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generate electricity. The proposed ORCs include an evaporator, a turbine, a condenser,
and a pump coupled with a biomass carbonizing system to create a promising
technology for small-scale electricity generation. In this work, a thermodynamic
modelling equation based on energy and exergy balances was briefly expressed for
each subcomponent of the system. A case study with R134a as the working fluid is
being investigated to validate the system’s performance. In addition to the effects of
R134a on temperature at the turbine exit, the suitable operating pressures has been
specially adopted from several valid journals that focused on the effects of a wide
range of possible operating pressure on the working fluid characteristics, which have a
significant effect on the system performance. Finally, the theoretical analysis shows
that the turbine work is profitable at an inlet pressure of 5 bar and an outlet pressure
of 2 bar. This system is recommended to be integrated into the thermochemical
biomass process. Recommendations have been made for the future development of

Keywords: small-scale biomass-fuelled power generation systems. This study shows that the
Biomass; combustion; pyrolysis; stove; thermal losses of the biomass thermochemical processes can be theoretically
hot flue gas; ORC recovered in the form of electricity by using ORC efficiently.

1. Introduction

Until now, the utilization of biomass in the world as an energy source has increased
significantly. Several researchers have also stated that biomass energy utilization can reduce
greenhouse effects, gas emissions, and climate change [1-3]. Turning biomass into heat using
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various types of furnaces, such as stoves, usually happens at a high temperature of about 800—-1000
°C. However, the performance of this kind of stove is still under investigation by researchers in
order to increase its performance and reduce energy losses. In fact, high-temperature combustion
is associated with huge energy losses, usually from the wall of the stove or even from outflowing
hot flue gases. The exhaust flue gas with a temperature above 200 °C is usually sacrificed freely into
the ambient, which results in both energy losses and extreme air pollution. According to the related
regulations, the exhaust flue gas can be released to the atmosphere at a temperature of up to 60
°C. In conclusion, not all the considerable heat can be converted into another energy form.

In general, there are two ways of converting biomass into other forms of energy; the
biochemical process [4], and the thermochemical process [5]. In this study, thermochemical
processes are discussed with the conversion routes as pictured in Figure 1. Combustion is a very
attractive method of producing high thermal energy or heat, which includes including heat in the
exhaust gas streams. This thermal energy can be stored and utilized further for drying or heating
purposes. A simple way of storing thermal energy has been theoretically studied by using a water
tank with a thermocline model [6]. The thermal energy can also be utilized to produce electricity,
which can be integrated into the grid or even be used privately.

Thermochemical
Carbonization ][P}rmlysis ][Gasiﬁcaﬂgn ][ Combustion J
¥
[[Bimhar] [ Bio-oil | [ Gasses | Heat | |
L]

Electricity Heat
[Dn—Grid][Etf-Grid] [Drying/Heating |

Fig. 1. State of the art of thermochemical way on
biomass conversion process

Another energy source is in the form of flammable gas, which can also be generated by the
gasification process. Gasifiers with high efficiency, however, are still in development. A novel
fluidized gasifier with concentric cylinders has been hydrodynamically simulated and demonstrated
the ability to produce high-calorific flammable gas [7]. This new gasifier can produce flammable gas
with a heating value of about 7 MJ/m?3 higher than the conventional gasifier [8]. This flammable gas
is very appealing as a replacement for fossil fuel in fuelled engines. Syngas of about 3 MJ/m?3 of
heating value can easily be produced by means of a downdraft gasifier, which has the potential to
replace the old fuel [9].

The thermochemical process is the most preferred method because it has a few advantages
compared to the biochemical process. The equipment used is also not too complicated. Using a
modified stove, for instance, can achieve an efficiency of up to 35% [10]. This has been confirmed
by performing an experimental study with an internal air distributor placed in the centre of a
modified stove. They obtained that the stove efficiency is about 25% [11] higher than the
conventional stove. However, this is still a very low conversion efficiency associated with the energy
contained in the biomass. The stove could not stand alone to convert all the stored energy in the
biomass completely. Other supporting systems and equipment are essential in order to achieve
maximum conversion efficiency [12]

A system with a combination of several equipment working together to generate electricity and
reuse rejected heat is called a combined heat and power system (CHP). By considering heat waste,
an internal combustion engine, for instance, converts only 25-38% of the fuel's thermal energy into
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shaft work. Some of it is rejected through the cooling system, the engine wall, and the exhaust
gases as dispersed energy [13]. While used as the prime mover of a generator, internal combustion
engines of small size can achieve electrical efficiencies of around 20 to 30% [14].

Until now, investigations into the reuse of wasted energy, including waste heat from engines,
using thermodynamic studies have been widely used in research and development related to
renewable energy [15,16,17,18,19,20,21,22]. As shown in Table 1, the Rankine cycle with water as
the working fluid has been used widely to convert mostly energy from fossil fuels into electricity.
However, the Rankine cycle is available only for high contained energy sources such as from fuel
combustion. For low to medium heat sources, for instance, waste energy contained in the exhaust
flue gases of industry, the Rankine cycle is no longer effective and efficient.

Table 1

Large-Scale Electric Power Generation through 2050 from Renewable and Non-renewable [23]
Power plant type Non-renewable source ~ Renewable source Thermodynamic cycle
Coal-fuelled Yes Rankine

Natural gas-fuelled Yes Brayton

Nuclear fuelled Yes Rankine

Oil-fuelled Yes Rankine
Biomass-fuelled Yes Rankine

Geothermal Yes Rankine
Solar-concentrating Yes Rankine
Hydroelectric Yes None

Wind Yes None
Solar-photovoltaic Yes None

Fuel cells Yes None

Currents, tides, and waves Yes None

For low grade or even moderate temperature energy sources (less than 300 °C), an organic
Rankine cycle (ORC) is the most potential technology to recover waste energy [24,25,26]. ORC has
been received as an attractive way to absorb the rejected heat in the range of low, medium, and
high energy content and be converted into electrical energy. ORC employs organic substances as
working fluids instead of water, including R123, R245fa, and R134a. The organic working fluid is
typically selected to meet the requirements of the application. For instance, the relatively low
boiling point of these substances allows the ORC to produce power from low temperature sources,
including industrial waste heat, geothermal hot water, and fluids heated by concentrating solar
collectors.

