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Abstract: Low-grade heat sources such as solar thermal, geothermal, exhaust gases and industrial
waste heat are suitable alternatives for power generation which can be exploited by means of
small-scale Organic Rankine Cycle (ORC). This paper combines thermodynamic optimization and
economic analysis to assess the performance of single and dual pressure ORC operating with different
organic fluids and targeting small-scale applications. Maximum power output is lower than 45 KW
while the temperature of the heat source varies in the range 100–200 °C. The studied working fluids,
namely R1234yf, R1234ze(E) and R1234ze(Z), are selected based on environmental, safety and thermal
performance criteria. Levelized Cost of Electricity (LCOE) and Specific Investment Cost (SIC) for
two operation conditions are presented: maximum power output and maximum thermal efficiency.
Results showed that R1234ze(Z) achieves the highest net power output (up to 44 kW) when net power
output is optimized. Regenerative ORC achieves the highest performance when thermal efficiency is
optimized (up to 18%). Simple ORC is the most cost-effective among the studied cycle configurations,
requiring a selling price of energy of 0.3 USD/kWh to obtain a payback period of 8 years. According
to SIC results, the working fluid R1234ze(Z) exhibits great potential for simple ORC when compared
to conventional R245fa.

Keywords: Organic Rankine Cycle; small scale power; thermodynamic optimization; exergy analysis;
economic analysis; low grade heat; R1234ze(Z)

1. Introduction

In the last decades, the interest in improving energy efficiency of industrial processes has increased
and new technologies have been proposed to reduce the consumption of fossil fuels [1,2]. To achieve
this goal, new thermodynamic cycles have been proposed and some of them have been introduced
in the market as competitive commercial alternatives to conventional heat-to-power cycles such as
gas turbines and internal combustion engines. Some of these new thermodynamic cycles employ
pure and zeotropic mixtures of organic fluids due to their low boiling temperatures, which results
in an efficient utilization of the heat source [3–5]. In addition, new environmental friendly and low
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Global Warming Potential (GWP) fluids and nanofluids have been studied and tested to improve
resources utilization [6,7]. The Organic Rankine Cycle (ORC) has emerged as an alternative technology
to produce power from non-conventional energy sources, e.g., waste heat, solar radiation, geothermal
heat and biomass. In fact, ORC is one the most widely used technologies for waste heat recovery
in Europe, United States and Central America [8–10]. However, most of these commercial systems
generate power above 200 kW [8,10,11]. Below this power output the profitability for power production
from low grade heat sources via ORC needs further assessment [12,13]. For example a solar ORC
system of 0.4–1.4 kW power output showed a payback period of 19 years. On the other hand an ORC
system of 6–18 kW power output for heat recovery in the ceramic industry showed a payback period
of 5 years [13,14].

In this context, several researchers have carried out studies to identify opportunities to improve
ORC performance and increase its profitability at small scales. White and Sayma [12] investigated
the effect of working fluid on the improvement of a small-scale ORC. They combined theoretical
performance models, Computational Fluid Dynamics (CFD) and thermodynamic analysis for heat
sources temperature in the range 87–127 °C. Their results showed that with an appropriate selection of
the working fluid, ORC could generate between 2 kW and 30 kW without compromising its turbine
performance. However, this study did not include an economic analysis to evaluate profitability and
was also limited to a conventional ORC configuration. On the other hand, several analysis of the
cycle components’ performance have been carried out. Li et al. [15] assessed conduction, convection
and radiation heat losses of a small scale expander on the performance of an ORC. Other authors
have designed, simulated and tested different types of expanders: scroll [16,17], screw [18–20] and
radial [21–24].

Recently, some researchers have reconsidered the conventional configuration of ORC to increase
its yield and profitability. The main concern of this reconfiguration is that the working fluid matches the
temperature profile of the heat source [25]. Some modifications, such as the regenerative configuration,
are able to increase power or thermal efficiency but reduce the heat recovered from the heat source.
On the other hand, several researchers have argued that two pressure levels in the evaporation process
would increase the overall performance of the system [26,27]. Therefore, it is necessary to develop new
configurations which increase ORC performance and improve the exploitation of the thermal source.

Lecompte et al. [28] reviewed some alternative ORC configurations. Their study was focused on
waste heat recovery ORC systems. Some of these configurations include: regenerative ORC, organic
flash cycle, double organic flash cycle, trilateral cycle, ORC with zeotropic mixtures, transcritical
ORC, ORC with multiple evaporation pressures, and cascade cycles. Compared to conventional ORC,
configurations like ORC with multiple evaporation pressures and cascade cycles required additional
equipment and instrumentation which increases direct and indirect costs. Other cycles like transcritical
ORC could increase net power output but its thermal efficiency is low compared to conventional ORC,
besides it requires additional equipment and control instruments to operate near critical conditions.
From an operational point of view, the use of zeotropic mixtures implies a complex charging technique
and the possible leaks in the cycle could significantly affect the balance of the system [29]. On the other
hand, for small scale applications, Rahbar et al. [30] reported that conventional and regenerative ORC
are the most studied configurations, and most of the previous research in this field have been focused
on the application (solar, geothermal, etc.) coupled with the conventional configuration.

