energies MBPY

Article

Exergy Analysis and Performance Improvement

of a Subcritical/Supercritical Organic Rankine Cycle
(ORCO) for Exhaust Gas Waste Heat Recovery in a

Biogas Fuelled Combined Heat and Power (CHP)
Engine Through the Use of Regeneration

Yildiz Ko¢'”, Hiiseyin Yagli'? and Ali Kog *

Department of Mechanical Engineering, Iskenderun Technical University, Hatay 31200, Turkey;
yildiz.koc@iste.edu.tr (Y.K.); huseyin.yagli@iste.edu.tr (H.Y.)
* Correspondence: ali.koc@iste.edu.tr; Tel.: +90-(533)-618-3358 (TR)

check for
Received: 14 January 2019; Accepted: 7 February 2019; Published: 13 February 2019 updates

Abstract: In the present study, a subcritical and supercritical regenerative organic Rankine cycle
(rORC) was designed. The designed rORCs assist a combined heat and power (CHP) engine, the fuel
of which is biogas produced from anaerobic digestion of domestic wastes in Belgium. R245fa was
selected as the working fluid for both the subcritical and supercritical rORC. During the parametric
optimisation, the net power production, mass flow rate, exchanged heat in the regenerator, total pump
power consumption, thermal and exergetic efficiencies of rORC were calculated for varying turbine
inlet temperatures and pressures. After parametric optimisation of the rORC, the results were
compared with the results of the previous study, in which only a simple ORC is analysed and
parametrically optimised. Moreover, the effect of the regenerator was revealed by examining all
results together. Finally, the exergetic analysis of the best performing subcritical and supercritical
rORC was performed. Furthermore, the results of the present and previous studies were considered
together and it is clearly seen that the subcritical rORC shows the best performance. Consequently,
by using the subcritical rORC, the disadvantages of the using simple ORC (low performance) and
supercritical cycle (safety, investment) can be eliminated and system performance can be improved.

Keywords: combined heat and power (CHP); regenerative organic Rankine cycle (rORC); the effect
of the regenerator; exhaust gas; subcritical; supercritical; parametric optimization; exergy

1. Introduction

In recent decades, energy has become one of the key factors to be a powerful country for both
developing and developed countries [1]. Some countries have their own natural energy sources,
fossil fuels, which will be depleted in the near future. However, many countries have no fossil
fuel sources or they have only a limited amount. Therefore, all countries, whether they have
fossil fuel sources or not, strive to produce their energy from alternative energy sources [2—4].
Consequently, nuclear energy and renewable energy sources such as solar [5], wind [6,7], geothermal [8]
and biomass [9], which are sustainable and environmentally friendly, draw the attention of most
governments, technology companies and scientists. Biogas, one of the anaerobic digestion products,
is also among the most attractive alternative energy sources [10-13]. There are various biogas utilisation
systems like stoves, fuel cells, gas turbines and hydrogen production systems [14-19]. Combined heat
and power (CHP) engines also widely use biogas as an energy source [20-22]. However, the average
efficiency of a CHP engine ranges from 30% to 45% [23-25]. The remaining energy coming from the
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biogas is released into the environment as waste visa the exhaust gas (about 26-45%) and engine cooling
water (almost reaches up to 40%) [26-28]. Therefore, alternative waste heat recovery technologies
which are adapted to these systems were developed to improve overall CHP engine efficiency. One of
the ways to recover the waste heat of a CHP engine is organic Rankine cycles. The organic Rankine
cycles have the capability of recovering waste heat even it is low temperature heat sources (80 °C and
above) [29,30].

Both conventional steam Rankine cycles and organic Rankine cycles (ORC) have similar system
components. However, the ORC has superiority when used for low temperature heat sources.
In literature, there are many studies which use ORC to assist low (between 80-200 °C) temperature
heat sources. PreifSinger et al. thermodynamically analysed a modular organic Rankine cycle for a low
temperature heat source [31]. Chen et al. analysed the use of a low heat carrying source to produce
power by using a supercritical ORC which uses azeotropic mixtures as a working fluid. It was seen from
the results that the designed ORC could achieve a thermal efficiency range from 10.8% to 13.4% [32].
Manfrida et al. designed and simulated a solar system-assisted ORC for a temperature range between
363 K and 403 K. As a result of a simulation for a week, a weekly average thermal efficiency of the
designed cycle was calculated as nearly 13.4% [33]. Hettiarachchi et al. determined the optimum design
parameters of an ORC assisted by a low-temperature geothermal heat source. During the study ammonia,
HCFC123, n-pentane and PF5050 were considered as a working fluid and they found that performance
of the ORC with HCFC 123 and n-pentane was better than the other working fluid [34].

On the other hand, there are also many studies which tend to connect the ORC to high (450 °C
and above) and moderate (between 200450 °C) temperature heat sources. Yagli et al. compared
toluene and cyclohexane as working fluids for an ORC designed for the high temperature exhaust
gas of a reheat furnace. Results showed that the ORC using cyclohexane gave better results than the
ORC that used toluene for the same working conditions [35]. Lai et al. analysed the performance of
subcritical and supercritical ORCs for different working fluids. They found that cyclopentane has
the maximum potential to recover waste heat for all cases studied in the paper [36]. A comparative
energetic analysis of a high temperature subcritical and transcritical ORC was performed by Algieri
and Morrone. After a detailed analysis, a significant improvement in the overall cycle efficiency with
the use of supercritical conditions and an internal heat exchange system was reported [37]. Fiaschi et al.
performed an exergoeconomic-based analysis of an ORC to recover low and medium-high temperature
heat from two different geothermal sources [30].