The number of published articles on waste energy harvesting based on ORC is rapidly
increasing. Hung et al., [27], Maizza et al., [28,29], Liu et al., [30], Hung [31], Saleh et al., [32], Li et
al., [33], Li et al., [34], Uusitalo et al., [35] proposed and analysed various ORCs for waste heat
recovery systems. Meanwhile, He et al., [36], Shu et al., [37], Wang et al., [38], Wu et al., [39], Islam
et al., [40], Saadon et al.,, [41] showed their interest in the waste heat recovery from internal
combustion engine or gasoline engine. Pantaleo et al., [42] uses ORC integrated with steam and gas
turbine. Tchanche et al., [43], Hung et al., [44], Trifon et al., [45], Petrollese et al., [46] shown their
interest in the application of ORCs in solar organic Rankine cycle systems. Vittorini, et al., [47],
Dijoux, et al., [48] also considering the system efficiency of ORC using ocean thermal energy
conversion (OTEC) system as heat source.

Numerous ORC units have been installed in industries such as cement, steel, glass, and oil-gas
industries to recover wasted energy from their machines. However, research concerning waste
energy harvesting from thermochemical biomass processing, which is focused on the smoke

81



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 94, Issue 1 (2022) 79-95

condensation of wood carbonizing manufacture, is still rare. Rahbar et al.,, [21] described a
feasibility study of power generation through waste heat recovery from wood-burning stoves using
the ORC technology. Velez et al., [49] concerned a technical, economic, and market review of ORC
for the conversion of low-grade heat for power generation. Carraro et al., [50] performed
cogeneration based on biomass and ORC systems and successfully obtained 2.2 kW of electricity.
Cao et al., [51] used biomass to fuel an externally fuelled gas turbine. Algieri et al., [52]
demonstrate a cycle for micro—scale CHP using subcritical and transcritical biomass—fired ORC
systems. Mascuch et al., [53] investigated woodchip combustion fuelled ORC for use as a biomass
boiler replacement. Meanwhile, Germany is the biggest country in the world by producing
electricity at a rate of about 40.1 MW based on biomass-powered ORC [54]. Another potential
application has been identified as exhaust gas recovery from gas turbines [55,56,57]. In addition,
ORC exhibits unique advantages such as small size, low capital and maintenance cost, simplicity,
and high reliability when combined with renewables such as biomass, solar energy, or geothermal
heat.

The ORC can also be integrated with charcoal-based biomass and condensate smoke
manufacture where the torrefaction process is employed. In this process, the thermal
decomposition of wood is carried out under controlled conditions, usually without or with very
limited oxygen. With relatively long residence times at temperatures (200-300°C), up to 35% of
char can be obtained [58]. Other products are liquids and gases. During the process, lots of smoke is
generated due to the incomplete combustion in the reactor. The smoke can be condensed to a
liguid state instead of being reused for drying. A heat exchanger of the shell and tube type can be
employed with water as the cooling medium instead of air. During the smoke condensing process,
the cooling water adsorbs heat, causing its temperature to increase. The hot water is then used in
the ORC to evaporate the organic working fluid. In some industries, the traditional condensation
processes may still be in use where the condensing process using a simple batch and ambient air as
the cooling medium causes the condensate produced to have low quality and quantity.

The thermodynamic performance of a novel small-scale electricity generation system based on
heat harvested from smoke condensation and integrated with the ORC system is investigated in this
paper. The proposed system provides several advantages, such as fuel flexibility, saving fuel during
the whole process, and increasing the enterprise revenue. The aim of this paper is to study the
appropriate operational parameters of the ORCs system proposed to better understand the factors
that lead to variability and uncertainty in this system due to the heat availability from the
condensation system. Discussions have been focused on the effect of the exhaust temperature,
condenser pressure, working fluid mass, and flow rate in the whole system on the cycle
performance. The parameters used are based on numerous previous researchers and confirmed by
Quoilin et al., [59], Morrone et al., [60], and Ambarita et al., [61], and Wang et al., [62].

2. System Description

The system developed in this study is illustrated in Figure 2. The system is a kind of simple one
with the basic components consisting of (1) the working fluid pump, in which the working fluid is
circulated and adjusted through the control valve (CV) and measured by means of a rotameter (R),
(2) the working fluid evaporator, where the working fluid of organic type is boiled, (3) the steam
turbine, which expands the working fluid in vapour form to gain useful shaft power, and (4) the
working fluid condenser, where the working fluid is cooled and changed into liquid form. The
features of this system are small size, no emissions, and environmentally friendly. The organic fluid
evaporator receives heat from the hot water which is gained during hot smoke condensation. The
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hot water temperature is approximately (T1 = 95 °C) entering the evaporator where the selected
working fluid in the liquid state is evaporated. After that, the water leaves the evaporator at
approximately T = 35 °C, as designed, and is pumped back into the water tank. A throttle valve was
adopted in the bypass line to protect the turbine during the starting and closing processes.

Cald water
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Ramiss
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Fig. 2. Schematic diagram of ORC system integrated with wood carbonization process; Biomass carbonizer
(BC), Cyclone (C), Smoke condenser (SC), Organic fluid evaporator (OFE), Turbine (T), Organic fluid
condenser (OFC), Organic fluid feed pump (OFP), Water cooling tank (WCT), Generator (G)

3. Organic Fluid Selection

Selection of the working fluids in an ORC system is a crucial aspect. Lots of working fluid
candidates can be found in the literature. However, in this study, the working fluid used refers to
previous studies by numerous researchers, as shown in Table 2. The exact working fluid, which is
suitable to be implemented in this ORC, is shown in Figure 3. It is also used as the guide.
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Table 2
Working fluid and operating parameters of some ORCs system
No Working fluid Component conditions Values Reff
1 R123 Condenser outlet 23-30°C [19]
Evaporation 80-110°C
Turbine inlet 130°C [59]
Heat source 50-90°C [60]
Turbine inlet 101.7-165.2°C [26, 27]
Heat source 85.95,110,130°C [61, 62]
Turbine inlet 101.7-165.2°C
Heat source 72°C [63]
Condenser outlet 90-220°C
Heat source 90-220°C [64]
2 R245fa Heat source 100°C [65]
Condenser temperature 21.86-43.63°C
Heat source 77.9°C [66]
Cooling water 11.5-21°C
Evaporation 77.1-82.3°C [67]
Condenser outlet 37.4-40.3°C
Expander inlet 50-115°C [20]
Heat source 90°C [68]
Heat source 100-150°C [69]
Heat source 125°C [67]
Cooling glycol water 14-43°C
3 R245fa Heat source 100°C [58]
Condenser 27°C
4 R227ea Heat source 66.8°C-110°C [70]
5 HFE7000 Heat source 117.8-128.9°C [71]
6 SES36 Heat source 125°C [67]
Cooling glycol water 14-43°C
7 R245fa/R365 Heat source 100-150°C [69]
(48.5%/51.5%)
8 R11 Heat source 100°C [58]
Evaporation 70°C
Temperature Increase
320K 3ns K MEK 420 K 445 K 00 K
R143a R22 R132a  R600a GO0 R123
R32 R290 R124 R142b R345fq Riasmic
Rl3da CFal R2I36ca MNeapentene B601a
R227en R23F lsohutane 24509 R0
Butane Rl141b