Many of the new configurations have been studied from the thermodynamic point of view,
without taking into account its cost-effectiveness and power generation at small scale. In addition,
some of the improvements mentioned above may not be competitive or profitable in relation to the
conventional energy generation cycles or the conventional ORC, specially at small scale. For this
reason, this paper proposes a comprehensive thermodynamic and economic study of a small scale dual
pressure ORC configuration operating with low temperature waste heat recovery and generating a net
power of less than 45 kW. The dual pressure ORC configuration was proposed by Lecompte et al. [28]
and has been recently studied by Manente et al. [25]. The aim of this paper is to determine the
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optimum operation conditions of this configuration and compare it with two traditional ORC cycles:
simple ORC and regenerative ORC, by analyzing the effect of the configuration, and working fluid
on net power production, thermal efficiency, Specific Investment Cost (SIC) and Levelized Cost of
Electricity (LCOE). A sensitivity analysis of the selling price of energy on the Net Present Value (NPV)
is also presented.

2. Materials and Methods

2.1. Working Fluid Selection

In this paper we consider the list of potential fluids in the working fluid database of REFPROP 9.1 [31].
Working fluids must satisfy Kyoto and Montreal Protocols, therefore the use of Chlorofluorocarbons
(CFCs) and Hydro-chlorofluorocarbons (HCFCs) is forbidden due to their Ozone Depletion Potential
(ODP). Additionally, ODP and GWP are typically employed as a restriction for working fluid selection.
Working fluids with ODP above zero and GWP over 100 years above 150 are forbidden by European
Union guidelines [32]. In this study, only pure substances are considered. In terms of safety, only
fluids with low toxicity, low and low-mid flammability are considered. Thus, working fluids with a
safety classification of A1, A2L according to the ASHRAE 34-2001 Standard are selected. Heat source
temperature ranges from 100 °C to 200 °C, therefore only organic fluids with critical temperatures
above 90 °C are considered. Previous studies [33,34] suggested that pressures might be between 0.1
and 2.5 MPa to make the ORC operation safe and profitable. When working pressures are outside of
this range, additional control and safety equipment are required in heat exchangers, which increases
capital cost and diminishes profitability. Based on the aforementioned criteria the working fluids
R1234yf (2,3,3,3-Tetrafluoropropene), R1234ze(E) (trans-1,3,3,3-Tetrafluoropropene) and R1234ze(Z)
(cis-1,3,3,3-tetrafluoroprop-1-ene) were selected.

2.2. Simulation Details

The present study focuses on the use of waste heat from industrial processes, which may be
present in the form of exhaust gases from internal combustion engines (66–120 °C), annealing furnaces
(66–230 °C), drying, curing and curing ovens (93–230 °C) and hot processed liquids and solids
(32–232 °C) [34]. To ensure proper control of the integration between the heat source and the ORC,
an intermediate thermal oil circuit is considered and Therminol 55 is used as the heat transfer fluid
(HTF). The temperature of the source can be variable, however, stable conditions are guaranteed at the
evaporator inlet with the use of HTF.

An optimization process was performed for the three proposed cycle configurations: simple
ORC (Figure 1a), regenerative ORC (Figure 1b), and dual pressure ORC (Figure 1c). A simulation
program was developed in MATLAB and the thermodynamic properties were calculated using
REFPROP 9.1 [31].

Mass and energy balances were developed for each configuration and two independent optimization
functions were defined: net power output and first law efficiency. These objective functions are given by
Equations (1) and (2).

Ẇnet = ∑ Ẇturb,i − ∑ Ẇpump,i (1)

ηth = Ẇnet/Q̇in (2)

where Ẇturb,i, Ẇpump,i, Ẇnet, Q̇in and ηth are the turbine power, pump power, net power, heat input
and thermal efficiency, respectively.
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Figure 1. ORC cycle configurations. (a) simple ORC; (b) regenerative ORC; and (c) dual pressure ORC.

The parameters and constraints considered in this study are presented in Table 1. Two different
conditions are considered for the turbine inlet temperature: superheated vapor and saturated vapor
(See Figure 2). Therminol 55 is considered as the heat source, and liquid water is considered as the
cooling fluid in the condenser. The thermodynamic optimization procedure is shown in Figure 3.
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Figure 2. Minimum approach temperature in the evaporator. (a) Superheated vapor. (b) Saturated vapor.
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Figure 3. Sequence of the simulation process.

Table 1. Parameters considered for the optimization process.

Parameter Units Value
Heat source temperature °C 100–200
Pinch Point Temperature Difference °C 10
Turbine isoentropic efficiency °C 85
Pump isoentropic efficiency °C 85
Condensation temperature °C 40
Heat source fluid or Heat transfer fluid (HTF) - Therminol 55
Heat source mass flow rate kg/s 1.0
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In this paper the exergy efficiency and the exergy destruction are calculated for each combination
of cycle and working fluid. The exergy efficiency is given by:

ηexergy = Ẇnet/Ein (3)

In the previous equation Ein is the change in exergy of the heat source which is equivalent to the
exergy input. The exergy input represents the maximum amount of useful work that can be done by
the cycle. The exergy balance for a control volume is given by [35]:

dEcv

dt
= ∑

j
Ėqj − Ẇcv + ∑

i
ṁi e f i − ∑

e
ṁe e f e − Ėd (4)

with:
Ėqj =

(
1 − To/Tj

)
Q̇j

e f = h − ho − To (s − so) + V2/2 + g z

where Ėqj is the exergy input due to heat transfer, Ẇcv is the work done by the system, e f is the specific
exergy of the fluid and Ėd is the exergy destruction.

2.3. Sizing of Components

2.3.1. Turbine and Pump

The size of the turbine is defined in terms of the power generated (Ẇturb), which is determined
by means of Equation (5) in terms of the mass flow rate of the turbine ṁturb and the enthalpies at the
turbine inlet hin an outlet hout.

