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Abstract: The wastes in wood industries (waste chips) are commonly used as fuel for burners to
produce steam and to use the remaining heat in the drying process. However, in spite of that,
there is a considerable amount of heat evaluated from the burn of waste chips still released to the
atmosphere without use. Therefore, in the present study, a cogeneration cycle design by used of ORC
was designed and parametrically optimised for six organic working fluids (acetone, ethanol, R11,
RE245fa2, R365mfc and R601a). During the ORC optimisation, the ORC turbine inlet temperature
was changed from the saturated steam temperature of the fluid to the maximum temperature of the
fluid. The ORC turbine inlet pressure was increased from 7.5 bar to the critical pressure of the fluid.
As a result of the study, the maximum net power, net thermal efficiency and exergy efficiency of the
ORC were found as 453.91 kW, 30.01% and 67.56% at 340 ◦C and 62.5 bar from the ORC with ethanol.
This means that almost 30% of the waste heat could be recovered by use of the ORC with ethanol.
By using the designed cogeneration system, it was calculated that the thermal efficiency of the system
can be increased up to 74.01%.

Keywords: organic Rankine cycle (ORC); working fluids; wood chipboard; parametric optimization;
exhaust gas; exergy

1. Introduction

Industrial sectors are giving great importance to plant optimisation and production optimization
to meet the growing demand for products. However, although these sectors are sufficient to make the
necessary improvements to meet the demand, the most important problems that almost all industrial
production facilities cannot overcome are wastes [1,2]. In spite of all progress in industrial production
technologies, nearly 6% of materials in iron and steel industry, 15% of materials in mining industry and
10% of materials in the food industry are still thrown to the environment as solid waste. [3–9]. Solid
waste rates for the wood sector are also not negligible. In the wood industry, almost 80% of the raw
material (wood) is used for production processes and the remaining proportion of the wood exits from
the process as waste [10]. There are many additional sectors that use solid wastes of the wood industry
as raw material. By these additional production processes, between 40% and 85% of the wastes can be
recovered [11]. However, in spite of all efforts, there is still unusable solid wastes in the wood industry,
which account for nearly 10% of the total wood input [10,11].

Although it is not possible to use this solid waste as a raw material in another process, it is possible
to benefit from its thermal capacity. In wood-based production plants, steam and drying processes
are essential and need high energy [12]. Therefore, there are many studies that analyse the use of the
thermal capacity of unusable solid wood wastes [13–15]. Nunes et al. analysed the utilisation of the
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woodchips as fuel in steam boiler [16]. Nunes et al. studied the economic and environmental benefits
of the use of thermal energy of solid wood wastes. As a result of the study, by using wood chips, 27%
of reduction in energy cost was calculated [17]. Barrier and Ghaffariyan evaluated the artificial wood
drying process. After a detailed analysis, it was clearly seen that 17% of the total energy consumption
was used for the drying process. They also mentioned that this energy need could be met by burning
of wood wastes rather than natural gas [18]. Although the use of thermal energy of waste wood is
an important recovery method, it is clear that it should be improved in terms of energy efficiency.
Because a considerable proportion of the heat produced from the burning of wood wastes releases to
the environment as waste by exhaust gas, many additional systems could be integrated into the waste
wood combustion units for the recovery of this exhaust gas waste heat. Kalina cycles, organic Rankine
cycles, recuperators and economisers are a couple of these waste heat recovery systems. Organic
Rankine cycles are one of the best methods for the recovery of low and medium temperature heat
sources [19–21]. Low cost, simple system configuration and high energy efficiency for use in low
temperature heat sources are other important advantages of organic Rankine cycles [22–24].

There are many studies in the literature that have used organic Rankine cycles (ORC) to recover
waste heat. Noussan et al. simulated a biomass fired CHP system and heat storage system. In the
system, the heat used in ORC to produce power and the remaining proportion of the heat was stored
to use in the distinct heating system [25]. Uris et al. assessed the feasibility of an ORC integrated
cogeneration plant using biomass as fuel. In the designed system, the heat releasing from the burning
of the biomass was used in ORC to produce electricity. After ORC, the remaining heat of the exhaust
gas was sent to distinct cooling and heating system [26]. Safari and Dincer analysed novel biomass
fired multigeneration system, which produces electricity, hot water, fresh water and hydrogen. As a
result of the study, the amount of electricity, hot water, fresh water and hydrogen produced were
calculated as 1102 kW, 1.82 kg/s, 0.94 kg/s and 0.347 kg/s, respectively [27]. Ghasemi et al. designed
a multigeneration to produce heat, power, fresh water and to liquefy natural gas. After detailed
calculations, 16.11 kW electricity, 28.94 kW heat, 8.8 kg/s fresh water and 0.02 m3/h liquefied natural
gas production were seen as possible for a small scale multigeneration system [28]. Khanmohammadi
and Atashkari modelled and optimised a polygeneration system that uses biomass as heat sources.
As a result of the calculations, the exergy efficiency of the ORC and polygeneration system was found
as nearly 27.3% and 27.9%, respectively [29]. Yağlı et al. integrated an ORC to a combined heat and
power engine to recover waste heat of the exhaust gas. As a result of detailed calculations, the power
production rate, thermal efficiency and exergy efficiency of the ORC were found as 81.52 kW, 15.93%
and 27.76%, respectively [30].