Fig. 3. Working fluids selection hint according to the
heat sources temperature [59]

4. System Analysis

Thermodynamic performance analysis of the system proposed is performed based on the
characteristic parameters of the selected working fluid and criterion, which refers to the previews
researchers used as shown in Table 3. The R134a working fluid was selected to study the system's
performance. The thermal properties of the working fluid as a function of the pressure and
temperature of each component are used as an input to the thermodynamic performance
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equations and correlations related to the system considered. Some technical data and information

from the preview articles are used to compare the results of this study.

Table 3

The considered input parameters of the 10 kW. power system proposed with R134a as the

working fluid

No Parameter Units Value Ref.

1 Smoke temperature, T1 °C 150-220 Measured
2 Hot water temperature °C 70-95 Measured
3 Organic fluid evaporation temperature, Tevap °C 60-90 [60]

4 Organic fluid evaporation pressure, Pevap bar 5 [58,61]

5 Turbine inlet pressure, Ps bar 5 [25,58,62]
6 Turbine inlet temperature, Ts °C 60-90 [25,58]

7 Turbine inlet temperature, To °C 20-40 Measured
8 Turbine inlet pressure, Ps bar 1-2 [58]

9 Organic fluid condensation pressure, Pcon bar 1-2 [58]

10 Organic working fluid flow rates, my kg/s 0.5-1 [58,63]

11 Isentropic adiabatic pump and turbine efficiency, nesand nrs % 0.80and 0.70  64]

12  Pressure ration, Pr - 3-7 Measured

5. Basic Expression State of the Proposed ORC

The ORC sub-system in the carbonization process is schematically simplified as shown in Figure
4. Each component is assumed as a control volume with the following idealizations; OFE as an
isobaric exothermal process, OFC as an isobaric endothermic process, the turbine as an isentropic

expansion process, and the OFP as an isentropic compression process.

WT_ 3

Gases

Smoke
condensate to

be proceded

Hot smoke
inlet Water cycle
— Working fluid cycle
Fig. 4. Schematic flow diagram of the ORC
integrated to smoke condensation process

By assuming steady state condition, kinetic and potential changes are ignored, the general
principle of continuity, energy rate of change, and exergy rate of change of flow stream at the inlet
(i) and exit (e) for each component of the ORC can be expressed according to the Eq. (1) to (3) as

follows

i e

(1)
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Where m is the mass flow rate of working fluid, h is the working fluid enthalpy at the specified
state, Y is the specific stream exergy flows at inlet and exit site respectively, Ty is the dead state
temperature where the exergy is zero, Ty, is the boundary temperature where the heat transfer to
surroundings occurred, id is the exergy destruction during process. T—s diagram of saturated vapor
curve of the organic fluid on the ORC subsystem considered is shown in Figure 5. The carbonization
product smoke of high temperature entering the SC, immediately undergoes condensation using
water as cooling medium. The hot water from the SC then is utilized to evaporate the hydrocarbon
working fluid in the OFE.

\.‘ 4 Saturated line

;- - - ]
ATgy 1 - ! / ATy Hot waler

TiC)

Cold water
Vs Hys Actual eycle

;r'/ — — - lsentropic expansion

/’ir; [-‘] I|_1 EAT

Siklka K

Fig. 5. T—s diagram of the working fluid curve of the designed
cycle

5.1 Smoke Condensation (5C)

During smoke condensation, the heat absorbed by the cooling water is assumed as the total
heat input to the OFE which is expressed as

QOFE = mlcp,sm(Tl —T,) = rh3cp,w(T4 —T;) =y (hy —h3) (4)
5.2 Organic Fluids Evaporation (OFE)

There are two fluid streams entering and living the evaporator; the hot water (hw) as the hot
stream and the working fluid (wf) as the cold streams. Assume the heat transfer to the surrounding

is ignored and there is no work across the OFE, therefore, mass flow rate ratio in the OFE can be
written by solving the energy balance rate equation, Eq. (2) as

m; _ (hy —hg) (5)
m, (hg, —hy)

Exergy destruction in the OFE is determined by simplifying and solving Eq. (3) as

Iq0re = MyXpy, + M7X,, (6)
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where X, and wa are the exergy rate change of streams in the OFE and are expressed as

):(hw = my[(hy —hg) — To(s4 — s5)] (7)
X, s = my[(hg, — h;) — To(sgp — s7)] (8)

Exergy efficiency of the OFE is written as

X (9)
NoFErev = 2L X 100%
th

5.3 Organic Fluid Condensation (OFC)

Condensation is assumed as an endothermic adiabatic process which rejects heat. Assume the
heat transfer to the surrounding is ignored and there is no work across the OFC, therefore, the
mass flow rate ratio in the OFE can be written by solving the energy balance rate equation, Eq. (2)
as

mg _ (hy3 —hy3) (10)
my; (hyy —hg)

Exergy destruction in the OFC is determined by simplifying and solving Eq. (3) as
I40rc = MoX,p + My X, (11)

Where wa and ch are the change exergy rate of streams in the OFC and expressed as

Xuws = mg[(hg — hyg) — To(So — S10)] (12)
Xew = Tyz[(hy2 — hy3) — To(s12 — $13)] (13)
n _ Xew . 100

OFCrev Xy 0 (14)