Ẇturb = ṁturb (hin − hout) (5)

In the case of the pump, the size is defined in terms of the power consumed, which is determined
by means of Equation (6).

Ẇpump = ṁpump (hout − hin) (6)

where Ẇpump is the pump power, ṁturb is the mass flow rate across the pump, hin and hout are the
enthalpies at the pump inlet and outlet, respectivelty.

2.3.2. Heat Transfer Equipment

To determine the size of the heat transfer equipment, the overall heat transfer area is calculated
for each heat exchanger: boiler, condenser and internal heat exchanger. To calculate the overall
heat transfer area, the boiler is divided into three zones: preheating, evaporation and superheating.
The thermal oil in the boiler is considered as a single phase fluid. On the other hand, the working fluid
in the preheating and superheating zones is treated as a single phase fluid, and as a two phase fluid in
the evaporation zone. The condenser is divided into two zones: the cooling zone where the working
fluid exists in a single phase, and the condensing zone where the working fluid is treated as a two
phase fluid. The cooling water in the condenser, is considered as a single phase fluid. Finally, in the
internal heat exchanger the working fluid is considered as a single phase fluid.

The overall heat transfer area (A) of each heat exchanger is the sum of heat transfer areas of all
its zones, which is computed via the Number of Transfer Units (ε-NTU) and Log-Mean Temperature
Difference (LMTD) method according to Equation (7) [36].

A =
Q

U · ∆Tml
(7)
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where ∆Tml is the logarithmic mean temperature difference between the hot side and the cool side
and U is overall heat exchanger coefficient, which is calculated by following the thermal resistance
approach in Equation (8) [36,37].

1
U

=
1

hcs
+ Rw +

1
hhs

(8)

where Rw is the resistance of the material of the wall, hcs is the heat exchanger coefficient of the cold
side, and hhs is the heat exchanger coefficient of the hot side.

For the single phase zone of the boiler, the condenser and the internal heat exchanger, the heat
transfer coefficient (hsp) is calculated by Equation (9) [38].

Nusp =
hspDh

k
= 0.78 · Re0.5Pr1/3, 10 < Re < 20, 000 (9)

where Dh is the hydraulic diameter, k is thermal conductivity of the fluid, Re is the the Reynolds
number and Pr is the Prandtl number.

In the two phase zone of the boiler, two phase heat transfer coefficient (htp) is calculated by means
of Equation (10) [39].

Nutp =
htpDh

kl
= 0.00187 ·

(
q · do

kl

)0.56
(

h f gdo

α2
l

)0.31

Pr0.33 (10)

where kl is thermal conductivity of the liquid phase, q is heat flux, d0 is bubble departure diameter, h f g
is specific latent heat of vaporization and αl is thermal diffusivity of the liquid phase.

In the two phase zone of the condenser, the heat transfer coefficient (htp) is calculated by
Equation (11) [40], where Reeq is Reynolds number for equivalent mass flow (Geq). Reeq and Geq

are calculated by means of Equations (12) and (13), respectively.

Nutp =
htpDh

kl
= 4.118 · Re0.4

eq · Pr0.33
l (11)

Reeq =
Geq · Dh

µl
(12)

Geq = G

[
1 − xm + xm

(
ρl
ρv

)1/2
]

(13)

where µl is dynamic viscosity of the liquid phase, xm is vapor quality, ρl and ρv are vapor and liquid
phase densities, respectively, and Prl is the Prandtl number of the liquid phase.

2.4. Cost Structure and Estimation

2.4.1. Total Investment Cost

The aim of this section is to evaluate the results of the thermodynamic optimization from an
economic point of view. Thus, the total investment and the cost of energy production is determined
from the cost of the main components of the cycle: heat exchangers, turbine and pump. On the
other hand, the cost of the startup, working capital, other fixed capital investment components,
and operation and maintenance costs are determined following the assumptions and suggestions
proposed by Bejan and Tsatsaronis [41]. The cost structure for the economic analysis is presented in
Figure 4. The description of the cost structure is presented below.
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Figure 4. Cost structure for the economic analysis. AFUDC: Allowance of Funds Used During Construction.

For Purchased Equipment Cost (PEC), a market and literature search was performed and a cost
function was built. The structure of the cost function follows the methodology proposed by Bejan
and Tsatsaronis [41]. In this methodology, the cost of each component is calculated from a specific
parameter as it is shown in Equation (14).

C = Cre f

(
B

Bre f

)n

(14)

where B is the specific parameter (area or power), Cre f is the reference cost of Bre f , y n is and exponent
for the cost scaling. Values for B, Bre f , Cre f and n are presented in Table 2. The heat transfer areas are
calculated by following the heat transfer equations for brazed plate heat exchangers presented in the
previous section. The remain components of the fixed capital investment and the total investment are
determined as a percentage of the total investment cost. A description of these costs and their values is
presented in Table 3.

Table 2. Values for B, Bre f , Cre f and n for the cost function of the ORC components.

Component Parameter Units Bre f Cre f (USD) n Reference

Turbine Power kW 0.1 500 0.73 [42]
Heat exchangers Area m2 0.12 304 0.69 [43]

Pump Power kW 0.3 1000 0.45 [34]
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Table 3. Remaining investment costs.