There are also heat sources which have a high temperature but low mass flow rate and limited
waste heat capacity to recover, such as car engine exhaust gases, the cooling water of many systems,
etc. [38—40]. The exhaust gas waste heat of small and medium scale combined heat and power (CHP)
engines are also constitutes of these limited systems. The exhaust gas of a CHP engine has a small
amount of the mass flow rate but high temperature. A few studies were conducted to show the capacity
of the organic Rankine cycle connected to CHP engines. Benato and Macor analysed the recoverability
potential of exhaust gas waste heat of a biogas fuelled engine using ORC [41]. Glover et al. simulated
a supercritical ORC with many working fluids to recover the waste heat from a vehicle engine. As a
result of the study, the cycle performances of fluids with high critical temperatures were reported to
be better. Moreover, when all simulations studied in the paper were regarded, a thermal efficiency
between 5% and 23% was found [42].

Like main energy systems, ORCs also need optimisation and improvement up to their maximum
usable capacity. In addition to optimizing the system parameters or working fluids of the ORC cycles,
there are a number of studies aimed at improving the efficiency of the ORC components. Redesign
and optimization of turbines and pumps are examples of these improvement efforts [43-45]. The use
of a regenerator and operating in supercritical conditions is also often applied to improve the system
performance [46-51]. When the previous studies are examined in detail, it becomes obvious that there
are many studies that reveal the capacity of ORCs to recover waste heat from different sources, but only
some of them analyse the probability of using organic Rankine cycles to assist small and medium
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scale CHP engines. Moreover, only a few studies examine the parametric optimisation of the ORC
and almost all of them examine the ORC with regard to only one of the subcritical and supercritical
operating conditions. There is almost no work that examines the effects of the regenerator on the ORC
in detail and examines it in detail under subcritical and supercritical conditions. The present study
examines the important role of the effect of regenerators on ORCs for both subcritical and supercritical
conditions. The effects of the turbine inlet pressure and temperature on regenerative ORC performance
are also evaluated. Additionally, the critical point of the study is that the exhaust gas waste heat of a
CHP engine is used to reveal the effect of regenerator as well as the effect of subcritical and supercritical
working conditions, which is one of the topics with limited studies in the literature.

In this paper, recoverability of the exhaust gas waste heat of a biogas fuelled combined heat and
power (CHP) engine was analysed by using a regenerative organic Rankine cycle (rORC). The designed
rORC was parametrically optimised and the result of the present study was compared with the
results of the previous study, in which only simple ORC is analysed and optimised [52]. This study
has also shed light on the usability and working condition of a regenerator in both subcritical and
supercritical ORCs by comparing the results evaluated from the present paper with the previous
paper. After a detailed improvement of the rORC for varying turbine inlet temperature and pressure,
the energetic and exergetic analysis of the best performing subcritical and supercritical rORC is
executed. Throughout the study, the system is simulated by using EBSILON®Professional (EBSILON)
software developed by Steag GmbH (Essen, Germany).

2. Description of the System

2.1. Description of the Biogas Fuelled Power Plant

The schematic representation of the biogas fuelled power plant is given in Figure 1. The plant is
located in Belgium and has two biogas fuelled internal combustion engines which have a total electricity
production capacity of 1068 kW. The surplus jacket water heat is used for domestic heating at the
houses located around the biogas fuelled power plant. The plant has two sequential processes which
are biogas production and purification process and power production and local house heating process.
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Figure 1. The schematic representation of the biogas fuelled power plant.

In the first process of the plant, the non-organic wastes like glass, plastics are removed from
the collected domestic wastes and then the organic purified wastes are charged into the well for
the digestion process. During the anaerobic fermentation, the temperature and pH of the well are
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kept under control by a control system. After the digestion process, two main products are obtained.
The first one is the bio-fertiliser which has rich ingredients for farming. The second one is impure
biogas. The impure biogas is sent to the desulphurizer and dehumidifier section to remove sulphur
and moisture. The ultimately obtained biogas, which composed of 55% CH,4 and 45% COs, is stored in
the biogas tank for power production by a combined heat and power engine.

2.2. Description of the Combined Heat and Power (CHP) Engine

The combined heat and power engine evaluated in this study has twelve cylinders and the engine
is fuelled with biogas. Each engine in the plant has an electricity capacity of nearly 534 kW. Currently,
the heated jacket cooling water is coupled with a domestic house heating system. The energy of the
high temperature exhaust gas released to the atmosphere is considered to use in organic Rankine
cycle in the present paper. The plant has two CHP engines and a schematic description of the plant,
CHP engine and ORC is given in Figure 2.
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Figure 2. The schematic representation of the rORC-assisted CHP engine system.

In the CHP engine, biogas supplied from the plant is blended with air and then delivered to
the heat exchanger by the compressor of the turbocharger. Before the injection of the compressed
air-biogas mixture, in the heat exchanger, the mixture is cooled with an air cooler in warmer months
and warmed by jacket water in colder months. While the air-biogas mixture is injected and burned in
the engine, the lubrication oil is supplied from oil feeding unit in order to lubricate the engine.

After the exhaust gas of the engine is blown through the turbine of the turbocharger unit,
the exhaust gas is released into the atmosphere at a temperature between 450 °C and 500 °C. The jacket
water used to keep the engine temperature under control is sent to a heat exchanger to heat up the
house heating loop and then the water is transferred to the air coolers. In order to evaluate the best
results, the operation conditions of the CHP engine is accepted to be nominal conditions, which are
given in Table 1 in detail.
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Table 1. Nominal working conditions of each CHP engine for 100% load.

Value Unit

Engine number 2 -
Plant electricity production capacity 1068 kW,
Engine electrical efficiency 39.3% -
Engine mechanical efficiency 40.6% -
Engine thermal efficiency * 37.2% -
Exhaust gas mass flow rate (wet) 2981 kg/h
Exhaust gas temperature range 450-500 °C
Exhaust gas power content * 285 kW

* When exhaust gas is cooled to 180 °C.

