). As expected,
the condensation pressures after optimization were all below atmospheric, ranging from 0.0020 bar(a) to 0.76 bar(a).

On comparing the recuperative fractions of the optimal cycles (Table 4) with those of the previous subcritical
(Table 2) and transcritical (Table 3) cycles, it can be seen that a large number of the working fluids that earlier had
large recuperative fractions, now have optimal cycles which feature very little recuperation (θrecup � 0). These fluids
include the alkanes from hexane till decane, benzene and toluene, D4 and MD2M; it is evident that relaxing the
constraint in Eq. 7 resulted in optimal cycles without recuperation. A similar reversal was observed in Section 3.2.2,
when the Pevap,r limit of 0.95 (for subcritical cycles) was relaxed to enable transition into transcritical cycles. Thus,
it can be concluded that adding constraints on the operating range may result in recuperators being deployed for
increased power output. When these constraints are relaxed, the optimal cycles usually feature no recuperation.
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Table 4: Recuperative fraction of subcritical and transcritical ORC systems at optimal net power output with working fluids condensing below
atmospheric pressure (1 bar(a)).

Cycle type Fluids with θrecup � 0 Fluids with θrecup � 0

Subcritical Hexane, isohexane, heptane, octane, nonane,
decane, MD2M, benzene, toluene, water.

D4 (0.68), D5 (0.90), MM (1.00), MDM
(1.00).

Transcritical Hexane, isohexane, heptane, octane, nonane,
decane, D4, benzene, toluene.

D5 (0.70), MM (1.00), MDM (1.00), MD2M
(1.00).
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Fig. 4: Optimal net power output (left) and specific investment cost (right) of subcritical and transcritical ORC systems with working fluids
condensing below atmospheric pressure, i.e., 1 bar(a).

By allowing theses working fluids to condense below atmospheric pressure, the power output from the cycles can
be greatly increased. The power output from the cycles with these fluids (in Fig. 4) can be compared with their
counterparts in Fig. 2. The cycles with condensation below the atmospheric pressure are seen to deliver a higher
power output than those with condensation at atmospheric pressure. Working fluids such as hexane and benzene are
shown to show a slight improvement in their power outputs, up to 18% while the other, much drier working fluids,
show much larger improvements, ranging between 200% and 350% in the cases of decane, D5 and MD2M.

It should be noted that these increases in power output come at the expense of more expensive condensers and
expanders as alluded to in Section 2.3, thus it should be expected that these systems will definitely be more expensive
(in terms of their investment costs) than their counterparts featuring condensation at (or above) 1 bar. It may however
be expected that the large increases in power output could justify the added investment in sub-atmospheric units,
thereby making these systems with sub-atmospheric condensation cheaper (in terms of their SIC). Also, additional
cost savings may be expected as these systems have been shown here to be optimal without requiring a recuperator.

These expectations are however unfounded as the SIC of the systems with sub-atmospheric condensation (Fig. 4)
are generally higher (from 10% to 60% and higher in transcritical systems) than those of the simpler systems (in
Fig. 3). Only sub-atmospheric systems with D5 and MD2M as working fluids are cheaper (in terms of the SIC) than
the corresponding simpler systems. A number of factors contribute directly to this. In the first instance, vacuum
expanders are required here and these are more expensive (at similar power ratings) than the simpler expanders; also,
these systems deliver higher power outputs, making the expanders even more expensive.

In addition, since the condensation now takes place at the lowest possible pressures without restraint, the condensa-
tion temperatures are very low. This reduces the (log-mean) temperature difference between the working fluid and the
heat sink, thereby increasing the UA-value (= Q̇out/∆TLM) of the condenser. For example, in the subcritical system
with MDM condensing at 1 bar and 152 ◦C, the ∆TLM is 113 ◦C. When this restriction is relaxed, the working fluid
condenses at 63 ◦C, with a ∆TLM of 21 ◦C, increasing the UA-value by at least a factor of 5. The UA-values of the
condensers are further increased as a result of the larger amounts of heat being rejected. These make the condensers
in the sub-atmospheric systems more expensive, and combined with the higher costs of the expanders, leads to higher
overall system costs. The increase in overall system cost is thus seen to nullify the gains in power output derived from
the expansion of the working fluids to sub-atmospheric temperatures, hence the higher specific investment costs.