Parameter Percentage Base for Percentage Calculation Reference

Piping 9% Purchased Equipment Cost [44]
Installation of equipment 20% Purchased Equipment Cost [41]
Instrumentation and controls 5% Purchased Equipment Cost [44]
Electrical equipment 4% Purchased Equipment Cost [44]
Civil and structural work 5% Purchased Equipment Cost [44]
Engineering and supervision 30% Purchased Equipment Cost [41]
Construction 10% Direct costs [41]
Contingencies 15% Fixed Capital Investment [41]
Startup cost 1% Fixed Capital Investment [44]
Working capital 3% Purchased Equipment Cost [44]
AFUDC 15% Fixed Capital Investment [41]

2.4.2. Operation and Maintenance Costs

Operation and maintenance costs comprise the following expenses [45]: direct labor, supervision,
payroll charges, maintenance, miscellaneous direct costs. The detail of the calculation of these costs
is presented in Table 4 except for direct labor costs, which are calculated by using Equation (15).
In this equation Ch is the cost of the time, HA is the annual working time, and NL is the number of
workers. Ch is set as 3 USD/h, a value of 2080 h/worker is set for HA, and NL is determined for each
configuration using the Ulrich method [45]: 0.6 for the first configuration (Figure 1a), 0.65 for the
second configuration (Figure 1b), and 0.65 for the third configuration (Figure 1c).

Direct labor costs = Ch · NL · HA (15)

Table 4. Remaining operation and maintenance costs. Values taken from [45].

Parameter Percentage Base

Payroll charges 35% Direct labor and supervision costs
Supervision costs 15% Direct labor cost
Maintenance costs 6% Fixed Capital Investment
Operating supplies 5–7% Direct labor cost
Laundry 10–15% Direct labor cost
Laboratory 10–15% Direct labor cost

2.4.3. Levelized Cost of Electricity and Net Present Value

LCOE and SIC are determined to compare the performance of selected working fluids and
configurations from an economic point of view. LCOE represents the minimum cost of the kWh to
cover the necessary costs for generating electricity: initial investment, operation and maintenance, fuel
costs, insurance, etc. [41]. LCOE is calculated as it is shown in Equation (16) and SIC is determined
from Equation (17).

LCOE =

N
∑

n=0

Cn+O&Mn+FEn
(1+r)n

N
∑

n=0

En
(1+r)n

(16)

SIC =
TEC + O&M

Ẇnet
(17)

where Cn are the investment expenditures of the year of operation (n), O&M are the operation and
maintenance expenditures, FEn are the fuel expenditures, En is the cash income from electricity
generation, r is the effective discount rate and N is the lifetime period.
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Another parameter employed to assess economic profitability is Net Present Value (NPV), which
is defined as the present value of a number of future cash flows from an investment [41]. NPV is
calculated as:

NPV =
N

∑
n=1

Yn (1 + r)n − I0 (18)

where Yn is the cash flow of every year of operation (n), I0 is the initial investment, and r is the effective
discount rate. The economic assumptions for the economic evaluation are [34]:

• The lifetime period is 20 years
• The capacity factor is set to 85%
• Average general inflation rate is 5%
• Average income taxes interest rate is 33%
• Cost of capital or interest rate, 5%
• Straight line depreciation is assumed over the lifetime of the ORC

3. Results and Discussion

3.1. Power and Thermal Efficiency Optimization

3.1.1. Simple ORC

In the case of simple ORC (Figure 5a), fluids develop almost the same net power output and
thermal efficiency when heat source temperature is below 130 °C and net power is optimized. However,
thermal efficiency is higher for R1234ze(Z) and R1234ze(E) when thermal efficiency is optimized.
Nevertheless, increasing thermal efficiency adversely affects the net power for R1234ze(Z) with
a reduction from 3.3 to 0.1 kW at 100 °C, and from 6.6 to 0.2 kW at 130 °C. The optimization of
thermal efficiency leads to a superheated condition in the turbine inlet, this increment in turbine inlet
temperature reduces the mass flow rate in the evaporator at the same pinch point conditions [46].
When the heat source temperature is below 130 °C, R1234ze(Z) requires low evaporation pressures,
which leads to rather limited enthalpy drops in the turbine which results in a low power output.

When net power output is optimized above 130 °C, R1234yf reaches its maximum pressure
as reported in literature (25 bar) [33,34], which slightly increases the net power of the cycle from
10.4 to 20.9 kW, but at a constant low thermal efficiency of 7.1–7.3%. Those values are quite similar
to those obtained when the thermal efficiency is optimized. This is due to the pressure limit and
the low critical temperature of R1234yf, which implies that the optimum net power and efficiency
occurs simultaneously. This situation is also present in R1234ze(E) and R1234ze(Z), but their higher
critical temperatures allow to develop higher net power and higher thermal efficiency. Moreover,
since R1234ze(Z) has the highest critical temperature, this fluid develops the highest net power and
thermal efficiency among the studied fluids. It is important to point out that R1234ze(Z) develops
the highest net power because its thermodynamic condition at the turbine inlet is saturated vapor at
higher temperatures.
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Figure 5. Net power output and Thermal Efficiency optimization for different heat source temperatures.
Working fluids: R1234yf, R1234ze(E) and R1234ze(Z). Cycle configurations: (a) Simple ORC.
(b) Regenerative ORC and (c) Dual pressure ORC. NPO = Net Power Optimization. TEO = Thermal
Efficiency Optimization.