5.4 Organic Fluid Feed Pump (OFP)

A feed pump is required to increase the liquid form of working fluid pressure to the evaporation
pressure. The pump performances expressions are determined after simplifying and solving Eq. (2)
and (3) as follows

Worpace = My(hy; —hyy) (15)
. m~,(h,, —hyq) (16)
Wogp. = 7(h7s —hyq
MNp

where, h; and hy; are the working fluid enthalpy in the inlet and outlet of the pump, and h is the
working fluid enthalpy after the isentropic pressurization process. Pump reversible efficiency can be
written as follows
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W, (17)
nOFP,s — .OFP,act % 100%
. WOFP,S
Iq,OFP = Wopprev + M7[(h; —hy1) — To(s; —.511) (18)
Worp,rev = My [(h; —hyy) — To(s7 — s11)] — Iorp (19)

W, (20)
nOFP,rev == OFP'aC_t X 100%
OFP,rev

5.5 Turbines

Turbine as an adiabatic isentropic expansion process (state 7-8s) generates energy in the form
of shaft work. Work produced (Wy) and the turbine performances are expressed by simplify Eq. (2)
as

V.VT,act =_ g, (hg, — ho) (21)

WT,s — mSC(hi]CT_ h9,s) (22)

Ww. 23

s = —2% % 100% 23)
T,s

Maximum power output or reversible power (W”ev) is determined by simplifying Eq. (3) where
exergy destruction in the turbine is set to zero due to the turbine reversibility process (id = 0),
therefore

Wr ey = Mgy [(hge — hg) — Ty (sgc — So)] (24)
Exergy efficiency of the turbine is determined by

T]T,rev — WT,act X 100% (25)
T,rev

In this system, the net work done by the working fluid or the work output (WNET) should be
equivalent to the power output from the turbine minuses the power consumption by the OFP is
written as

Wier = Wrace — Worp act (26)

6. Performances Analysis Expression

Thermal efficiency indicates the extent to which the energy input to the working fluid passing
through the OFE subcomponent is converted to the network output. Using the expressions just
introduced, the energetic and exergetic efficiencies of the proposed ORC system can be evaluated
by using the following expression [39]

W, Wi gt — W,
Ny = = NET — T,act OFP,act x 100% (27)

QOFE QOFE
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WNET

X 100% (28)
QOFEX(l_T_l)_QOFCX(l_%) O

Nx =

where 1, and 1y are the energetic and exergetic efficiencies of the ORC system respectively,
Wyt is the net shaft power output, Qg is the heat into the OFE, Qggc is the heat rejected in the
OFC. T; and T, are the corresponding input and output smoke temperature. Other important
parameters such as the back-work ratio (bwr) as defined the ratio of the pump work input to the
work developed by the turbine, the pressure ratio or expansion ratio in the turbine (P.) are also
utilize to quantify the system performance as the following expressions

bwr = Wh act (29)
WT,act
p = Prin (30)
l:)T,out

7. Special Case

Here are some theoretical simulation results using the R143 as working fluid. The properties of
this fluid are available on the table. Figure 6 shows the feed pump's required power to achieve the
required evaporation pressure, which is determined based on Eq. (15). From the graph, it is known
that the higher the output pressure of the feed pump, the higher the input power required, but
that it decreases when the input pressure increases. This information will greatly determine the
amount of network generated by the system. This power will be supplied by the turbine outlet
power, therefore the turbine output should be higher than the feed pump power required.

28.00

3.00

1.02 1.57 2.17 2.52 3.37
Feed pump nput pressure (bar)
mP7=5.04 bar ®mP7=5.72 bar P7=6.64 bar wmP7=7.72 bar
P7=8.15 bar P7=9 bar m P7=10 bar

=)
w
=3
(=}

_H
©“ »
[=] [=1
[=] [=]

[=:]
[=2
[=2

Pump required power (kW)

8]
=

Fig. 6. Pump power required based on input and
output pressure

Figure 7 shows the output power calculated by Eq. (21) with respect to the turbine inlet
temperature. The output power varies with the outlet temperature of the turbine (To). The highest
output power is obtained when the temperature difference between the inlet (Tsc) and turbine
outlet (To) is quite high.
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ETO=20C mT9=30C mT9=40C
Fig. 7. Effect of turbine inlet temperature on the output
power with turbine outlet pressure of 2 bar

Figure 8 shows the output power affected by the turbine outlet pressure (Ps). The greater the
pressure outlet of the turbine, the greater the output power obtained. However, the maximum
power obtained depends on the ratio of the inlet pressure (Psc) and outlet of the turbine (Pg).

12.5
11.5
10.5 II
10
2 2.4 2.8 3.2

Turbine outlet pressure, Py (bar)
B P3c=5 bar MP8c=6 bar MP8c=7 bar MP8c=8 bar MP8c=9 bar

—
L s

Turbine output power (kW)
o 1

Fig. 8. Effect of turbine outlet pressure on the output power at
turbine outlet temperature of 20 °C

Figure 9 shows the output power with respect to the turbine inlet temperature at different
turbine inlet pressures (Psc). It is shown that the output power increases with the temperature (Tsc).
The output power also depends on the turbine input pressure. The higher the inlet pressure and
temperature, the greater the output power produced. However, at the same temperature, an
increase in inlet pressure causes a decrease in output power. With an inlet temperature of 90 °C,
about 14.5 kW of output power can be obtained. This finding is confirmed by Touaibi et al., [63].

90



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 94, Issue 1 (2022) 79-95

16.00

14.00

12.00

10.00
8.00
6.00
A
2.00 II
50 60 70 80 90

Turbine inlet temperature, Ty, (°C)
mP8c=5 bar mP8c=6 bar WP8c=7 bar WMP8c=8 bar MP8c=9 bar

Turbine output power (kW)

Fig. 9. Effect of turbine inlet temperature on the output power
at 20 °C of outlet temperature

8. Discussion and Future Work

In this study, the energy and energy balance equations for the ORC plant powered by thermal
energy from biomass carbonization have been briefly expressed. The governing equations of
continuity, energy, and energy destruction rate balances have been applied to each subcomponent
of the plant, which can be used to predict its thermodynamic performance. The operating
temperatures and pressures of the evaporator and condenser are more important than the heat
source's temperature. Because the high amount of heat available does not always ensure a high
amount of net power output [64]. The most important operating parameter that has a strong
influence is the operating pressure.