In addition to the feasibility analysis of the integrating ORC to the waste heat source, it is also
essential to parametrically optimise the ORC by considering different working fluids, turbine inlet
pressure and turbine inlet temperature. There are many studies that parametrically optimised the ORC
to obtain the best performing ORC parameters. Desideri et al. experimentally analysed an 11 kW ORC
for the cases of using SES36 and R245fa as working fluid. As a result of the study, ORC reached a
maximum thermal efficiency of 9% and 7.8% for the use of SES36 and R245fa, respectively [31]. Dickes
et al. experimentally compared three approximations (constant-efficiency method, a polynomial-based
method and a semi-empirical method) in order to obtain the best simulation method for ORC. As a
result, the semi-empirical method presented the most reliable and precise results [32]. Peris et
al. experimentally characterised the performance of an ORC to recover low grade waste heat in
cement industry. After detailed experimental analysis, the maximum gross electrical efficiency of
the ORC was found as 12.32% [33]. Yang et al. experimentally investigated 3 kW ORC for different
operating parameters to recover low-grade waste heat. The experiment results showed that the
maximum electrical power and thermal efficiency of the ORC was 1.89 kW and 5.92%, respectively [34].
Navarro-Esbrí et al. experimentally studied and compared ORC using HFO-1336mzz-Z and HFC-245fa
as a working fluid. During the experiments, the hot source temperature was varied from 140 ◦C to
160 ◦C, while the cold source temperature was varied from 25 ◦C to 40 ◦C. As a result of the study, the
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maximum performance of the ORC was obtained from the case of using HFO-1336mzz-Z as a working
fluid and at this state, the thermal efficiency was found to be 8.3% [35].

When all these studies are analysed together, the possibility of using ORC for recovering the
exhaust gas of the waste wood fired burning is obviously seen. However, there are only limited
studies that evaluate the usability of ORC for a chipboard production facility and almost none of them
included the parametric optimisation of the ORC. Moreover, a considerable part of the studies used
heat to produce hydrogen, fresh water and liquid natural gas rather than producing steam, which is
essential for the chipboard production process. In addition to all these, there are only few studies
which consider the needs of the facility throughout the production process.

In this study, a cogeneration system was designed for a wood chipboard production facility.
The cogeneration system produces power by ORC and steam that is crucial for chipboard production.
The unusable waste chips are used as fuel for the cogeneration system. After the design of the
cogeneration system, the ORC system is parametrically optimised for six different working fluids
(acetone, ethanol, R11, RE245fa2, R365mfc and R601a) for varying turbine inlet pressure (from 7.5 bar
to the critical pressure of the fluid) and turbine inlet temperature (from saturated temperature of
the fluid to the maximum temperature of the fluid). The optimisation of the ORC is made by use of
EBSILON®Professional (EBSILON) software developed by Steag GmbH.

2. Cogeneration Cycle (CC)

The system analysed in the present study is designed to use in a wood chipboard production
facility. In the facility, currently, waste wood chips coming from wood chipboard production is used as
fuel to produce steam and to dry moist fibre. In the concept of this study, an ORC unit is integrated into
a system to evaluate the cogeneration system and use excess heat of the exhaust gas. The schematic
representation of the cogeneration system is given in Figure 1.
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Figure 1. The schematic representation of the cogeneration system.

In the designed system, the exhaust gas evaluated by the burning of waste chips was cooled
to the desired values by producing steam. The exhaust gas exits from the burner at around 600 ◦C
temperature; this is so high for drying process due to the burning point of the wood fibres. Therefore,
the exhaust gas sends to the boiler to produce the steam needed to soften production wood chips. Then,
the exhaust gas is blown into an ORC unit at nearly 350 ◦C to produce electricity. After cooling down
the exhaust gas to 160 ◦C, which is the desired temperature for the drying process, the gas is released
into the dryer and mixes with moist fibre (with a relative humidity of 100%). Finally, the exhaust gas,
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moisture and dried fibre (with a relative humidity of 11%) mixture separated from each other by using
cyclone separator. The temperature and relative humidity values of each step were taken from the
facility. However, each value varied slightly throughout the day. In order to have a better result and
optimise ORC for various working fluid, the system parameters were taken as the average value of a
day. The system parameters accepted constant for cogeneration system is given in Table 1.