3.1.2. Regenerative ORC

For the regenerative ORC (Figure 5b) results are similar to those obtained for the simple ORC
when net power is optimized at heat source temperatures up to 160 °C for R1234yf, and up to 180 °C
for R1234ze(E). This is because there is no heat recovery in the internal heat exchanger. Above this
temperatures, the turbine outlet temperature increases and the internal heat exchanger is active, which
reduces heat consumption in the evaporator and increases thermal efficiency. In addition, when thermal
efficiency is optimized, the working fluids achieve the highest thermal efficiency at the superheated
vapor condition at the turbine outlet. This condition leads to higher turbine outlet temperatures which
activate the internal heat exchanger and the thermal efficiency is therefore increased. This explains why
the net power optimization results have opposite trends to those obtained by the thermal efficiency
optimization. However, is important to mention that even though the internal heat exchanger increases
efficiency, it does not increase net power as can be seen from Figure 5.

3.1.3. Dual Pressure ORC

According to Figure 5c, the dual pressure ORC has the highest optimum net power output,
up to 5.3 kW, when the heat source temperature is below 130 °C. Above 130 °C, as suggested in
literature [33,34], the net power output of the dual pressure ORC is limited by the maximum operation
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pressure, 25 bar. When the maximum evaporation pressure is reached, the turbine inlet temperature
has to be increased to obtain a higher power output. However, as the intermediate pressure is
also increased, the power consumption in the pumps increases as well, and the dual pressure ORC
generates less net power output than the other two cycles (simple and regenerative ORC). Simple
and regenerative ORC develop the same power output but with different thermal efficiencies. Based
on the results, the dual pressure ORC is an attractive cycle at heat source temperatures lower than
130 °C, since the regenerative and simple ORC achieve the highest net power output above 130 °C,
up to 44.0 kW.

Results are compared with those obtained by Manente et al. [25] at 100 and 150 °C (Table 5).
The results show that the net power optimization efficiencies are very close to the unconstrained
scenario proposed by Manente et al. [25]. In this scenario the dual pressure ORC develops a
lower thermal efficiency than simple ORC. Furthermore, R1234ze(Z) is the working fluid with the
highest thermal efficiency and this trend is confirmed by Manente et al. [25] in both constrained and
unconstrained scenarios.

Table 5. Thermal efficiency comparison of the net power and thermal efficiency optimization results
with the performance of the simple and the dual pressure ORC presente by Manente et al. [25].
NPO = Net power optimization. TEO = Thermal efficiency optimization. UN = Unconstrained scenario.
CON = Constrained scenario.

Thermal Efficiency
Simple ORC (%)

Thermal Efficiency
Dual Pressure ORC (%)

Heat source
temperature (°C) NPO TEO UN CON NPO TEO UN CON

R1234yf
100 5.7 7.5 5.4 6.0 5.5 7.3 5.5 6.6

R1234ze(E)
100 5.6 9.0 5.5 6.0 5.4 8.6 5.6 6.8
150 9.0 9.3 9.8 10.5 8.9 9.0 9.9 10.4

R1234ze(Z)
100 6.0 9.9 5.8 5.9 5.9 9.3 5.8 7.1
150 10.6 14.5 10.3 10.3 10.2 14.3 10.5 10.9

Table 6 shows results for individual optimization of net power and thermal efficiency and the
optimum configuration for each heat source temperature studied. By optimizing net power output,
R1234z(E) and R134ze(Z) are the working fluids that maximize power and thermal efficiency. At 200 °C,
R1234ze(Z) reaches up to 44.0 kW of net power output while R1234ze(E) develops up to 27.7 kW,
and R1234yf develops just 22.7 kW. However, when thermal efficiency is maximized, the maximum
power obtained for R1234ze(Z) reduces to 33.0 kW. A similar trend is also observed for R1234ze(E) and
R1234yf. Thus, the optimization of thermal efficiency implies a sacrifice of net power output.

On the other hand, when power is optimized thermal efficiencies are lower than the optimized
efficiencies (Table 6), which means that the optimization of the net power also involves a sacrifice of
thermal efficiency for the studied cycles.

This trend is also confirmed by Manente et al. [25] (Table 5). The change from unconstrained to a
constrained scenario in the dual pressure ORC, for R1234ze(Z), causes a reduction of net power output
from 961 to 892 kW at 100 °C and from 3778 to 3707 kW at 150 °C. In the case of R1234ze(E), net power
was reduced from 966 kW to 862 kW at 100 °C, and from 4382 to 3513 kW at 150 °C.
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Table 6. Optimum cycle configuration for different working fluids based on the individual optimization
of net power and thermal efficiency. DP = Dual pressure ORC, S = Simple ORC, R = Regenerative ORC.

R1234yf R1234ze(Z) R1234ze(E)
Heat Source
Temperature

(°C)

Net
Power
(kW)

Thermal
Efficiency

(%)
Cycle

Net
Power
(kW)

Thermal
Efficiency

(%)
Cycle

Net
Power
(kW)

Thermal
Efficiency

(%)
Cycle

Net Power Optimized
100 4.0 5.5 DP 4.0 5.9 DP 4.0 5.4 DP
110 5.7 6.2 DP 5.7 6.8 DP 5.7 6.4 DP
120 7.8 7.3 R 7.8 7.7 DP 7.8 7.4 DP
130 10.4 7.3 R 10.2 8.6 DP 10.2 8.1 DP
140 13.0 7.3 R 12.9 9.4 DP 13.4 9.0 R
150 15.7 7.3 R 15.9 10.2 DP 16.8 9.0 R
160 14.5 7.0 DP 19.3 11.0 DP 20.3 9.0 R
170 17.0 7.1 DP 23.1 11.8 DP 23.8 9.0 R
180 18.8 7.2 DP 28.7 14.4 R 21.6 7.6 R
190 20.8 7.3 DP 36.3 14.4 R 25.3 8.8 DP
200 22.7 7.4 DP 44.0 14.4 R 27.7 8.9 DP