8 O.A. Oyewunmi et al. / Energy Procedia 00 (2017) 000–000

4. Conclusions
We have presented results of optimized subcritical and transcritical ORC systems, while featuring the option of

adding the recuperator, in order to improve the efficiency and power output of these systems, with the objective of
maximizing their net power output. A range of working fluids have been considered, ranging from hydrocarbons and
refrigerants to siloxanes and aromatic compounds, and encompassing various degrees of dryness.

The ORC systems have been generally observed to deliver their maximum net power outputs at reduced evaporation
pressure (Pevap,r = Pevap/Pcrit) values between 4.0 and 5.0 for the refrigerants and between 1.1 and 2.0 for the heavier
hydrocarbons and siloxanes. Beyond these, the power output has been found to decrease. Thus, it is suggested that
higher Pevap will not guarantee higher power outputs, but will, however, result in more expensive evaporators and
expanders and in turn result in higher specific investment costs (SIC, in £/$/e per kW). It may be concluded that it is
beneficial from a thermo-economic perspective to limit the operating pressure in ORC evaporators to the above limits.

It has also been found that most of the optimal subcritical cycles require large degrees of recuperation because
of the limits imposed on the evaporation pressure in order to keep these cycles at subcritical conditions (due to the
high heat-source temperature). In transcritical cycles, where this limit is relaxed, there is a reduced dependence on
recuperation with the working fluids delivering higher power outputs at elevated evaporation pressures. In addition,
restrictions imposed on the minimum condensation pressure (to be at or above atmospheric pressure) for economic
reasons, lead to subcritical and transcritical cycles with dry working fluids (with high critical temperatures), such as
the heavier hydrocarbons and the siloxanes, requiring significant recuperation (large recuperators).

However, the relaxation of this constraint (with sub-atmospheric condensation) has been found to allow optimal
cycles without recuperation, with considerably higher net power output system-designs. It can thus be concluded that
such operational constraints may result in recuperators (with the accompanying additional costs) being required to
maximize the power output from ORC systems. While the relaxation of these constraints leads to additional power
being generated (up to 300% in some cases), the additional costs incurred from high pressure (in transcritical systems)
and sub-atmospheric equipment is seen to cancel out the additional power generated. Thus, these systems have higher
specific investment costs.
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Table 4: Recuperative fraction of subcritical and transcritical ORC systems at optimal net power output with working fluids condensing below
atmospheric pressure (1 bar(a)).

Cycle type Fluids with θrecup � 0 Fluids with θrecup � 0

Subcritical Hexane, isohexane, heptane, octane, nonane,
decane, MD2M, benzene, toluene, water.

D4 (0.68), D5 (0.90), MM (1.00), MDM
(1.00).

Transcritical Hexane, isohexane, heptane, octane, nonane,
decane, D4, benzene, toluene.

D5 (0.70), MM (1.00), MDM (1.00), MD2M
(1.00).
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Fig. 4: Optimal net power output (left) and specific investment cost (right) of subcritical and transcritical ORC systems with working fluids
condensing below atmospheric pressure, i.e., 1 bar(a).

By allowing theses working fluids to condense below atmospheric pressure, the power output from the cycles can
be greatly increased. The power output from the cycles with these fluids (in Fig. 4) can be compared with their
counterparts in Fig. 2. The cycles with condensation below the atmospheric pressure are seen to deliver a higher
power output than those with condensation at atmospheric pressure. Working fluids such as hexane and benzene are
shown to show a slight improvement in their power outputs, up to 18% while the other, much drier working fluids,
show much larger improvements, ranging between 200% and 350% in the cases of decane, D5 and MD2M.