Table 1. The additional design and parametric optimisation assumptions for the ORC.

Parameter Value Unit

Burned waste chip amount 967 kg/h
Moist fibre amount (relative humidity 100%) 2765.841 kg/h

Useful dried fibre amount (relative humidity 11%) 1681.106 kg/h
Exhaust gas mass flow 7.68 kg/s

Steam mass flow 0.815 kg/s
Burner exit temperature 600 ◦C
Boiler exit temperature 350 ◦C
ORC exit temperature 160 ◦C
Dryer exit temperature 60 ◦C

3. Organic Rankine Cycle (ORC)

3.1. Description of the ORC

The wood chips used to produce wood chipboard were raw materials sensitive to high temperature.
Therefore, in order to minimise the adverse effect of high temperature on wood chips, the exhaust
gas exiting from the boiler was cooled by the air to lower its temperature up to 160 ◦C. However,
the heat released into the atmosphere had high heat content and could be used in ORC to recover.
By considering all these, in the present study, an ORC is integrated into the system to improve overall
system efficiency. The schematic representation and temperature-entropy change diagram of the ORC
are shown in Figure 2.
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Figure 2. The schematic representation and temperature-entropy change diagram of the ORC.

The designed ORC has three components on the hot side (preheater, evaporator and superheater)
to be able to recover high energy as much as possible. In the hot side of the ORC, the heat of the exhaust
gas coming from the boiler is transferred to the pressurised working fluid. Then, the pressurised and
hot working fluid, which is in the superheated vapour state, was expanded in the turbine to generate
shaft power. After the expansion, the low-pressure working fluid goes into the condenser to cool
down. Finally, the working fluid was released into the pump to increase its pressure to the desired
levels. Throughout the study, the system is optimised for six different working fluids to evaluate
the best performing ORC condition and increase overall cogeneration system efficiency. During the
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parametric optimisation of the ORC, some system parameters were accepted as constant, which are
given in Table 2.

Table 2. The accepted nominal working parameters for ORC.

Parameter Value Unit

Isentropic efficiency of the pump [36–39] 80 %
Isentropic efficiency of the turbine [30,40–42] 88 %

Cooling water inlet temperature 20 ◦C
Exhaust gas inlet temperature 350 ◦C

Exhaust gas outlet temperature 160 ◦C
Exhaust gas mass flow rate 7.68 kg/s

3.2. Working Fluids of the ORC

The ORC units are the most convenient system to recover the heat of low and medium temperature
heat sources to electricity. However, in order to evaluate the best performing ORC, the selection of
working fluids is essential [43,44]. There are many fluid selection criteria, such as thermodynamic
properties, environmental effect and price [45,46]. There are two parameters to decide the effect of
working fluids on the environment, which are Ozone Depletion Potential (ODP) and Global Warming
Potential (GWP) [47,48]. One of the most important selection criteria is the type of working fluids.
The working fluid divided into three sub-groups, which are dry, isentropic and wet. The type of a
working fluid is specified by considering the slope of the saturated vapour line. If the slope of the
saturated vapour line is negative, the fluid is called a dry fluid. When the slope is equal to zero, this
type of fluid is named isentropic fluid. The positive slope fluids are called wet type fluids. In the
concept of the study, six different working fluids were selected to parametrically optimise the ORC.
The thermodynamic properties and types of the selected working fluid are shown in Table 3.

Table 3. The thermodynamic properties and types of the selected working fluid [43,49–56].

Name Tboil* Pcond** Tcrt Pcrt Tmax ODP GWP Type
◦C bar ◦C bar ◦C - - -

Acetone 56 0.38 234.90 46.00 276.00 n.a. n.a. wet
Ethanol 78.00 0.11 241.56 62.68 376.00 n.a. n.a. wet

R11 23.00 1.26 197.96 44.07 351.85 1 4600 isentropic
RE245fa2 28.89 1.04 171.73 34.33 226.85 0 812 dry
R365mfc 39.82 0.693 186.85 32.66 226.85 0 825 dry

R601a 27.40 1.09 187.20 33.78 226.00 0 ~20 dry

* at 1 bar; ** at 30 ◦C

The selected working fluids have an ignorable or minor adverse effect on the environment when
the ODP and GWP values considered together. However, when the flammability of these fluids
is considered, the fluid had moderate and high flammability rates, just like most organic fluids.
In literature, there are many studies that use flammable fluids [57,58]. However, the danger of these
fluids is that the performance of the ORC with these fluids is generally found to be higher. Therefore,
in order to reduce the adverse effect of these flammable and toxic fluids, many studies have been
studied to find precautions and to eliminate the adverse effect of these fluids on the environment for
the use of these fluids in the power cycles [59–61]. Further research suggests alternative precautions
systems such as microelectronic systems (cooling of central processing units—CPU) to eliminate the
flammability of these fluids [62].