Thermal Efficiency Optimized
100 2.6 8.1 R 0.1 10.1 R 0.1 9.1 R
110 4.8 8.6 R 0.2 11.5 R 3.2 9.8 R
120 6.8 9.0 R 0.1 12.7 R 6.1 10.4 R
130 8.8 9.4 R 0.4 13.7 R 8.8 10.9 R
140 10.6 9.7 R 3.0 14.5 R 11.5 11.2 R
150 12.5 10.0 R 6.1 15.4 R 14.0 11.6 R
160 14.2 10.2 R 12.1 16.1 R 16.5 11.9 R
170 15.9 10.4 R 17.7 16.7 R 18.9 12.2 R
180 17.6 10.6 R 23.0 17.2 R 21.2 12.4 R
190 19.3 10.8 R 28.1 17.7 R 23.5 12.6 R
200 20.9 10.9 R 33.0 18.1 R 25.8 12.8 R

3.2. Exergy Efficiency and Exergy Destruction

Figure 6a show the exergy efficiency for the three ORC configurations and working fluids when
net power output is optimized. There are no major differences in exergy efficiency below 120 °C.
This is caused by the combination of two factors: first, fluids reach optimum net power output with
saturated vapor condition at the turbine inlet, and second, the evaporation pressures is very close
to each other. Above 120 °C R1234yf reaches the maximum pressure and its exergy efficiency starts
decreasing because its relatively low critical temperature. The same holds for R1234ze(E) above 140 °C.
This observable does not take place in the case of R1234ze(Z) because its higher critical temperature
allows reaching higher exergy efficiencies as the heat source temperature increases.

Regarding ORC configurations, the use of regenerator significantly increases exergy efficiency.
The improvement is noticeable in R1234ze(E) and R1234yf due to their critical temperature and
pressure limitations. According to Figure 6b the effect is much more remarkable when the thermal
efficiency is optimized because the superheated vapor condition at the turbine inlet increases the
turbine outlet temperature and activates the recovery heat exchanger, which reduces the heat input
and the generation of entropy in the evaporator.

Finally, R1234ze(Z) is the working fluid with the highest exergy efficiency. Its superior performance
becomes more evident when thermal efficiency is optimized, rather than when the power is optimized.
Below 120 °C, R1234ze(Z) has a higher exergy efficiency when is used as working fluid in the dual
pressure ORC. Above 130 °C, regenerative ORC is the configuration that increases its exergy efficiency.

The inclusion of the internal heat exchanger reduces the heat transfer in the evaporator
therefore, the entropy generation and the irreversibilities are reduced as well. However, according to
Manente et al. [25], the goal is to recover the highest amount of energy following the most efficient way.
As previously mentioned, the regenerative configuration is able to increase performance but reduces
the heat recovered from the heat source. Another issue of this high efficiency combination is that the
net power output is sacrificed, specially at lower temperatures, where the cycle generates low power.
This issue leads to higher LCOE as is evident from the economic analysis.
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Figure 6. Exergy Efficiency vs. Heat source temperature. Working fluids: R1234yf, R1234ze(E) and
R1234ze(Z). Cycle configurations: (a) Net power optimization. (b) Thermal efficiency optimization.

3.3. Levelized Cost of Electricity - LCOE

As presented above, net power and thermal efficiency optimization show opposite trends.
To examine the profitability of each approach, LCOE and SIC are determined. LCOE values for
net power optimization and thermal efficiency optimization are presented in Table 7. Results show
that for small-scale ORC, simple ORC is more profitable than regenerative and dual pressure ORC.

When thermal efficiency is optimized there is no single fluid that minimizes LCOE. Results show
that R1234yf is suitable for heat source temperatures below 120 °C. R1234ze(E) reduces the LCOE
between 120 and 160 °C, and R1234ze(Z) shows the lowest LCOE above 170 °C. In all cases, simple
ORC is the configuration that minimizes LCOE.

For net power optimization, the trend of LCOE is maintained when the three ORC configurations
are compared: simple ORC is the most profitable option among the configurations studied as
mentioned above for the thermal efficiency optimization. In this case, R1234ze(Z) is the most profitable
working fluid at all heat source temperatures. In addition, Table 7 shows that lowest LCOE are
achieved when net power output is optimized in contrast to the case in which thermal efficiency is
optimized. However, it is further noted that the lowest LCOE values fluctuates between 0.20 and
0.80 USD, which are not competitive values compared with the ones featured by electrical grids.

Dual pressure ORC is the most expensive configuration among the working fluids when heat
source temperature is above 130 °C. Below this temperature its operation is between 5–12% more
expensive than simple ORC. Furthermore, thermal efficiency optimization show that dual pressure
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ORC is the most expensive configuration when heat source temperature ranges between 160 and
200 °C. In general, to reduce energy production costs the best option is to keep the cycle as simple
as possible.

Table 7. LCOE for each cycle configuration in USD/kWh obtained from the individual optimization of net
power output and thermal efficiency. DP = Dual pressure ORC, S = Simple ORC, R = Regenerative ORC.