Depending on the season and atmospheric temperature, the exhaust gas temperature varies from
450 °C to 500 °C. Therefore, during the design and parametric optimisation procedure of the ORC,
the exhaust gas temperature is assumed as constant at 450 °C. The mass flow rate of the exhaust gas is
also accepted as constant, 1.63 kg/s.

2.3. Description of the rORC

When compared to the conventional Rankine cycles, the organic Rankine cycle (ORC) has different
working fluids and heat source temperature ranges, but similar working principles. The working
fluids of the organic Rankine cycles are organic-based hydrocarbon fluids and low temperature waste
heat of up to 80 °C can be used as a heat source for the ORC. Water vapour is the only working fluid
of the conventional Rankine cycle which uses heat sources that have a temperature above 500 °C.
These superiorities of the ORC make it one of the best ways to recover waste heat, especially for low
and medium temperature waste heat sources. The schematic representation of the ORC-assisted CHP
engine system is given in Figure 2. During the power production of the CHP engine, the engine loses
heat by convection and conduction. The jacket water and exhaust gas also release excess heat from the
engine. In the present case, the heated jacket water of the engine is used for domestic house heating for
the buildings located around the plant and the hot exhaust gas is sent directly into the environment
without being used. In the concept of the present study, a regenerative ORC (rORC) is designed to
recover excess heat released to the atmosphere by exhaust gas.

Simple ORC systems have four separate system sections which are the compression section
(pumps), hot section (preheater, evaporator, superheater), expansion section (turbine) and cooling
section (condenser). Both the simple ORC system and the rORC system have similar system
components, but the main difference between them is the use of a regenerator. In order to recover the
waste heat of the exhaust easily and obtain superheated vapour at the turbine inlet, the rORC system
designed in this study also includes three heat exchangers in the hot section [52]. Moreover, the rORC
is analysed for both subcritical and supercritical cases together.

The turbine inlet pressure of the subcritical rORC is below the critical pressure, while the turbine
inlet pressure of the supercritical rORC is above the critical point. For both subcritical and supercritical
rORC design, the thermal efficiencies of the pumps and turbines are taken as constant. The pressure
drop in the preheater, superheater and regenerator are taken as 0.001 bar at hot side and 0.05 bar at
the cold side while the pressure drop in the evaporator and pipes are neglected. During the study,
the temperature differences between the hot side regenerator outlet (line number 8) and cold side
regenerator inlet (line number 2) is taken as constant at 5 °C. Moreover, the working fluid in the
regenerator on the hot side and the cold side has a different phase. Because of the phase differences,
the effectiveness of the regenerator varies from 85% to 92%, according to change in the pressure of the
pump outlet. The additional design and parametric optimisation assumptions for the rORC are given
in Table 2.
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Table 2. The additional design and parametric optimisation assumptions for the rORC.

Parameter Value Unit
Isentropic efficiency of the pumps 80% -
Isentropic efficiency of the turbine 88% -
Electrical efficiency of the generator 98.5% -
Condensing pressure 2 bar
Hot side pressure drop in the regenerator 0.001 bar
Cold side pressure drop in the regenerator 0.05 bar
Hot side pressure drop in the condenser 0 bar
Cold side pressure drop in the condenser 0.5 bar
Exhaust gas inlet temperature 450 °C
Exhaust gas outlet temperature 150 °C
Cooling water temperature at condenser inlet 25 °C

3. Analysis Formulation and Working Fluid

3.1. Energy and Exergy Analysis Equations

An extensive analysis of the rORC based on the first and second law of the thermodynamics has
critical importance to decide the best performing cycle parameters. This study not only embraces
the energetic analyses of the rORC but also provides an exergetic analysis because only the energetic
analysis of a system is not enough to have a vision for the performance of the system. The analysis is
applied to both subcritical and supercritical rORCs. The main mass, energy and exergy balance and
efficiency equations used to analyse the rORC was detailly given in the previous manuscript and in

the literature [53-55].
Y i =Y it (1)

Q+W =Y (), — Y (h); k)
Eex;i = Eex;o + Eex;D (3)

where Eex;i, Eex;o and Eex;D represent the exergy inlet, exergy outlet and exergy destruction, respectively.

Eex represents the exergy flow rate and can be calculated by:
Eex = it 4)
where 1 refers to specific exergy and is calculated by:
¥ = (h—ho) — To(s — so) ®)

While the exergy efficiency of the work is 100%, the exergy efficiency of the heat varies depending
on the ambient temperature and the heat transfer surface temperature, so the exergy flow of the heat
(Eex;heat) should be calculated by:

Eex;heat = (1 - YTO) Q (6)
HS
where the Ty is the heat transfer surface temperature and taken as the mean value of the working
fluid inlet and outlet temperature. The T is the dead state or ambient temperature which is taken as
18 °C during the study.

The exergy analysis of the rORC components is made by using exergy balance equations and then
the exergetic efficiencies of each component are calculated. The energetic and exergetic analysis of
each component is determined by using the equations given in Table 3.
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The overall energy and exergy efficiencies of the rORC are found by:
W
MroRC = — @)
in
€;0RC = Lexo _ Waet ®)
Eex;i Eex;i

where Wt represents the net power production and calculated by:

Wiet = Wr —Wp0rc) — Whe(cw) ©)

During the calculations, the kinetic and potential energies are neglected and the condition of the
flow is assumed as steady state. The room temperature (dead state temperature) is assumed as 18 °C.

Table 3. Energy and exergy analysis equations of the components of rORC [55-58].