In this study, two wet types, one isentropic type and three dry type working fluids were used
in the ORC, to see the effect of fluid type together with the performance of working fluids. Some of
the selected fluids are commonly used working fluids in the literature (RE245fa2, Ethanol and R11).
However, the remaining fluids are rarely used working fluids in the literature. As a result of the study,
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the performance of the commonly used and rarely used working fluids were compared to present the
best performing working fluid for various turbine inlet temperature and turbine inlet pressure.

4. Mathematical Model

In the performance calculation of the ORC, basic equations of the first and second law of
thermodynamics were used. The general mass, energy and exergy balance of the system can be written
as [63–69]: ∑ .

mi =
∑ .

me, (1)
.

Q +
.

W =
∑ .

mehe −
∑ .

mihi, (2)
.
Ei =

.
Ee +

.
Ed, (3)

where
.

Q,
.

W and
.
E represents heat, work and exergy flow, respectively. The exergy flow can be

calculated by:
.
E =

.
mψ, (4)

where the notation ψ is the specific exergy and can be found by:

ψ = (h− h0) − T0(s− s0), (5)

Exergy means beneficial work, thus, the work has 100% efficiency in terms of exergy. However,
the heat has lower exergy efficiency than 100%. Thus, the exergy flow of the heat in the burner is
determined by:

.
Eheat =

.
Q f uel

(
1−

T0

Tsur

)
, (6)

where T0 is the room temperature and Tsur is the temperature of the heat transferring surface. During
the calculations, the average temperature is assumed as the room condition temperature. The heat
transferring surface temperature is accepted as the average of the input and output temperatures of the
equipment. The heat supplied to the system by the burner from the burning of the chips is calculated
by [70];

.
Qi =

.
mWCLHVWCεburner, (7)

where LHVWC is the lower calorific value of the waste wood chips and this value is equal to almost
17,500 kJ/kg. The εburner is the effectiveness of the burner, which is recorded as 96% from the plant.

The overall energy and exergy efficiency of the system should be calculated in order to make a
final decision on the suitability and usefulness of the power systems. For this reason, both the energy
and exergy efficiencies were calculated for ORC and the cogeneration system. The energy efficiency of
the simple gas turbine, ORC and cogeneration system are calculated by:

η
ORC=

.
WORC;net.

Qevap

, (8)

η
CC=

.
WORC;net+

.
Qboiler+

.
Qdryer

.
Qi

, (9)

where
.

WORC;net represents the net power production from ORC and
.

Qevap represents the heat inlet to

the ORC on the hot side.
.

Qboiler and
.

Qdryer means heat transferred in the boiler and dryer. The exergy
efficiency of the simple gas turbine, ORC and cogeneration system are found by:

ε
ORC=

.
WORC;net.

Eevap

, (10)
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ε
CC=

.
WORC;net+

.
Eboiler+

.
Edryer

.
Ei

, (11)

During the calculations, some assumptions were made, such as accepting the steady-state
conditions and the negligible kinetic and potential energies. The room temperature was accepted
as 18 ◦C.

5. Results and Discussion

5.1. Parametric Optimisation Results of the ORC

In the first step of the calculations, the heat of the exhaust gas exiting from the steam boiler is
recovered by using ORC rather than cooling by the heat exchanger to lower the temperature up for the
drying process. The ORC integrated to the system was parametrically optimised for varying turbine
inlet temperature (from saturated temperature to the maximum temperature of the fluid) and for
varying turbine inlet pressure (from 7.5 bar to the critical pressure of the working fluid). The turbine
outlet pressure (condensing pressure) of the ORC was equal to the saturated steam pressure at a
temperature of 30 ◦C, which is given in Table 3. Throughout the parametric optimisation analysis,
six different fluids (acetone, ethanol, R11, RE245fa2, R365mfc and R601a) were used as working fluids.
The mass flow rate of the organic working fluids for varying turbine inlet temperatures and turbine
inlet pressures are given in Figure 3.