R1234yf R1234ze(E) R1234ze(Z)
Heat Source

Temperature (°C) S R DP S R DP S R DP

Net Power Optimized
100 0.80 1.11 0.92 0.78 1.11 0.84 0.80 1.09 0.90
110 0.62 0.64 0.74 0.60 0.81 0.67 0.62 0.80 0.72
120 0.51 0.52 0.64 0.49 0.64 0.56 0.51 0.62 0.60
130 0.46 0.47 0.58 0.42 0.52 0.49 0.42 0.51 0.52
140 0.43 0.44 0.53 0.36 0.43 0.43 0.38 0.43 0.47
150 0.49 0.50 0.49 0.32 0.37 0.39 0.35 0.39 0.43
160 0.50 0.54 0.46 0.29 0.33 0.35 0.34 0.36 0.40
170 0.39 0.38 0.44 0.26 0.29 0.32 0.44 0.46 0.38
180 0.37 0.36 0.42 0.24 0.26 0.30 0.43 0.43 0.36
190 0.36 0.34 0.40 0.22 0.24 0.28 0.30 0.30 0.35
200 0.35 0.32 0.38 0.22 0.23 0.27 0.29 0.28 0.33

Thermal Efficiency Optimized
100 0.96 1.45 1.02 9.78 63.74 1.64 8.80 47.16 1.61
110 0.68 0.88 0.76 6.52 35.54 1.41 0.81 1.21 0.84
120 0.57 0.68 0.64 9.38 66.72 1.17 0.56 0.71 0.61
130 0.51 0.57 0.57 3.72 15.75 0.99 0.47 0.55 0.53
140 0.46 0.50 0.53 5.14 1.36 0.90 0.42 0.47 0.47
150 0.43 0.45 0.49 0.51 0.72 0.50 0.38 0.41 0.44
160 0.41 0.41 0.46 0.36 0.43 0.40 0.35 0.37 0.40
170 0.39 0.38 0.44 0.30 0.34 0.34 0.33 0.34 0.38
180 0.37 0.36 0.42 0.27 0.30 0.31 0.32 0.32 0.36
190 0.36 0.34 0.40 0.25 0.27 0.29 0.30 0.30 0.35
200 0.35 0.32 0.38 0.23 0.25 0.27 0.29 0.28 0.33

3.4. Specific Investment Cost (SIC)

Table 8 presents SIC for the three configurations and the three working fluids when net power
output is maximized. As the heat source temperature is reduced below 120 °C, the specific investment
reaches almost 8300 USD/kW, which is the case of regenerative ORC. This low heat source temperature
causes an increase in the heat transfer area of the recovery heat exchanger, and when this is combined
with the low net power output, SIC is negatively affected. Even though dual pressure ORC requires
three additional equipment (a pump, a heat exchanger and a turbine) its SIC values are very close to
those obtained by simple ORC configuration. The situation of the regenerative ORC becomes worst
when thermal efficiency is optimized and heat source temperature is below 120 °C. The low net power
output obtained by R1234ze(Z) penalizes the cost of the cycle and adversely affects SIC, leading to
relatively high LCOE values.

Above 120 °C, the increase in net power and thermal efficiency reduces the cost of the equipment
and the operation and maintenance cost, since some components like heat exchangers and condensers
become smaller. As the heat source delivers energy at a higher temperature, SIC becomes as low as
1600 USD/kW. This result is promising as compared with a study of Galindo et al. [47], who carried out
a multi-objective optimization of an ORC as a bottoming cycle of a gasoline engine using swash-plate
expander to reduce SIC. The heat source considered was the exhaust gases of the engine (678 °C at a
mass flow rate of 48 g/s) and the working fluid was ethanol. The ORC developed up to 2.4 kW of net
power output and showed a SIC of 2030 e/kW.



Entropy 2017, 19, 476 15 of 19

In addition, there is a promising potential for simple ORC operating with R1234ze(Z) compared
with the same configuration operating with R245fa. In a previous study Quoilin et al. [48] reported a
SIC of 2700 e/kW for a heat source temperature of 180 °C and a cooling fluid at 15 °C in the condenser.
According to Table 8, the simple ORC with R1234ze(Z) at 180 °C has a SIC of 1800 USD/kW.

Table 8. SIC for each cycle configuration in thousands of USD/kWh obtained from the individual
optimization of net power output and thermal efficiency. DP = Dual pressure ORC, S = Simple ORC,
R = Regenerative ORC.

R1234yf R1234ze(E) R1234ze(Z)
Heat Source

Temperature (°C) S R DP S R DP S R DP

Net Power Optimized
100 6.0 8.3 6.9 5.8 8.3 6.2 5.9 8.2 6.7
110 4.7 4.8 5.6 4.5 6.1 5.0 4.6 6.0 5.4
120 3.8 3.9 4.8 3.7 4.8 4.2 3.8 4.7 4.5
130 3.4 3.5 4.3 3.1 3.9 3.7 3.2 3.8 3.9
140 3.2 3.3 4.0 2.7 3.2 3.2 2.8 3.2 3.5
150 3.7 3.8 3.7 2.4 2.8 2.9 2.6 2.9 3.3
160 3.8 4.0 3.5 2.2 2.5 2.7 2.5 2.7 3.0
170 2.9 2.8 3.3 2.0 2.2 2.5 3.3 3.5 2.9
180 2.8 2.7 3.1 1.8 2.0 2.3 3.2 3.3 2.7
190 2.7 2.5 3.0 1.7 1.8 2.1 2.3 2.3 2.6
200 2.6 2.4 2.9 1.6 1.7 2.0 2.2 2.1 2.5