It should be noted that these increases in power output come at the expense of more expensive condensers and
expanders as alluded to in Section 2.3, thus it should be expected that these systems will definitely be more expensive
(in terms of their investment costs) than their counterparts featuring condensation at (or above) 1 bar. It may however
be expected that the large increases in power output could justify the added investment in sub-atmospheric units,
thereby making these systems with sub-atmospheric condensation cheaper (in terms of their SIC). Also, additional
cost savings may be expected as these systems have been shown here to be optimal without requiring a recuperator.

These expectations are however unfounded as the SIC of the systems with sub-atmospheric condensation (Fig. 4)
are generally higher (from 10% to 60% and higher in transcritical systems) than those of the simpler systems (in
Fig. 3). Only sub-atmospheric systems with D5 and MD2M as working fluids are cheaper (in terms of the SIC) than
the corresponding simpler systems. A number of factors contribute directly to this. In the first instance, vacuum
expanders are required here and these are more expensive (at similar power ratings) than the simpler expanders; also,
these systems deliver higher power outputs, making the expanders even more expensive.

In addition, since the condensation now takes place at the lowest possible pressures without restraint, the condensa-
tion temperatures are very low. This reduces the (log-mean) temperature difference between the working fluid and the
heat sink, thereby increasing the UA-value (= Q̇out/∆TLM) of the condenser. For example, in the subcritical system
with MDM condensing at 1 bar and 152 ◦C, the ∆TLM is 113 ◦C. When this restriction is relaxed, the working fluid
condenses at 63 ◦C, with a ∆TLM of 21 ◦C, increasing the UA-value by at least a factor of 5. The UA-values of the
condensers are further increased as a result of the larger amounts of heat being rejected. These make the condensers
in the sub-atmospheric systems more expensive, and combined with the higher costs of the expanders, leads to higher
overall system costs. The increase in overall system cost is thus seen to nullify the gains in power output derived from
the expansion of the working fluids to sub-atmospheric temperatures, hence the higher specific investment costs.
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4. Conclusions
We have presented results of optimized subcritical and transcritical ORC systems, while featuring the option of

adding the recuperator, in order to improve the efficiency and power output of these systems, with the objective of
maximizing their net power output. A range of working fluids have been considered, ranging from hydrocarbons and
refrigerants to siloxanes and aromatic compounds, and encompassing various degrees of dryness.

The ORC systems have been generally observed to deliver their maximum net power outputs at reduced evaporation
pressure (Pevap,r = Pevap/Pcrit) values between 4.0 and 5.0 for the refrigerants and between 1.1 and 2.0 for the heavier
hydrocarbons and siloxanes. Beyond these, the power output has been found to decrease. Thus, it is suggested that
higher Pevap will not guarantee higher power outputs, but will, however, result in more expensive evaporators and
expanders and in turn result in higher specific investment costs (SIC, in £/$/e per kW). It may be concluded that it is
beneficial from a thermo-economic perspective to limit the operating pressure in ORC evaporators to the above limits.

It has also been found that most of the optimal subcritical cycles require large degrees of recuperation because
of the limits imposed on the evaporation pressure in order to keep these cycles at subcritical conditions (due to the
high heat-source temperature). In transcritical cycles, where this limit is relaxed, there is a reduced dependence on
recuperation with the working fluids delivering higher power outputs at elevated evaporation pressures. In addition,
restrictions imposed on the minimum condensation pressure (to be at or above atmospheric pressure) for economic
reasons, lead to subcritical and transcritical cycles with dry working fluids (with high critical temperatures), such as
the heavier hydrocarbons and the siloxanes, requiring significant recuperation (large recuperators).

However, the relaxation of this constraint (with sub-atmospheric condensation) has been found to allow optimal
cycles without recuperation, with considerably higher net power output system-designs. It can thus be concluded that
such operational constraints may result in recuperators (with the accompanying additional costs) being required to
maximize the power output from ORC systems. While the relaxation of these constraints leads to additional power
being generated (up to 300% in some cases), the additional costs incurred from high pressure (in transcritical systems)
and sub-atmospheric equipment is seen to cancel out the additional power generated. Thus, these systems have higher
specific investment costs.
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