When the change in organic working fluid mass flow rate was analysed, a continuous decrease
was seen with increasing turbine inlet temperature at constant turbine inlet pressure since the heat
entering the ORC was constant. However, at a constant turbine inlet temperature, the working fluid
mass flow rate increased with an increasing turbine inlet pressure. When the mass flow rate values
were analysed by considering the working fluids, the highest mass flow rate was calculated for R11,
which is an isentropic type fluid. The wet types of working fluids (acetone and ethanol) have the
lowest mass flow rate when compared with the other type of working fluids. The maximum and
minimum mass flow rate is calculated as 7.204 kg/s (at 198 ◦C and 44 bar) and 1.004 kg/s (at 340 ◦C
and 7.5 bar) for R11 and ethanol, respectively. Since the heat entering the ORC is constant, the reason
for the maximum fluid mass flow rate of the ORC with R11 is thought to be due to low specific heat
and turbine inlet temperature. The amount of the mass flow rate is one of the parameters that affect
the gross and net power production. The gross power production of the ORC is taken as a turbine
shaft power and pump power consumptions are not considered while calculating the gross power.
The gross power values calculated from the ORC turbine for varying turbine inlet temperatures and
turbine inlet pressures are shown in Figure 4.

At constant turbine inlet pressure, gross power lines showed different changing trends depended
on the fluid type. At constant turbine inlet pressure, the gross power values increased with an
increasing turbine inlet temperature for wet and isentropic type working fluids (acetone, ethanol
and R11). However, for dry type working fluids, two changing trends in the gross power values
were observed. At constant turbine inlet pressure, the gross power production was decreased with
increasing turbine inlet temperature up to high turbine inlet pressure levels. At high turbine inlet
pressure levels, the gross power production of the ORC first increased up to a certain turbine inlet
temperature, and then decreased with an increasing turbine inlet temperature. The minimum and
maximum gross power production were calculated as 164.34 kW (at 225 ◦C and 7.5 bar) and 464.51 kW
(at 340 ◦C and 62.5 bar) for the ORC with RE245fa2 and ethanol, respectively. In addition to gross
power production, calculation of the net power production is also crucial to decide the performance
of the ORC, because the power production of the ORC is one of the important factors to specify the
available power. The net power of the ORC is calculated by subtracting the pump power consumption
from the gross power. The net power evaluated from the ORC for varying turbine inlet temperatures
and turbine inlet pressures is presented in Figure 5.
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The net power production of the ORC increased for all working fluids with an increasing turbine
inlet pressure at a constant turbine inlet temperature. However, at constant turbine inlet pressure,
just like the gross power production, the net power production also shows different changing trends
dependent on the fluid type. The wet and isentropic types of working fluids have the same trend,
while the dry type working fluids shows similar trends among themselves, but a different trend from



Energies 2019, 12, 3656 11 of 22

other types of working fluids. When the working fluids are sorted in terms of the net power produced,
it can be sorted as ethanol, acetone, R11, R601a, R365mfc and RE245fa2 from highest to the lowest.
The minimum and maximum net power production of the ORC was evaluated from RE245fa2 and
ethanol as 162.12 kW at 225 ◦C—7.5 bar and 453.91 kW at 340 ◦C—62.5 bar, respectively. Another
parameter considered throughout the parametric optimisation of the ORC is gross thermal efficiency,
which was calculated by the ratio of gross power production with heat entering the ORC. The gross
thermal efficiencies calculated from the ORC for varying turbine inlet temperatures and turbine inlet
pressures are given in Figure 6.

The gross thermal efficiency of the ORC is an important parameter to have a vision on pump
consumption. The change in gross thermal efficiencies for each working fluid shows the same tendency
with gross power production. As a result of the calculations, the minimum gross thermal efficiencies
were calculated at 7.5 bar turbine inlet pressure as 18.41% (at 130 ◦C), 20.21% (at 140 ◦C), 13.77%
(at 97 ◦C), 11.46% (at 225 ◦C), 12.96% (at 225 ◦C) and 12.02% (at 225 ◦C) for acetone, ethanol, R11,
R345fa2, R365mfc and R601a, respectively. Moreover, the maximum gross thermal efficiencies were
calculated as 27.6% (at 275 ◦C—45 bar), 30.71% (at 340 ◦C—62.5 bar), 25.33% (at 345 ◦C—44 bar),
19.15% (at 180 ◦C—32.5 bar), 20.04% (at 190 ◦C—32.5 bar) and 20.37% (at 190 ◦C—32.5 bar) for acetone,
ethanol, R11, R345fa2, R365mfc and R601a, respectively. Although the gross thermal efficiency is one
of the important parameters for the ORC systems, it is essential to analyse net thermal efficiency of the
ORC to have an exact decision on the pump power consumption rate and its effect. Therefore, the net
thermal efficiency of the ORC is also calculated, the results of which are presented in Figure 7.