Several selected operating target parameters were adopted to perform the ORC proposed as
described in Table 3. By applying all the parameters together with working fluid characteristics into
these expressed equations, the ORC system performance could be predicted and should be
comparable with other results of preview researchers. Generally, heat transfer in the evaporator is
very sensitive to a change in the temperature and flow rate of the heat source. Increments in heat
source temperature and flow rate result in a decrease in working fluid viscosity that has a positive
impact on working fluid flow rate through the system. Good heat transfer resulted in the increase
of both the turbine isentropic and thermal efficiencies [65]. From this study, it is recommended
that the system performance reach optimum performance at turbine inlet pressure of 5 bar and
turbine outlet pressure of 2 bar. It is hoped that the performance of the proposed system will be
similar or even better compared to the results of previous researchers.

The estimated system performances using energy and energy efficiency analysis were also
intended for educational purposes as a unit test for performing experiments on solid biomass
combustion for energy production. It is necessary to perform modelling using computer simulation
using related software to facilitate preliminary design and development of a real ORC system on a
lab-scale basis, so it can then be validated with industrial data. Furthermore, to achieve the highest
ORC system performance, the selection of equipment for subcomponents needs to be addressed in
the future.
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9. Conclusion

Thermal energy, which is regarded as waste heat, can be used to generate small-scale electrical
power. A process that involves heat transfer or heat removal will waste thermal energy, as in the
condensation process in a condenser. This wasted thermal energy can still be used as electrical
power even on a small scale. However, before constructing a power plant system based on ORC, a
preliminary thermal analysis is really required to estimate the electrical power that can be obtained
and can be very helpful to select the appropriate organic fluid as the working fluid. In contrast to
the water-based Rankine system, the ORCs system is really considered the operating parameters
(temperature and pressure) at the inlet and outlet. The performance of an ORCs system in a
carbonization application is presented in this study. The study focuses on the operating parameters
of the plant with the major goal of determining the output power that can be obtained from the
operating parameter study. Through the analysis, it is shown that the higher the turbine outlet
pressure, the higher the output power obtained. However, this will require additional tools to
condense the fluid so that it immediately becomes a liquid. According to this study, about 13 kW of
output power can be obtained if the steam temperature can reach 90 °C at a pressure of about 5
Bar. The ORC is well suited to converting wasted thermal energy into electrical power.

Acknowledgements

The presented work is the result and contribution of the project: Development and testing of
biomass combustion systems for power generation in remote areas based on the Organic Rankine
Cycle, funded by the Universitas Negeri Medan on the Research Development Scheme with
Contract Number: 13/UN33.8/PL-PNBP/2020.

References

[1] Taylor, Gail. "Biofuels and the biorefinery concept." Energy policy36, no. 12 (2008): 4406-4409.
https://doi.org/10.1016/j.enpol.2008.09.069

[2] Openshaw, Keith. "Biomass energy: employment generation and its contribution to poverty alleviation." Biomass
and bioenergy 34, no. 3 (2010): 365-378. https://doi.org/10.1016/j.biombioe.2009.11.008

[31 McKendry, Peter. "Energy production from biomass (part 2): conversion technologies." Bioresource
technology 83, no. 1 (2002): 47-54. https://doi.org/10.1016/50960-8524(01)00119-5

[4] Saxena, R. C., D. K. Adhikari, and H. B. Goyal. "Biomass-based energy fuel through biochemical routes: A
review." Renewable and sustainable energy reviews 13, no. 1 (2009): 167-178.
https://doi.org/10.1016/].rser.2007.07.011

[5] Panwar, N. L., Richa Kothari, and V. V. Tyagi. "Thermo chemical conversion of biomass—Eco friendly energy
routes." Renewable and Sustainable Energy Reviews 16, no. 4 (2012): 1801-1816.
https://doi.org/10.1016/].rser.2012.01.024

[6] Simanjuntak, Janter Pangaduan, Samsudin Anis, Mochamad Syamsiro, Eka Daryanto, and Bisrul Hapis Tambunan.
"Thermal Energy Storage System from Household Wastes Combustion: System Design and Parameter
Study." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 80, no. 2 (2021): 115-126.
https://doi.org/10.37934/arfmts.80.2.115126

[71 Simanjuntak, Janter P., K. A. Al-attab, and Z. A. Zainal. "Hydrodynamic Flow Characteristics in an Internally
Circulating Fluidized Bed Gasifier." Journal of Energy Resources Technology 141, no. 3 (2019).
https://doi.org/10.1115/1.4041092

[8] Simanjuntak, Janter P., and Z. A. Zainal. "Experimental study and characterization of a two-compartment
cylindrical internally circulating fluidized bed gasifier." Biomass and bioenergy 77, (2015): 147-154.
https://doi.org/10.1016/]j.biombioe.2015.03.023

[9] Simanjuntak, Janter P., Eka Daryanto, and Bisrul Hapis Tambunan. "Producer gas production of Indonesian
biomass in fixed-bed downdraft gasifier as an alternative fuels for internal combustion engines." In Journal of
Physics: Conference Series, vol. 970, no. 1, p. 012019. I0P Publishing, 2018. https://doi.org/10.1088/1742-
6596/970/1/012019

92


https://doi.org/10.1016/j.enpol.2008.09.069
https://doi.org/10.1016/j.biombioe.2009.11.008
https://doi.org/10.1016/S0960-8524(01)00119-5
https://doi.org/10.1016/j.rser.2007.07.011
https://doi.org/10.1016/j.rser.2012.01.024
https://doi.org/10.37934/arfmts.80.2.115126
https://doi.org/10.1115/1.4041092
https://doi.org/10.1016/j.biombioe.2015.03.023
https://doi.org/10.1088/1742-6596/970/1/012019
https://doi.org/10.1088/1742-6596/970/1/012019

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 94, Issue 1 (2022) 79-95

(10]

(11]

[12]

[13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]
[24]

[25]

(26]

[27]

(28]

[29]
(30]

(31]

Suresh, R., V. K. Singh, J. K. Malik, A. Datta, and R. C. Pal. "Evaluation of the performance of improved biomass
cooking stoves with different solid biomass fuel types." biomass and bioenergy 95 (2016): 27-34.
https://doi.org/10.1016/].biombioce.2016.08.002

Simanjuntak, J. P., E. Daryanto, and B. H. Tambunan. "Performance improvement of biomass combustion-
basedstove byimplementing internally air-distribution." In Journal of Physics: Conference Series, vol. 1811, no. 1,
p. 012015. IOP Publishing, 2021. https://doi.org/10.1088/1742-6596/1811/1/012015

Al-Attab, Khaled A., and Z. A. Zainal. "Externally fired gas turbine technology: A review." Applied Energy 138
(2015): 474-487. https://doi.org/10.1016/j.apenergy.2014.10.049

Heywood, John B. "Ignition Delay." Internal Combustion Engine Fundamentals, Second Edition (2018).