Component Energy Analysing Equations

Exergy Analysing Equations

Qpp = fitore (ha — h3)

Epr,p = e (Y11 — $12) — tiy0rC (P2 — 93)
— Mrore($a—1s)
EPH = e (Y11 —P12)

\él Evaporator
4 : .
10 Qg = tyorc (hs — hy)

Epp = fiten (Y10 — Y1) — titrore (¥5 — a)
_ "tyore (Y5 —9s)

gz (Pr0—11)

Superheater

Qsy = fit,orc (e — hs)

Esp,p = titexs, (0 — $10) — tit,0rC (Y6 — ¥5)
__ ti,ore (Y6 —Ys)
ESH = Tt (o —P10)

Wr = rit,orc (he — h7)

Wr,rev = rtyore (Yo — ¥7)
Erp =Wrreo —Wr

eT = Wy
WT,V(‘TY

7 Regenerator

Qg = 0rc (h3 — ha)

Er,p = fitore (97 — P8) — myorc (3 — ¥2)
P ntore (P3—12)
fityore (Y7—s)

Condenser

Qc = ri,ore (hg — hy)

Ec,p = 1ityorc (s — 1) — ticw (P15 — P1a)
e — Maw(Pis—yu)
¢ rrore (Ps—1P1)

Wp(ore) = fitrore (b2 — hy)
(I’lzsfh )
o)

P(rORC)

W p(0RC) re0 = rorc (P2 — 1)

Epore),p = Wppore) — Wp(roRC),rev
WP(YORC),YL’P

€P(rORC) = Wrtorc)

14 Pump (cw) ‘ '
WP(cw) = Mcw (h14 - h13)

- h s_h )
13 TP(cw) = ((hlli—h;;)

WP(cw),rev = mCZU(IIJM - 11113)

EP(cw),D = WP(cw) - WP(r:w),rev
— W.P(rw),retv

sp(cw) Wl’(cw)
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3.2. Working Fluid of the rORC

Selection of the working fluid for an organic Rankine cycle is a critical step to evaluate the best
performing and most feasible system because unlike steam cycles, organic Rankine cycles can work
with various hydrocarbon-based fluids. Therefore, the fluid selection criteria should be stated and
considered precisely. One of the most important selection criteria for the working fluid is the fluid type.
There are three different types of fluids which are dry, isentropic and wet. The saturated vapour line of
the dry type fluids has a positive slope, while the wet type has a negative slope and the isentropic type
fluids have a zero slope.

The main reason why the fluid type is important is that it is effective in determining the phase
of the fluid at the turbine outlet. After the extraction, the turbine outlet phase of the wet type fluids
can be a mixture of the liquid-vapour whereas the turbine outlet phase of the isentropic and dry type
fluids are mostly in the vapour phase. Moreover, the selected working fluid for a regenerative ORC
should be in dry or isentropic type because the turbine outlet temperature of the wet type fluid used in
the ORC is generally below or near the pump outlet temperature. Besides the type of the fluid, the
thermodynamic properties of a fluid are also crucial to select convenient fluids for existing waste heat
source temperature. For these reasons, an isentropic type fluid (R245fa) is selected as a working fluid
instead of a wet type fluid (water), the saturation curve of which are given in Figure 3. The mostly
considered thermodynamic properties of the R245fa and water are given in Table 4.

400
350
300
250
200
150 /‘
100
50
0
50 — R245fa @ Critical Point of the R245fa
Water A Critical Point of the Water
0 1 2 3 4 5 6 7 8 9
Entropy (kJ/kgK)

Temperature (°C)

nn
=1vv

Figure 3. The schematic representation of the rORC assisted CHP engine system.

Table 4. Comparison of the thermodynamic properties of the R245fa and water [59].

Parameter R245fa Water Unit
Fluid type (chemical basis) organic inorganic -
Fluid type (thermodynamic basis)  isentropic wet -
Boiling point * 14.81 99.60 °C
Critical temperature 154.01 373.94 °C
Critical Pressure 36.51 220.64 bar
Maximum temperature 166.85 2000 °C
Enthalpy of evaporation * 196.23 2257.50 k] /kg

* At 1 bar pressure.

The maximum temperature of an organic-based working fluid must be considered strictly. Because
the chemical composition of the organic-based working fluids deteriorates above the maximum
temperature [60,61]. Therefore, during the present study, the system is simulated and optimised for a
maximum temperature of 166 °C which is the maximum temperature of the R245fa.
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4. Results and Discussion

4.1. Subcritical rORC

The turbine inlet pressure of a subcritical ORC is below the critical pressure. The subcritical
rORC is designed for a varying pressure from 4 bar to 30 bar and a temperature from 56 °C to 166 °C.
The saturated vapour temperature is selected as minimum turbine inlet temperature for each pressure
value. During the simulation, the maximum temperature of the R245fa (166 °C) is chosen as the
maximum turbine inlet temperature. Because chemical deteriorations occur above the maximum
temperature of an organic-based hydrocarbon fluid [60,61]. The change in net power production,
mass flow rate, exchanged heat in the regenerator, total pump power consumption, thermal efficiency
and exergy efficiency according to varying turbine inlet temperature and pressure of the subcritical
rORC is shown in Figure 4.

100

[y
=

Pl

Net Power (KW)

Regenerator Heat Exchange (KW)
=
=

Pumps Total Power Consumption (KW)

Thermal Efficiency (%)
= =
Exergetic Efficiency (%)

50 i 9 11 1 150 i) R N R R
Turbine Inlet Temperature (°C) Turbine Inlet Temperature (°C)

o= {bar === fhar === fbar === 10har === 1lbar <= 14bar === [fbar === (fhar ===1har === 12bar e====Mbar = 2fbar = 18bar == 3 bar

Figure 4. The change in net power production (a); mass flow rate (b); exchanged heat in the regenerator (c);
total pump power consumption (d); thermal efficiency (e) and exergy efficiency (f) according to varying
turbine inlet temperature and pressure of the subcritical rORC.
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At constant turbine inlet pressure the net power production, exchanged heat in the regenerator,
thermal and exergy efficiencies of the subcritical rORC consistently increase with increasing turbine
inlet temperature, while the mass flow rate and total pump power consumption continuously decrease
with increasing temperature. However, when the net power production, exchanged heat in the
regenerator, thermal and exergy efficiencies are evaluated for varying pressure and temperature,
two different trends are seen. In the first trend, up to turbine inlet pressure of 20 bar, the system
performance shows a steady increase with increasing temperature at constant pressure.