The net thermal efficiency of the system was found from the ratio of the net power production to
the total heat input to the ORC. Since the pump power consumption was taken into consideration,
the net thermal efficiency gave a perspective on the effects of these parameters on cycle performance.
Therefore, the difference between the gross thermal efficiency and net thermal efficiency was directly
related to ORC pump power consumption. As a result of the calculations, the minimum net thermal
efficiencies were calculated at 7.5 bar turbine inlet pressure as 18.23% (at 130 ◦C), 20.1% (at 140 ◦C),
13.51% (at 97 ◦C), 11.31% (at 225 ◦C), 12.8% (at 225 ◦C) and 11.84% (at 225 ◦C) for acetone, ethanol,
R11, R345fa2, R365mfc and R601a, respectively. Moreover, the maximum net thermal efficiencies are
calculated as 26.73% (at 275 ◦C—45 bar), 30.01% (at 340 ◦C—62.5 bar), 24.33% (at 345 ◦C—44 bar),
18.2% (at 190 ◦C—32.5 bar), 19.07% (at 195 ◦C—32.5 bar) and 19.24% (at 195 ◦C—32.5 bar) for acetone,
ethanol, R11, R345fa2, R365mfc and R601a, respectively. When compared with the gross thermal
efficiency, the effect of the working fluid on the ORC is obviously seen, because the minimum net and
gross thermal efficiencies of each working fluid were calculated at the same turbine inlet temperature
and turbine pressure. However, the maximum net and gross thermal efficiencies of each working fluid
were only found at the same turbine inlet temperature and turbine pressure for the wet and isentropic
type working fluids. The maximum net and gross thermal efficiencies dry type working fluids were
calculated at the same turbine inlet pressure but different turbine inlet temperature. This is thought to
result from the mass flow rate and pump power consumption at high pressure levels. Loni et al. applied
a thermodynamic based analysis to an ORC. In the study, ethanol and R601 were selected as working
fluid as well as other some working fluids. As a result of the analysis, the thermal efficiency of the
ethanol were found to be higher than R601 and the thermal efficiency of ORC with ethanol was found
between 22% and 24% [71]. Dumont et al. applied technical and economic optimization procedures on
an ORC. As a working fluid, they selected R134a, R245fa, Butane, n-Pentane, Ethanol, R1233zd(E) and
R1234yf. As a result of detailed calculations, ORC with ethanol showed better performance than ORC
with R245fa [72]. Another important parameter calculated for ORC is the exergy efficiency of the ORC.
The exergy efficiency of the ORC considers useful work and heat. Therefore, exergy-based efficiency
calculations give a more accurate and exact perspective on the performance of a cycle. The exergy
efficiency calculated from the ORC for varying turbine inlet temperatures and turbine inlet pressures is
shown in Figure 8.
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Figure 6. The gross thermal efficiency calculated from the ORC for varying turbine inlet temperatures
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The exergy efficiency of the ORC shows same changing tendency with gross and net power
production. However, the maximum exergy efficiency was calculated at the same turbine inlet
parameters of the net power production of the ORC rather than gross power production of the ORC.
When the working fluids are sorted in term of the maximum evaluated exergy efficiencies, it can
be sorted as ethanol (67.56%), acetone (60.2), R11 (54.77%), R601a (43.31%), R365mfc (42.93%) and
RE245fa2 (40.97%), respectively. Loni et al. calculated the exergy efficiency of the ORC using ethanol
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and R601 in their study. In the results of the study, the exergy based efficiency of the ORC with ethanol
increased from 45% to 55%, which are considerably higher than the exergy efficiency of the ORC with
R601 [71].
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When all ORC parameters were considered together, it can be clearly seen that the ORC with
ethanol had the best performance for all turbine inlet temperature and turbine inlet pressure levels.
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The type of working fluid has an important role in the safety and life of the turbine. However, the
most important factor for a power cycle is the evaluated net power. Therefore, although the dry and
isentropic type of working fluids presents longer turbine life, the performance of these types of fluids
are found considerable low in the study.Energies 2019, 12, x FOR PEER REVIEW 16 of 25 
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5.2. Performance Parameters of the Cogeneration Cycle

After the parametric optimisation of the ORC, the performance of the overall cogeneration system
is analysed by calculating the overall thermal and exergy efficiencies of the system. As a result of the
calculations, the change in the thermal efficiency of the cogeneration cycle by considering the selected
organic working fluids, ORC-turbine inlet temperature and ORC-turbine inlet pressure is shown in
Figure 9.