Gupta, Harsh K., and Sukanta Roy. Geothermal energy: an alternative resource for the 21st century. Elsevier,
2006.

Liu, Hao, Yingjuan Shao, and lJinxing Li. "A biomass-fired micro-scale CHP system with organic Rankine cycle
(ORC)-Thermodynamic modelling studies." Biomass and Bioenergy35, no. 9 (2011): 3985-3994.
https://doi.org/10.1016/j.biombioe.2011.06.025

Peris, Bernardo, Joaquin Navarro-Esbri, Francisco Molés, Manuel Gonzdlez, and Adrian Mota-Babiloni.
"Experimental characterization of an ORC (organic Rankine cycle) for power and CHP (combined heat and power)
applications from low grade heat sources." Energy 82 (2015): 269-276.

Mascuch, Jakub, Vaclav Novotny, Vaclav Vodicka, Jan Spale, and Zbynek Zeleny. "Experimental development of a
kilowatt-scale biomass fired micro—CHP unit based on ORC with rotary vane expander." Renewable Energy 147
(2020): 2882-2895.

Peris, Bernardo, Joaquin Navarro-Esbri, Francisco Molés, and Adrian Mota-Babiloni. "Experimental study of an
ORC (organic Rankine cycle) for low grade waste heat recovery in a ceramic industry." Energy 85 (2015): 534-542.
https://doi.org/10.1016/j.energy.2015.03.065

Zhang, Hong-Hu, Huan Xi, Ya-Ling He, Yu-Wen Zhang, and Bo Ning. "Experimental study of the organic rankine
cycle under different heat and cooling conditions." Energy 180 (2019): 678-688.
https://doi.org/10.1016/].energy.2019.05.072

Cho, Soo-Yong, and Chong-Hyun Cho. "An experimental study on the organic Rankine cycle to determine as to
how  efficiently  utilize  fluctuating  thermal energy." Renewable  Energy 80 (2015): 73-79.
https://doi.org/10.1016/j.renene.2015.01.066

Rahbar, Kiyarash, Saad Mahmoud, Raya K. Al-Dadah, Nima Moazami, and David Ashmore. "Feasibility study of
power generation through waste heat recovery of wood burning stove using the ORC technology." Sustainable
cities and society 35 (2017): 594-614.

Peris, Bernardo, Joaquin Navarro-Esbri, Francisco Molés, Roberto Collado, and Adrian Mota-Babiloni.
"Performance evaluation of an Organic Rankine Cycle (ORC) for power applications from low grade heat
sources." Applied Thermal Engineering 75 (2015): 763-769.
https://doi.org/10.1016/].applthermaleng.2014.10.034

M. J. Moran, et al., Fundamentals of engineering thermodynamics: John Wiley & Sons, 2010.

Quoilin, Sylvain, Martijn Van Den Broek, Sébastien Declaye, Pierre Dewallef, and Vincent Lemort. "Techno-
economic survey of Organic Rankine Cycle (ORC) systems." Renewable and sustainable energy reviews 22 (2013):
168-186. https://doi.org/10.1016/j.rser.2013.01.028

Peris, Bernardo, Joaquin Navarro-Esbri, Francisco Molés, Jose Pascual Marti, and Adrian Mota-Babiloni.
"Experimental characterization of an Organic Rankine Cycle (ORC) for micro-scale CHP applications." Applied
Thermal Engineering 79 (2015): 1-8. https://doi.org/10.1016/j.applthermaleng.2015.01.020

Ismail, H., A. A. Aziz, R. A. Rasih, N. Jenal, Z. Michael, and Azmi Roslan. "Performance of organic Rankine cycle
using biomass as source of fuel." Journal of Advanced Research in Applied Sciences and Engineering Technology 4,
no. 1(2016): 29-46.

Hung, Tzu-Chen, T. Y. Shai, and S. Kong Wang. "A review of organic Rankine cycles (ORCs) for the recovery of low-
grade waste heat." Energy 22, no. 7 (1997): 661-667. https://doi.org/10.1016/S0360-5442(96)00165-X

Maizza, V., and A. Maizza. "Unconventional working fluids in organic Rankine-cycles for waste energy recovery
systems." Applied thermal engineering 21, no. 3 (2001): 381-390. https://doi.org/10.1016/5S1359-4311(00)00044-
2

Maizza, V., and A. Maizza. "Working fluids in non-steady flows for waste energy recovery systems." Applied
Thermal Engineering 16, no. 7 (1996): 579-590. https://doi.org/10.1016/1359-4311(95)00044-5

Liu, Bo-Tau, Kuo-Hsiang Chien, and Chi-Chuan Wang. "Effect of working fluids on organic Rankine cycle for waste
heat recovery." Energy 29, no. 8 (2004): 1207-1217. https://doi.org/10.1016/j.energy.2004.01.004

Hung, Tzu-Chen. "Waste heat recovery of organic Rankine cycle using dry fluids." Energy Conversion and
management42, no. 5 (2001): 539-553. https://doi.org/10.1016/50196-8904(00)00081-9

93


https://doi.org/10.1016/j.biombioe.2016.08.002
https://doi.org/10.1088/1742-6596/1811/1/012015
https://doi.org/10.1016/j.apenergy.2014.10.049
https://doi.org/10.1016/j.biombioe.2011.06.025
https://doi.org/10.1016/j.energy.2015.03.065
https://doi.org/10.1016/j.energy.2019.05.072
https://doi.org/10.1016/j.renene.2015.01.066
https://doi.org/10.1016/j.applthermaleng.2014.10.034
https://doi.org/10.1016/j.rser.2013.01.028
https://doi.org/10.1016/j.applthermaleng.2015.01.020
https://doi.org/10.1016/S0360-5442(96)00165-X
https://doi.org/10.1016/S1359-4311(00)00044-2
https://doi.org/10.1016/S1359-4311(00)00044-2
https://doi.org/10.1016/1359-4311(95)00044-5
https://doi.org/10.1016/j.energy.2004.01.004
https://doi.org/10.1016/S0196-8904(00)00081-9