In the second trend where the overlapping among the lines starts, between the turbine inlet
pressure of 20 bar and 30 bar, the performance of the rORC becomes worse than the previous line at
the starting temperature (saturated vapour temperature) and then the system performance improves
rapidly with increasing temperature. In this trend, at constant pressure with rising temperature, there
is a considerable performance increase between the starting and ending points. The main effect of
the turbine inlet temperature and pressure combination is seen clearly in this trend. At high pressure,
when the turbine inlet temperature is selected near to the saturation temperature, performance results
of the system can be worse than the performance values at lower pressures. For instance, the net
power production, thermal efficiency and exergetic efficiency of the subcritical rORC at 20 bar 145 °C
is calculated as 84.55 kW, 16.52% and 28.13% while they are found as 82.97 kW, 16.21% and 28.07% at
30 bar and 145 °C, respectively. This occurs because of that, as seen in Figure 5, at constant pressure the
regenerated heat amount is increased with increasing temperature, which meant that the regenerator
effectiveness rises with increasing turbine outlet temperature.
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Figure 5. The temperature and entropy (T-s) change of the rORC at constant pressure (30 bar) and
varying temperatures (144 °C, 155 °C and 166 °C).

Moreover, as seen in Figure 4c, the transferred heat amount in the regenerator decreases with
rising turbine inlet pressure. The main reason for the decrease is that, at constant turbine inlet
temperature, the turbine outlet temperature rises with increasing turbine inlet pressure (Figure 6).
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Figure 6. The temperature and entropy (T-s) change of the subcritical rORC at a constant temperature

of 166 °C and varying pressure of 6 bar, 14 bar and 30 bar.
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When all the results obtained from the system for varying turbine inlet temperature and pressure
is evaluated together, it is clearly seen that the optimum working performance parameters like turbine
inlet temperature and pressure should be selected precisely to get the maximum energy. The net power
production, thermal and exergy efficiencies of the best performed rORC is calculated as 95.59 kW,
18.67% and 31.53% at turbine inlet temperature and pressure of 30 bar 166 °C, where the mass flow rate
and total pump power consumption is found as 2.14 kg /s and 9.67 kW, respectively. There are many
studies that support the results of the present paper. Chatzopoulou and Markides thermodynamically
optimized an ORC-assisted internal combustion engine using R245fa. As a result of the optimization,
thermal and exergy efficiencies of the ORC was calculated as 14% and 33%, respectively [62]. In the
present study, at the same turbine inlet temperature and pressure, the net power production per
mass flow rate, thermal and exergy efficiencies were calculated as 36.25 kJ /kg, 15.78% and 27.17%.
Zhang et al. performed the performance analysis of a rORC which used pure fluids and azeotropic
mixtures as working fluids. As a result of the study, the thermal and exergy efficiencies of the
R245fa used subcritical rORC is calculated as 10.54% and 22.85% at 12 bar 404 K, respectively [63].
The present study shows similar thermal and exergetic efficiencies results of 13.73% and 23.38% at
12 bar 404 K. On the other hand, Xi et al. studied the parametric optimisation of a single-stage rORC
under subcritical conditions and they found the net power production per mass flow rate, thermal
and exergy efficiencies as 28.38 kJ /kg, 13.41% and 50.49% at 20 bar 135 °C, respectively [64]. However,
when the studies in literature are analysed together with those of the present paper, it is thought that
the difference between thermal efficiency and exergy efficiency should not be this large.

4.2. Supercritical rORC

The turbine inlet pressure of a supercritical ORC is above the critical pressure. In order to describe
the differences between subcritical and supercritical rORC and to reveal the cross-over from the
subcritical to the supercritical state, the turbine inlet pressure of the rORC is started from a subcritical
level (30 bar). Furthermore, the lowest turbine inlet temperature of the designed rORC at constant
pressure is accepted as the saturation temperature. Since the chemical deterioration is seen in the
chemical structure of the working fluid after the maximum temperature, the highest temperature of
the system at constant pressure is assumed as 166 °C, which is equal to the maximal temperature of the
R245fa [60,61]. The change in net power production, mass flow rate, exchanged heat in the regenerator,
total pump power consumption, thermal efficiency and exergy efficiency according to varying turbine
inlet temperature and pressure of the supercritical rORC is given in Figure 7.

In Figure 7, the performance of the subcritical and supercritical rORCs are given together.
The rORC is working under subcritical conditions up to 36.51 bar turbine inlet pressure.
Above 36.51 bar, the system starts to work under supercritical conditions. At constant pressure
with increasing temperature, an increase is seen in the net power production, exchanged heat in the
regenerator, thermal and exergy efficiencies while a decrease is seen the mass flow rate and total pump
power consumption. However, the rORC shows opposite performance at a constant temperature with
rising pressure. The best performing supercritical rORC cycle is obtained at a turbine inlet pressure
and temperature of 38 bar and 166 °C.

The net power production, thermal and exergetic efficiencies of the supercritical rORC is calculated
as 92.29 kW, 18.03% and 30.82% at 38 bar and 166 °C. Above the 38 bar turbine inlet pressure,
the performance of the rORC is diminished. The main reason for the performance reduction above
the 38 bar is that above this pressure the turbine outlet temperature is so near to the condenser outlet
temperature which reduces the amount of heat transferred in the regenerator (Figure 8).