In the current system, the exhaust gas is cooled in the heat exchanger to use in the fibre drying
process. The released heat in the heat exchanger is thrown directly to the atmosphere without use.
With the present study, an alternative cogeneration cycle is suggested by adding ORC to the system.
After parametric optimisation and detailed calculations, almost 30% of the wasted heat is calculated
as recoverable by use of ORC with ethanol. By using the designed cogeneration system, it was
calculated that the thermal efficiency of the system can be increased up to 74.01%. When the parametric
optimisation results of the ORC with selected fluids were considered together for varying ORC-turbine
inlet temperature and pressure, the maximum cogeneration cycle efficiency was calculated as 74.01%
(at 340 ◦C—62.5 bar) for ethanol, 72.51% (at 275 ◦C—45 bar) for acetone, 72.17% (at 345 ◦C—44 bar)
for R11, 70.21% (at 195 ◦C—32.5 bar) for R601a, 70.15% (at 195 ◦C—32.5 bar) for R365mfc and 69.8%
(at 190 ◦C—32.5 bar) for RE245fa2. In addition to the thermal efficiency of the cogeneration cycle, the
exergy efficiency of the cogeneration cycle was also calculated in the scope of the present study. The
change in exergy efficiency of the cogeneration cycle by considering the selected organic working
fluids, ORC-turbine inlet temperature and ORC-turbine inlet pressure is given in Figure 10.

When the parametric optimisation results of the ORC with selected fluids were considered
together for varying ORC-turbine inlet temperature and pressure, the maximum cogeneration cycle
exergy efficiency was calculated as 82.24% (at 340 ◦C—62.5 bar) for ethanol, 79.33% (at 275 ◦C—45
bar) for acetone, 78.7% (at 345 ◦C—44 bar) for R11, 74.90% (at 195 ◦C—32.5 bar) for R601a, 74.79%
(at 195 ◦C—32.5 bar) for R365mfc and 74.27% (at 190 ◦C—32.5 bar) for RE245fa2. When the exergy
efficiency results of the ORC for varying turbine inlet pressure and turbine inlet temperature were
considered together, the maximum exergy efficiency of the combined cycle was calculated as 82.24%
for ethanol used ORC. This means that a considerable amount (82.24%) of the available energy entering
the cogeneration cycle by burning of waste chips was used in the system. Integrating the ORC cycle
to the present system will improve the overall performance of the system and reduce the adverse
effect on the environment and global warming. In order to show the best performing ORC points
and performance parameters obtained at these points, a summary table is prepared and presented in
Table 4.

Table 4. The maximum performance obtained cycle parameters for each working fluid.

Name TORC−tur;in PORC−tur;in
.

mORC
.

WORC ηORC εORC ηCC εCC

◦C bar kg/s kW % % % %

Acetone 275 45.0 1.72 383.32 26.73 60.18 72.50 79.30
Ethanol 340 62.5 1.06 453.91 30.01 67.56 74.01 82.24

R11 345 44.0 4.14 368.00 24.33 54.77 72.18 78.70
RE245fa2 190 32.5 4.63 260.96 18.20 41.00 69.90 74.28
R365mfc 195 32.5 4.34 273.40 19.10 42.93 70.16 74.80

R601a 195 32.5 2.44 275.86 19.24 43.31 70.21 74.90
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6. Conclusions

In the present study, the possibility of the improvement in a present waste chip burning system was
analysed for the case of integrating ORC. In the scope of the study, firstly, the ORC was parametrically
optimised for six selected different type working fluids (acetone, ethanol, R11, RE245fa2, R365mfc
and R601a), with varying turbine inlet temperature and turbine inlet pressure. The turbine inlet
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temperature of the ORC was increased from the saturated steam temperature of the fluid to the
maximum temperature of the fluid. The turbine inlet pressure of the ORC was increased from 7.5 bar
to the critical pressure of the fluid. Moreover, in order to compare the performance of the working
fluids, the turbine outlet pressure (condensing pressure) was selected of the saturation pressure of the
working fluids at 30 ◦C. Secondly, by considering the performance data evaluated from parametric
optimisation of the ORC, the improvement in the cogeneration cycle was analysed in term of thermal
and exergy efficiencies.

As a result of the parametric optimisation of the ORC, different changing trends of the performance
parameters of the ORC were observed at a constant turbine inlet pressure, depending on the fluid
type. At a constant turbine inlet pressure, the performance parameters of the ORC increased with
increasing turbine inlet temperature for wet and isentropic type working fluids (acetone, ethanol and
R11). However, for dry type working fluids, two changing trends in the performance parameters
of the ORC were observed. At constant turbine inlet pressure, the performance parameters of the
ORC were decreased with increasing turbine inlet temperature up to high turbine inlet pressure levels.
At high turbine inlet pressure levels, the performance parameters of the ORC were first increased up to
a certain turbine inlet temperature and then decreased with increasing turbine inlet temperature.