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 94, Issue 1 (2022) 79-95

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

[44]

(45]

[46]

[47]

(48]

(49]

(50]

(51]

Saleh, Bahaa, Gerald Koglbauer, Martin Wendland, and Johann Fischer. "Working fluids for low-temperature
organic Rankine cycles." Energy 32, no. 7 (2007): 1210-1221. https://doi.org/10.1016/j.energy.2006.07.001

Li, Jing, Gang Pei, Yunzhu Li, Dongyue Wang, and lJie Ji. "Energetic and exergetic investigation of an organic
Rankine cycle at different heat source temperatures." Energy38, no. 1 (2012): 85-95.
https://doi.org/10.1016/j.energy.2011.12.032

Li, You-Rong, Jian-Ning Wang, and Mei-Tang Du. "Influence of coupled pinch point temperature difference and
evaporation temperature on performance of organic Rankine cycle." Energy 42, no. 1 (2012): 503-509.
https://doi.org/10.1016/j.energy.2012.03.018

Uusitalo, Antti, Teemu Turunen-Saaresti, Juha Honkatukia, and Radheesh Dhanasegaran. "Experimental study of
small scale and high expansion ratio ORC for recovering high temperature waste heat." Energy 208 (2020):
118321. https://doi.org/10.1016/j.energy.2020.118321

He, Maogang, Xinxin Zhang, Ke Zeng, and Ke Gao. "A combined thermodynamic cycle used for waste heat
recovery of internal combustion engine." Energy 36, no. 12 (2011): 6821-6829.
https://doi.org/10.1016/j.energy.2011.10.014

Shu, Gequn, Jian Zhao, Hua Tian, Xingyu Liang, and Haigiao Wei. "Parametric and exergetic analysis of waste heat
recovery system based on thermoelectric generator and organic rankine cycle utilizing R123." Energy 45, no. 1
(2012): 806-816. https://doi.org/10.1016/j.energy.2012.07.010

Wang, E. H.,, H. G. Zhang, B. Y. Fan, M. G. Ouyang, Y. Zhao, and Q. H. Mu. "Study of working fluid selection of
organic Rankine cycle (ORC) for engine waste heat recovery." Energy36, no. 5 (2011): 3406-3418.
https://doi.org/10.1016/j.energy.2011.03.041

Wu, Di, Zhijian Liu, Zhonghe Han, Han Zhang, Fanfan Ma, Shicong Zhang, Xinyan Yang, and Hua Ge.
"Thermodynamic performance analyses and collaborative optimization for a novel integrated energy system
coupled with organic Rankine cycle." Energy Conversion and Management 225 (2020): 113484,
https://doi.org/10.1016/j.enconman.2020.113484

Islam, Salmah Md Saiful, and Syamimi Saadon. "Performance Analysis of Supercritical Organic Rankine Cycle
System with Different Heat Exchangers Design Configuration." Journal of Advanced Research in Fluid Mechanics
and Thermal Sciences 65, no. 2 (2020): 324-333.

Saadon, Syamimi, and Nur Athirah Mohd Nasir. "Modelling and Thermal Analysis of Organic Rankine Cycle with
Superheater and Preheater." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 55, no. 2
(2019): 142-149.

Pantaleo, Antonio Marco, Sergio Camporeale, and Bernardo Fortunato. "Small scale biomass CHP: Techno-
economic performance of steam vs gas turbines with bottoming ORC." Energy Procedia 82 (2015): 825-832.
https://doi.org/10.1016/j.egypro.2015.11.819

Tchanche, Bertrand Fankam, George Papadakis, Gregory Lambrinos, and Antonios Frangoudakis. "Fluid selection
for a low-temperature solar organic Rankine cycle." Applied Thermal Engineering 29, no. 11-12 (2009): 2468-
2476. https://doi.org/10.1016/j.applthermaleng.2008.12.025

Hung, T. C., S. K. Wang, C. H. Kuo, B. S. Pei, and K. F. Tsai. "A study of organic working fluids on system efficiency
of an ORC using low-grade energy sources." Energy 35, no. 3 (2010): 1403-1411.
https://doi.org/10.1016/j.energy.2009.11.025

Roumpedakis, Tryfon C., George Loumpardis, Evropi Monokrousou, Konstantinos Braimakis, Antonios
Charalampidis, and Sotirios Karellas. "Exergetic and economic analysis of a solar driven small scale
ORC." Renewable Energy 157 (2020): 1008-1024. https://doi.org/10.1016/j.renene.2020.05.016

Petrollese, Mario, and Daniele Cocco. "Robust optimization for the preliminary design of solar organic Rankine
cycle (ORC) systems." Energy Conversion and Management 184 (2019): 338-349.

Vittorini, Diego, Alessio Antonini, Roberto Cipollone, Roberto Carapellucci, and Carlo Villante. "Solar Thermal-
Based ORC Power Plant for Micro Cogeneration—Performance Analysis and Control Strategy." Energy
Procedia 148 (2018): 774-781. https://doi.org/10.1016/j.egypro.2018.08.133

Dijoux, Alexandre, Frantz Sinama, Olivier Marc, and Jean Castaing-Lasvignottes. "Modelling and experimentation
of heat exchangers for Ocean Thermal Energy Conversion during transient operation." Procedia Manufacturing 35
(2019): 298-303. https://doi.org/10.1016/j.promfg.2019.05.043

Vélez, Fredy. "Selecting working fluids in an organic Rankine cycle for power generation from low temperature
heat sources." Dyna 81, no. 188 (2014): 173-180. https://doi.org/10.15446/dyna.v81n188.41666

Carraro, Gianluca, Viola Bori, Andrea Lazzaretto, Giuseppe Toniato, and Piero Danieli. "Experimental investigation
of an innovative biomass-fired micro-ORC system for cogeneration applications." Renewable Energy 161 (2020):
1226-1243. https://doi.org/10.1016/j.renene.2020.07.012