Moreover, above 36 bar, the phase of the working fluid in the turbine becomes a saturated liquid
and vapour mixture at low temperatures. Therefore, in the turbine, the liquid droplets occur which
reduces the turbine performance and consequently decreases the performance of the rORC.

In many studies, similar results were obtained. Fernadndez et al. analysed a supercritical rORC
using siloxanes as working fluid and as a result of the study, the thermal efficiency range varied
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from 15.1% to 15.9% for D4 type siloxanes, from 19.4% to 22% for MM type siloxanes [65]. Although
decomposition and deterioration in the chemical structure of the hydrocarbon-based working fluid
is seen above the maximum temperature, Wang et al. studied a regenerative supercritical organic
Rankine cycle for a turbine inlet temperature varying between 200 °C and 300 °C, which values are
much higher than the maximum temperature of the R245fa [66].
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Figure 7. The change in net power production (a); mass flow rate (b); exchanged heat in the regenerator (c);
total pump power consumption (d); thermal efficiency (e) and exergy efficiency (f) according to varying
turbine inlet temperature and pressure of the supercritical rORC.
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Figure 8. The temperature and entropy (T-s) change of the supercritical rORC at a constant temperature
of 166 °C and varying pressure of 38 bar, 42 bar and 44 bar.

4.3. Effect of the Regenerator

This study aims to demonstrate the effect of the regenerator on the system performance as well
as the parametric optimization of the rORC. Sometimes, small improvements applied to the system
can give better performance results than radical changes [67]. Therefore, in order to decide the best
design and cycle condition, different types of organic Rankine cycle designs are studied in this paper
and in the previous paper [52]. In the concept of the present paper, a subcritical and supercritical
rORC is designed and parametrically optimised. In the previous paper, the designing and parametric
optimisation procedure are applied to a simple subcritical and supercritical ORC [52]. Comparison of
the thermal efficiencies of the simple ORC evaluated from the previous paper [52] and rORC evaluated
from the present paper is seen in Figure 9. When the thermal efficiency of the rORC is compared with
the thermal efficiency of the simple ORC, it is seen that thermal efficiency lines of the simple ORC
are close to each other at constant pressure with rising temperature. This closeness among the lines
of the simples ORC shows that turbine inlet pressure is more effective on cycle efficiency than the
turbine inlet temperature. On the other hand, at constant pressure with rising temperature, there is a
considerable difference among the thermal efficiency lines of the rORC.

Maximum Efficiency Achieved

Thermal Efficiency (%)

4 9 14 19 24 29 34 39 44
Turbine Inlet Pressure (bar)

Simple ORC e 165°C = 150°C 140°C 130°C 120°C 110°C

Regenerative ORC = = = 165°C = ==150C ===140°C ===130°C ===120°C ==-=110°C

Figure 9. Comparison of the thermal efficiencies of the simple organic Rankine cycle (ORC) and
regenerative organic Rankine cycle (rORC).

Different types of ORC configurations (simple, regenerative, subcritical or supercritical) has
many advantageous and disadvantageous to each other. For instance, the investment cost of a
supercritical ORC is higher than that of a subcritical one [12,68] Moreover, compared with the
subcritical ORC, the supercritical ORC has a higher turbine inlet pressure which affects the safety
as well as investment cost [69,70]. When the ORC systems are compared in term of the regenerative
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and simple (non-regenerative) cycle, there are many studies which prove the superiority of the
performance of rORC over simple ORC [71-76]. In this study, the best performed subcritical and
supercritical rORC is evaluated at a turbine inlet temperature and pressure of 30 bar 166 °C and
38 bar, 166 °C, respectively. The net power production, thermal and exergetic efficiencies are calculated
as 95.59 kW, 18.67% and 31.53% for the subcritical rORC and 92.29 kW, 18.03% and 30.82% for the
supercritical rORC, respectively. In other respects, as a result of the calculations made for simple ORC
in the previous paper, the net power production, thermal and exergetic efficiencies are calculated
as 79.23 kW, 15.51% and 27.20% for the subcritical ORC and 81.52 kW, 15.93% and 27.76% for the
supercritical ORC, respectively [52]. As a conclusion, when cycle performance, investment cost, safety
considered together, subcritical rORC can be selected as an optimum cycle rather than supercritical
rORC, subcritical ORC and supercritical ORC.

In addition to all these considerations, a considerable limitation in turbine inlet temperature and
pressure ranges is seen for rORC. When compared to the previous study, due to maximal temperature
limitation and effect of the regenerator, the operating range of the rORC is even lower. This limitation is
especially seen in the supercritical rORC results. In the previous study, the supercritical ORC runs for a
wide range of turbine inlet temperatures and pressures. However, in the present study, a considerable
decrease in working ranges are seen due to the regenerator. Therefore, at the turbine inlet pressure of
44 bar, the rORC is working only for one turbine inlet temperature point (166 °C).

4.4. Comparison of the Exergy Analysis of the Subcritical and Supercritical rORC

As a result of the parametric optimisation, the best performed cycle is evaluated at 30 bar
166 °C for the subcritical rORC and 38 bar 166 °C for the supercritical rORC. However, the maximal
temperature of the selected working fluid (R245fa) is 166.85 °C which is almost equal to the turbine
inlet temperature of the best-performing cycle. The working fluids of the rORC are organic-based
hydrocarbon refrigerants. The chemical composition of the organic-based hydrocarbon refrigerants
deteriorates above the maximum temperature [60,61]. Therefore, in order to protect the chemical
structure of the fluid and keep in safe the working condition of the rORC, the best performing turbine
inlet temperature is accepted as 165 °C for both subcritical and supercritical rORC. By considering this
acceptance, the thermodynamic flow parameters recorded for the rORC pipes numbered in Figure 2 at
subcritical (30 bar 165 °C) and supercritical (38 bar 165 °C) conditions are given in Table 5.