When comparing the gross thermal efficiency with net thermal efficiency, the effect of the working
fluid on the ORC is obviously seen, because the minimum net and gross thermal efficiencies of each
working fluid were calculated at the same turbine inlet temperature and turbine pressure. However, the
maximum net and gross thermal efficiencies of each working fluid are only found at the same turbine
inlet temperature and turbine pressure for the wet and isentropic type working fluids. The maximum
net and gross thermal efficiencies dry type working fluids were calculated at the same turbine inlet
pressure, but with different turbine inlet temperatures. This is thought to result from the mass flow
rate and pump power consumption at high pressure levels.

The maximum performance of the ORC was obtained from the ORC with ethanol, which is a
wet type of working fluid. The maximum net power, net thermal efficiency and exergy efficiency
were calculated as 453.91 kW, 30.01% and 67.56% at 340 ◦C and 62.5 bar from the ORC with ethanol,
respectively.

When the performance of the overall cogeneration cycle considered in the current system, the
exhaust gas is cooled in the heat exchanger to use in the fibre drying process. The released heat in the
heat exchanger is thrown directly to the atmosphere without use. With the present study, an alternative
cogeneration cycle was suggested by adding ORC to the system. After parametric optimisation and
detailed calculations, almost 30% of the wasted heat was calculated as recoverable by use of ORC with
ethanol. By using the designed cogeneration system, it was calculated that the thermal efficiency of the
system can be increased up to 74.01%.

When the exergy efficiency results of the ORC for varying turbine inlet pressure and turbine inlet
temperature considered together, the maximum exergy efficiency of the combined cycle was calculated
as 82.24% for ethanol used ORC. This means that a considerable amount (82.24%) of the available
energy entering the cogeneration cycle by burning of waste chips was used in the system. Integrating
the ORC cycle to the present system will improve the overall performance of the system and reduce
the adverse effect on the environment and global warming.

The maximum performance of the cogeneration cycle was obtained by use of the ORC with
ethanol. The maximum thermal efficiency and exergy efficiency was calculated as 74.01% and 82.24%
for the use of the ORC with ethanol at 340 ◦C and 62.5 bar, respectively.

The ethanol is flammable and has toxicity. Therefore, the use of ethanol in ORC as a working
fluid needs high consideration of the safety and precautions. Therefore, further research is needed,
focusing on the precautions to eliminate the adverse effect of these fluids by alternative systems such
microelectronic systems (cooling of CPU).
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Nomenclature
.
E exergy flow (kW)
.

Q heat flow (kW)
T0 ambient temperature (◦C)

.
W power (kW)
.

m mass flow rate (kg/s)
CC cgeneration cycle
GWP global warming potential
h enthalpy (kJ/kg)
ODP ozone depletion potential
ORC organic Rankine cycle
P pressure (bar)
LHV low heating value
T temperature (◦C)
s entropy (kJ/kgK)
Greek letters
ψ specific exergy (kJ/kg)
ε exergetic efficiency (%)
ε burner effectiveness (%)
η thermal efficiency (%)
Subscripts
boil boiling
cond condensing
crt critical
d destruction
e exit
i inlet
max maximum
surr heat transfer surface
wc waste wood chips
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69. Yağlı, H.; Karakuş, C.; Koç, Y.; Çevik, M.; Uğurlu, İ.; Koç, A. Designing and exergetic analysis of a solar

power tower system for Iskenderun region. Int. J. Exergy 2019, 28, 96–112. [CrossRef]
70. Koc, Y.; Kose, O.; Yagli, H. Exergy analysis of a natural gas fuelled gas turbine based cogeneration cycle.

Int. J. Exergy 2019, 30, 103–125.
71. Loni, R.; Kasaeian, A.B.; Mahian, O.; Sahin, A.Z. Thermodynamic analysis of an organic rankine cycle using

a tubular solar cavity receiver. Energy Convers. Manag. 2016, 127, 494–503.
72. Dumont, O.; Dickes, R.; De Rosa, M.; Douglas, R.; Lemort, V. Technical and economic optimization of

subcritical, wet expansion and transcritical Organic Rankine Cycle (ORC) systems coupled with a biogas
power plant. Energy Convers. Manag. 2018, 157, 294–306.

© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.applthermaleng.2012.04.017
http://dx.doi.org/10.1016/j.desal.2004.05.006
http://dx.doi.org/10.1504/IJEX.2019.097273
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Cogeneration Cycle (CC) 
	Organic Rankine Cycle (ORC) 
	Description of the ORC 
	Working Fluids of the ORC 

	Mathematical Model 
	Results and Discussion 
	Parametric Optimisation Results of the ORC 
	Performance Parameters of the Cogeneration Cycle 

	Conclusions 
	References