Cao, Yan, Leonardus WW Mihardjo, Mahidzal Dahari, and Iskander Tlili. "Waste heat from a biomass fueled gas
turbine for power generation via an ORC or compressor inlet cooling via an absorption refrigeration cycle: A

94


https://doi.org/10.1016/j.energy.2006.07.001
https://doi.org/10.1016/j.energy.2011.12.032
https://doi.org/10.1016/j.energy.2012.03.018
https://doi.org/10.1016/j.energy.2020.118321
https://doi.org/10.1016/j.energy.2011.10.014
https://doi.org/10.1016/j.energy.2012.07.010
https://doi.org/10.1016/j.energy.2011.03.041
https://doi.org/10.1016/j.enconman.2020.113484
https://doi.org/10.1016/j.egypro.2015.11.819
https://doi.org/10.1016/j.applthermaleng.2008.12.025
https://doi.org/10.1016/j.energy.2009.11.025
https://doi.org/10.1016/j.renene.2020.05.016
https://doi.org/10.1016/j.egypro.2018.08.133
https://doi.org/10.1016/j.promfg.2019.05.043
https://doi.org/10.15446/dyna.v81n188.41666
https://doi.org/10.1016/j.renene.2020.07.012

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 94, Issue 1 (2022) 79-95

(52]

(53]

(54]
(55]
(56]
(57]
(58]

(59]

(60]

(61]

(62]

(63]

(64]

thermoeconomic comparison." Applied Thermal Engineering 182 (2021): 116117.
https://doi.org/10.1016/].applthermaleng.2020.116117

Algieri, Angelo. "Comparative investigation of the performances of subcritical and transcritical biomass-fired orc
systems  for micro-scale chp applications." Procedia = Computer  Science 83  (2016): 855-862.
https://doi.org/10.1016/].procs.2016.04.176

Mascuch, Jakub, Vaclav Novotny, Vaclav Vodicka, Jan Spale, and Zbynek Zeleny. "Experimental development of a
kilowatt-scale biomass fired micro—CHP unit based on ORC with rotary vane expander." Renewable Energy 147
(2020): 2882-2895. https://doi.org/10.1016/j.renene.2018.08.113

Macchi, Ennio, and Marco Astolfi, eds. Organic rankine cycle (ORC) power systems: technologies and applications.
Woodhead Publishing, 2016.

Invernizzi, Costante, Paolo lora, and Paolo Silva. "Bottoming micro-Rankine cycles for micro-gas turbines." Applied
thermal engineering 27, no. 1 (2007): 100-110. https://doi.org/10.1016/j.applthermaleng.2006.05.003
Chacartegui, R., D. Sdnchez, J. M. Mufioz, and T. Sanchez. "Alternative ORC bottoming cycles for combined cycle
power plants." Applied Energy 86, no. 10 (2009): 2162-2170. https://doi.org/10.1016/j.apenergy.2009.02.016

C. Carcasci, et al., "Thermodynamic analysis of an organic Rankine cycle for waste heat recovery from gas
turbines," Energy, vol. 65, pp. 91-100, 2014/02/01/ 2014. https://doi.org/10.1016/j.energy.2013.11.080

Brown, Robert C., ed. Thermochemical processing of biomass: conversion into fuels, chemicals and power. John
Wiley & Sons, 2019. https://doi.org/10.1002/9781119417637

Quoilin, Sylvain, Sébastien Declaye, Bertrand F. Tchanche, and Vincent Lemort. "Thermo-economic optimization
of waste heat recovery Organic Rankine Cycles." Applied thermal engineering 31, no. 14-15 (2011): 2885-2893.
https://doi.org/10.1016/].applthermaleng.2011.05.014

Morrone, Pietropaolo, Angelo Algieri, and Teresa Castiglione. "Hybridisation of biomass and concentrated solar
power systems in transcritical organic Rankine cycles: A micro combined heat and power application." Energy
conversion and management 180 (2019): 757-768. https://doi.org/10.1016/j.enconman.2018.11.029

Ambarita, H., and H. V. Sihombing. "Evaluation of working fluids for organic Rankine cycle power plant with Aspen
plus." InJournal of Physics: Conference Series, vol. 1566, no. 1, p. 012042. IOP Publishing, 2020.
https://doi.org/10.1088/1742-6596/1566/1/012042

Wang, Dongxiang, Xiang Ling, Hao Peng, Lin Liu, and LanLan Tao. "Efficiency and optimal performance evaluation
of organic Rankine cycle for low grade waste heat power generation." Energy 50 (2013): 343-352.
https://doi.org/10.1016/j.energy.2012.11.010

Touaibi, Rabah, Hasan Koten, Michel Feidt, and Ozlem Boydak. "Investigation of three organic fluids effects on
exergy analysis of a combined cycle: organic Rankine cycle/vapor compression refrigeration." Journal of Advanced
Research in Fluid Mechanics and Thermal Sciences 52, no. 2 (2018): 232-245.

Ozahi, E., A. Tozlu, and Aysegil Abusoglu. "Thermodynamic performance assessment of different fluids in a
typical organic Rankine cycle for usage in municipal solid waste power plant." (2017).
https://doi.org/10.12693/APhysPolA.132.807

[65] Shao, Long, Jie Zhu, Xiangrui Meng, Xinli Wei, and Xinling Ma. "Experimental study of an organic Rankine cycle

system with radial inflow turbine and R123." Applied Thermal Engineering 124 (2017): 940-947.
https://doi.org/10.1016/j.applthermaleng.2017.06.042

95


https://doi.org/10.1016/j.applthermaleng.2020.116117
https://doi.org/10.1016/j.procs.2016.04.176
https://doi.org/10.1016/j.renene.2018.08.113
https://doi.org/10.1016/j.applthermaleng.2006.05.003
https://doi.org/10.1016/j.apenergy.2009.02.016
https://doi.org/10.1016/j.energy.2013.11.080
https://doi.org/10.1002/9781119417637
https://doi.org/10.1016/j.applthermaleng.2011.05.014
https://doi.org/10.1016/j.enconman.2018.11.029
https://doi.org/10.1088/1742-6596/1566/1/012042
https://doi.org/10.1016/j.energy.2012.11.010
https://doi.org/10.12693/APhysPolA.132.807
https://doi.org/10.1016/j.applthermaleng.2017.06.042