Thermal Efficiency Optimized
100 7.1 10.8 7.6 70.3 481.5 12.1 63.4 355.6 11.9
110 5.1 6.6 5.7 47.0 268.1 10.4 6.0 9.1 6.2
120 4.3 5.1 4.8 67.4 504.4 8.6 4.2 5.4 4.6
130 3.8 4.3 4.3 26.9 118.5 7.3 3.5 4.1 4.0
140 3.5 3.8 4.0 37.1 10.2 6.7 3.1 3.5 3.5
150 3.3 3.4 3.7 3.8 5.4 3.8 2.9 3.1 3.3
160 3.1 3.1 3.5 2.7 3.2 3.0 2.7 2.8 3.0
170 2.9 2.8 3.3 2.3 2.6 2.5 2.5 2.6 2.9
180 2.8 2.7 3.1 2.0 2.2 2.3 2.4 2.4 2.7
190 2.7 2.5 3.0 1.9 2.0 2.2 2.3 2.3 2.6
200 2.6 2.4 2.9 1.8 1.9 2.0 2.2 2.1 2.5

3.5. Net Present Value (NPV)

Since LCOE is considered as the average minimum cost at which electricity must be sold in order
to break-even over the lifetime of the project, values in Table 7 consider a payback period of 20 years.
Remark that LCOE allows to assess the performance of different ORC configurations, operating with
different working fluids, under the same future scenario. However, to achieve a lower payback period,
the selling price of energy must be higher than the calculated via LCOE. Figure 7 shows NPV for
five values of selling price of energy. Results in Figure 7 corresponds to simple ORC operating with
R1234ze(Z) at the highest heat source temperature and optimum net power output. Results for NPV
indicate that a moderate increment in the selling price of energy (from 0.22 to 0.3 USD/kWh) leads to a
reduction in the payback period from 20 to 8 years. Energy selling prices in the range 0.2–0.3 USD/kWh
are not competitive compared to the average price of electricity for industrial users in the United
States, which is between 0.05 and 0.2 USD/kWh, but are close to the average price of electricity for
residential users, which is between 0.1 and 0.3 USD/kWh [49]. Nevertheless, in non interconnected
areas, the electricity cost of new rooftop Solar Photovolaic (PV) systems ranges between 0.1 and
0.4 USD/kWh [50] and the cost of electricity in Concentrated Solar Power (CSP) via parabolic trough
collectors, which is the most common and mature solar thermal power technology [51], is between 0.17
and 0.35 USD/kWh [52], showing that simple ORC with a selling price of energy of 0.3 USD/kWh
could be a feasible option, depending on the profitability input parameters and taxes.
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Figure 7. Net Present Value (NPV) vs. payback period for net power optimization. Heat source
temperature: 200 °C. Cycle: simple ORC. Working fluid: R1234ze(Z).

4. Conclusions

In this paper thermodynamic optimization and economic analysis of the dual pressure ORC is
carried out to compare its performance and profitability with two common configurations: Simple and
Regenerative ORC. In the optimization process pressure ratio and the minimum approach temperature
in the evaporator are varied to maximize net power output and thermal efficiency independently.
In the economic analysis LCOE and SIC are calculated to compare the different cycle configurations
and the optimization results. As a distinguishing feature our study focuses on small-scale applications
requiring power output of less than 45 kW. After presenting the results and identify trends, the
following conclusions are established:

• Dual pressure ORC is the configuration that achieves the highest net power output at heat source
temperatures below 130 °C. Dual pressure ORC is more attractive at heat source temperatures
close to 100 °C. Above 130 °C, simple ORC with R1234ze(Z) develops the highest power output.

• From the thermal efficiency optimization, regenerative ORC with R1234ze(Z) is the combination
with the maximum thermal efficiency. However, its net power output is rather low compared
with R11234yf and R1234ze(E), which develop less thermal efficiency but higher net power output
when thermal efficiency is optimized.

• Net power output and thermal efficiency optimization show different trends when they are
optimized separately. However, LCOE values show that thermal efficiency optimization is less
cost-effective than net power output optimization.

• There are higher exergy destruction and lower exergy efficiency rates when net power is optimized
as compared to the case in which thermal efficiency is optimized. The inclusion of the regenerative
heat exchanger reduces the exergy destruction and increases the exergy efficiency, but dual
pressure ORC is the configuration with the lowest exergy efficiency and the highest exergy
destruction, specially at higher temperatures, where the working fluid is superheated.

• According to the economic evaluation, LCOE and SIC values show that the conventional simple
ORC is the most cost-effective among the studied cycle configurations when either net power or
thermal efficiency is optimized, requiring a selling price of energy of 0.3 USD/kWh to obtain a
payback period of 8 years. In addition, the working fluid R1234ze(Z) exhibits great potential for
simple ORC when compared to conventional R245fa.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

TSi Inlet Heat Source Temperature (°C)
TSo Outlet Heat Source Temperature (°C)
A Heat transfer area (m2)
Q Heat (kW)

U Overall heat transfer coefficient
(

W
m2·K

)
∆Tml Mean logarithmic temperature difference, K

h heat transfer coefficient
(

W
m2·K

)
Rw Thermal resistance of the wall

(
m2·K

W

)
Nu Nusselt number
Dh Hydraulic Diameter, m

k Thermal conductivity
(

W
m·K

)
q Heat flux,

(
W
m2

)
G Mass flux,

(
kg

m·K

)
d0 Bubble departure diameter, m

h f g Specific latent heat of vaporization,
(

kJ
kg

)
x Vapor quality

Subscripts
sp Single phase
cs Cold source
hs Heat source
m Liquid-vapor mixture
v Vapor phase
eq Equivalent
tp Two phase
l Liquid phase

Greek symbols
α Thermal diffusivity ( m2

s )
ρ Density ( kg

m3 )
µ Dinamic viscosity (Pa · s)
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