Table 5. The flow parameters recorded for the rORC at subcritical (30 bar 165 °C) and supercritical
(38 bar 165 °C) conditions.

Subcritical (30 bar, 165 °C)

Pipe No * P T h m 0 s P H = mh
bar °C KJ/kg kg/s kg/m3 kJ/kgK kJ/kg kW
1 2.00 33.35 243.587 2.15 1315.5 1.1501 2.5365 522.57
2 30.15 34.78 246.254 2.15 1321.2 1.1518 4.6995 528.30
3 30.10 67.71 291.471 2.15 1225.5 1.2913 9.3159 625.30
4 30.05 115.71 364.131 2.15 1042.1 1.4904 24.0025 781.18
5 30.05 143.29 487.900 2.15 232.3 1.7917 60.0493 1046.71
6 30.00 165.00 530.077 2.15 163.2 1.8907 73.3897 1137.19
7 2.00 85.64 480.407 2.15 9.3 1.9098 18.1715 1030.63
8 2.00 39.78 435.191 2.15 11.1 1.7750 12.1937 933.63
9 1.00 450.00 465.445 1.63 0.5 7.7817 173.4936 758.68
10 1.00 398.35 409.934 1.63 0.5 7.7023 141.0851 668.19
11 1.00 243.29 247.034 1.63 0.7 7.4267 58.4350 402.67
12 1.00 150.00 151.403 1.63 0.8 7.2228 22.1667 246.79
13 1.00 25.00 104.928 19.71 997.0 0.3672 0.3452 2067.90
14 2.00 25.01 105.053 19.71 997.1 0.3673 0.4460 2070.37
15 1.50 30.01 125911 19.71 995.7 0.4369 1.0566 2481.42
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Table 5. Cont.

Supercritical (38 bar, 165 °C)

Pipe No * P T h m 0 s P H = mh
bar °C k] /kg kg/s kg/m3 KJ/kgK kJ/kg kW

1 2.00 33.35 243.587 2.16 1315.5 1.1501 2.5365 525.84
2 38.15 35.17 247.010 2.16 1322.8 1.1523 5.3129 533.23
3 38.10 54.49 273.132 2.16 1269.1 1.2345 7.5100 589.62
4 38.05 104.57 345.901 2.16 1101.2 1.4409 20.1850 746.71
5 38.05 154.01 440.548 2.16 726.6 1.6748 46.7240 951.03
6 38.00 165.00 510.254 2.16 268.2 1.8366 69.3346 1101.51
7 2.00 66.82 461.703 2.16 9.9 1.8563 15.0565 996.70
8 2.00 40.17 435.581 2.16 11.0 1.7763 12.2211 940.31
9 1.00 450.00 465.445 1.63 0.5 7.7817 173.4936 758.68
10 1.00 363.77 373.128 1.63 0.5 7.6460 120.6624 608.20
11 1.00 244.01 247.778 1.63 0.7 7.4281 58.7598 403.88
12 1.00 150.00 151.404 1.63 0.8 7.2228 22.1669 246.79
13 1.00 25.00 104.928 19.87 997.0 0.3672 0.3452 2085.07
14 2.00 25.01 105.053 19.87 997.1 0.3673 0.4460 2087.56
15 1.50 30.01 125.911 19.87 995.7 0.4369 1.0566 2502.03

* The numbers given in Figure 2 are used as pipe number

The data evaluated from the pipes are used to calculate the exergy flow and exergetic efficiency of
each component. By using the equations given above, the exergy inlet, exergy outlet and exergetic
efficiencies of each component of subcritical and supercritical rORC are found which are shown in
Figure 10.
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Figure 10. The exergy inlet, exergy outlet and exergetic efficiencies of each component of subcritical
and supercritical rORC.

The columns given in Figure 10 represent the exergy flow while the green line represents the
component exergetic efficiency. For both subcritical and supercritical rORC, the exergy inlet and outlet
are calculated in the superheater as maximum and in the pump (cw) as a minimum. As for component
exergetic efficiency, the maximum and minimum component exergetic efficiency is found in the pump
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(cw) and condenser for the subcritical rORC and in the regenerator and preheater for the supercritical
rORC, respectively. The maximum exergy inlet and exergy outlet are determined as 411.62 kW and
387.41 kW in the superheater component of the subcritical rORC and 383.66 kW and 346.36 kW in
the superheater component of the supercritical rORC. The highest and lowest component exergetic
efficiencies are found as 94.74% in the pump (cw) and 75.15% in the condenser for the subcritical rORC
and 96.87% in the regenerator and 71.17% in preheater for the supercritical rORC. As seen from the
general exergy balance equation given above, the differences between the inlet and outlet exergy equal to
the exergy destruction. The exergy destruction rate of each component of the subcritical and supercritical
rORC is given in Figure 11. The maximum exergy destruction is calculated as 57.39 kW for subcritical
rORC and 43.61 kW for supercritical rORC in the evaporator. The minimum exergy destruction is found
as 0.48 kW for subcritical rORC and 0.49 kW for supercritical rORC in the pump (cw).

'0_49 B Supercritic
Pump (cw) | 0.48 B Subcritical
8.77
Condenser -8.68
1.37
= Regenerator .2.92
g ine | 1311
H Turbine 12,11
] .
S Superheater 24.20
Q 43.61
Evaporator | ey 57.39
Preheater |y 57 1
1.41
Pump (rORC) '1.09

Exergy Destruction (kW)

Figure 11. The exergy destruction rate of each component of the subcritical and supercritical rORC.

When the overall system parameters evaluated form the energetic and exergetic analysis of the
rORC is considered together, the overall thermal and exergetic efficiencies are calculated as 19.17% and
32.41% for the subcritical rORC (at 30 bar, 165 °C) and 18.50% and 31.67% for the supercritical rORC
(at 38 bar, 165 °C). Abam et al. compared the exergy-based performance analysis of a subcritical rORC
for varying turbine inlet pressure range from 20 bar to 30 bar. As a result of the study, the maximum
component exergy efficiency and component exergy destruction were calculated in evaporator and
pump, respectively. Moreover, the overall exergy efficiency of the subcritical rORC using R245fa as
working fluid is found between 30% and 35% [77]. Energy and exergy-based analysis of a rORC
assisted to a combined heat and power plant is studied by Anvari et al. They found that the component
exergy destruction was maximum in evaporator and minimum in the pumps [78]. The results of the
studies are in line with the result of the present study.

5. Conclusions

In the concept of the present paper, firstly, a rORC was designed and parametrically optimised to
evaluate the best-performing cycle condition to recover exhaust gas waste heat from a CHP engine.
Then, to show the effect of regenerator on system performance, the parameters evaluated from the
best performing subcritical and supercritical rORC was compared with the results of the previous
paper which includes parametric optimisation of a simple subcritical and supercritical ORC. Finally,
the exergetic analyses of the components and overall rORC was performed.

In the performance analysis of the subcritical rORC; at the constant turbine inlet pressure with
rising temperature, an increase was observed in the net power production, exchanged heat in the
regenerator, thermal and exergy efficiencies, while a continuous decrease was seen in the mass flow rate
and the total pump power consumption. On the other hand, with varying turbine inlet temperature
and pressure; the net power production, thermal and exergetic efficiencies continuously increased up
to a turbine inlet pressure of 20 bar. Between the turbine inlet pressure of 20 bar and 30 bar, the net
power production, thermal and exergy efficiencies became worse than the previous line at the starting



Energies 2019, 12, 575 17 of 22

temperature (saturated vapour temperature) and then the results rapidly increased with rising turbine
inlet temperature. The main reason for dramatically increasing from worse results to better seen as the
rapidly increasing regenerated heat amount. Between the turbine inlet pressure of 30 bar and 36 bar,
the net power production, thermal and exergy efficiencies decreased with rising turbine inlet pressure.
The reason for the performance decline is seen as the closeness of the turbine inlet temperature and
saturated vapour temperature at this pressure ranges.

In the performance analysis of the supercritical rORC; the net power production, exchanged heat
in the regenerator, thermal and exergy efficiencies showed rising results with increasing temperature
at constant pressure, but, the performance of the rORC showed a decreasing result with rising pressure
at constant temperature. The net power production, thermal and exergetic efficiencies are found as
92.29 kW, 18.03% and 30.82% for the best performing supercritical rORC at turbine inlet temperature
and pressure of 38 bar, 166 °C. In the case of the subcritical rORC, the net power production, thermal
and exergetic efficiencies are calculated as 95.59 kW, 18.67% and 31.53% for the best performing
subcritical rORC at a turbine inlet temperature and pressure of 30 bar 166 °C. When the result of the
previous study is considered [52], it is clearly seen that the subcritical rORC shows the best performance,
so by using the subcritical rORC, the disadvantages of the using simple ORC (low performance) and
supercritical cycle (safety, investment) can be eliminated, while improving system performance.

Despite the positive system performance results, the use of regenerators in the ORC creates
restrictive effects on working pressure and temperature intervals, especially in supercritical conditions.
At constant pressure, the turbine inlet temperature range of the rORC is narrower than the simple
ORC. Moreover, unlike the simple ORC, the upper pressure of the rORC is also limited. While the
simple ORC can operate in temperature between 155 °C and 166 °C at 46 bar turbine inlet pressure,
the rORC could not work at 46 bar turbine inlet pressure due to the maximal temperature limitation
and effect of the regenerator. The rORC can only be worked a turbine inlet pressure of 44 bar where
the rORC is only working at a turbine inlet temperature of 166 °C. In spite of the restrictive effect
of the regenerator, the rORC systems showed better performance results than simple ORC for both
subcritical and supercritical conditions.

As seen from Figure 9, the thermal efficiency reached its maximum value at certain pressures
while the increase in the thermal efficiency continued with the pressure increase at the constant
temperature. After the maximum point where the thermal efficiency was the highest, the increase in
the pressure caused a decrease in the thermal efficiency. For this reason, considering the turbine inlet
pressures where maximum efficiency is obtained depending on the temperature has critical importance
in regenerator usage.

In addition, the exergetic analysis of the best performing subcritical and supercritical rORC was
performed and the results were compared with each other as well as a simple ORC. Just like the simple
ORC, the highest exergy destruction was seen in the evaporator. The overall thermal and exergetic
efficiencies are calculated as 19.17% and 32.41% for the subcritical rORC and 18.50% and 31.67% for the
supercritical rORC. On the other hand, in the previous paper, the thermal and exergetic efficiencies of
the simple ORC was found as 15.51% and 27.20% for the best performing subcritical condition, 15.93%
and 27.76% for the best performing supercritical condition [52]. When the results of the present and
previous paper compared, it is clearly seen that the subcritical regenerative organic Rankine cycle
(rORC) has the best performance.
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Abbreviations

Nomenclature

CHP combined heat and power
cw cooling water

Eex exergy flow (kW)

h enthalpy (k] /kg)

H enthalpy flow (kW)

m mass flow (kg/s)

P pressure (bar)

0 heat flow (kW)

rORC regenerative organic Rankine cycle
s entropy (kJ/kgK)

T temperature (°C)

To ambient temperature (°C)
W power (kW)

Greek letters

p density (kg/m?3)

P specific exergy (kJ/kg)
€ exergetic efficiency (%)
i thermal efficiency (%)
Subscripts

C condenser

cw cooling water

D destruction

E evaporator

exh exhaust

HS heat transfer surface

i inlet

max maximum

0 outlet

p pump

PH preheater

R regenerator

rev reversible

SH superheater

T turbine
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