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Abstract: Many thermal resources are not reasonably used in the chemical industry’s production
process. To recover the waste heat from organic waste residue-calcium carbonate (CaCO3), which
is added to inhibit hydrogen production, an organic Rankine cycle (ORC) system is applied in this
research. An ORC system can reuse the low-temperature waste heat that is not fully utilized. In
this study, the mathematical model of the biomass ORC power generation system is constructed.
Five organic working fluids, R11, R113, R123, R141b, and R245fa, were selected from the physical
characteristics and safety of working fluids. The system application case is the low-temperature
heat absorption in a chemical industry’s production process. The system is simulated by Aspen
Plus V11 software, so as to study and analyze the influence of different working fluids and working
conditions on the system performance and to obtain the preferred working fluids under different
working conditions. At the same time, the economic evaluation and entropy method of the system
are evaluated by using the investment profit rate PRI from different angles. It can be found that R11
and R141b have advantages, but R11 does not have advantages in environmental aspects. Through
research, it is found that it is difficult to have a working fluid that can adapt to the biomass ORC
power generation system under any working conditions. This paper can provide a basis for the
subsequent research and selection of working fluids in the biomass ORC system.

Keywords: biomass ORC system; working fluid investigation

1. Introduction

In the face of a global energy shortage and the sharp deterioration of the living
environment, it is urgent to develop renewable energy to replace traditional fossil energy,
and the rapid development and rational use of new energy is an inevitable trend [1]. At
the same time, the efficient use of existing resources can solve a series of energy problems
to some extent. Among them, biomass energy is the fourth energy in the world after coal,
oil, and natural gas [2], which can be converted into fuel in three states, solid, gas, and
liquid [3]. Moreover, biomass energy also includes the advantages of material circulation,
high calorific value, and reducing environmental damage [4], which is more easily realized
in practical engineering applications. Industrial production plays a dominant role in
energy consumption. According to research statistics, in the production process of the
chemical industry, energy consumption accounts for about 70% of the total national energy
consumption, and a large number of thermal waste heat resources will be generated. Still,
the recovery rate of these industrial thermal waste heat resources is only about 20% [5].
At present, the recovery technology for high-temperature heat resources has been well
developed, and it has been applied to different fields [6]. Still, it is difficult to recycle the
medium-low temperature heat resource [7]. ORC has the advantages of a low boiling point
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of the working fluid and a simple system structure, which can perfectly match the industrial
heating resources at medium and low temperatures [8]. ORC is regarded as one of the most
inflective and flexible solutions to utilize thermal resources for power generation [9].

In recent years, many scholars have studied the ORC system. Yan Jianguo et al. [10].
selected supercritical organic working fluid R134a as the research object in the ORC system.
The flow instability of supercritical organic working fluid R134a under heating conditions
was studied. The influence of supercritical organic working fluid R134a on the flow insta-
bility was obtained when the pressure, fluid inlet temperature, and heat flux parameters
changed. It was found that using supercritical fluid in the ORC system can effectively
achieve the purpose of low-temperature heat utilization. Under the background of an ORC
system with cyclopentane and R245fa as organic working fluids, Wang Peilun et al. [11]
studied the effects of evaporation pressure, undercooling, superheat, inlet and outlet tem-
perature difference of the regenerator liquid working fluids, expander efficiency, and the
expansion ratio of the ORC system. Zhou Yaodong et al. [12] proposed a new ORC system,
which uses non-azeotropic mixtures R227ea and R245ea. The results show that the new
system can absorb more heat from the heat source compared to the traditional ORC system
and that the net output power is larger. Linda et al. [13] established a thermal equilibrium
and economic models for the solar ORC system to study the system’s economy under
different working conditions. Mert et al. [14] used stepwise multiple linear regression
model (SMLR) and deep learning model (DL) to evaluate the power generation of ORC
system in 10 kW ORC system. At the same time, the SMLR, DL, and SMLR-DL models
were compared. The results show that the SMLR-DL interoperability method is successful
and that the power of the ORC system is estimated with high accuracy. In the research of
a biomass-energy-coupled ORC system, Ying Zhengen et al. [15] studied the influence of
a biomass boiler on the performance of an ORC system and found that the appropriate
regulation of heat transfer oil flow and both inlet and outlet temperature can effectively im-
prove the net output power and thermal efficiency of the ORC system. Zhu Yilin et al. [16]
used economic evaluation index to optimize the evaporation temperature of the system’s
key parameters under the biomass direct combustion ORC cogeneration system, which
improved the energy utilization rate and economic benefits of the system.

Compared with foreign countries, China has a late start in the research of the ORC
system, which is not only limited by time but also needs to overcome the key technologies.
Although there have been a large number of studies on the ORC system in China, there
are few studies on recycling waste heat resources in the chemical industry and the ORC
system coupled with biomass energy. Most of the studies on ORC systems still remain at
the level of solving the thermodynamic properties of the system, and the survey of the
performance of ORC systems combined with biomass energy is still relatively backward.
Based on this, this paper analyzes the ORC power generation system and the biomass
ORC power generation system. By constructing the mathematical system model and using
Aspen Plus V11 software to simulate the system, the influence of different working fluids
and working conditions on the system performance is analyzed. At the same time, the
economic index and comprehensive evaluation index are used to study the system more
comprehensively.

2. ORC Power Generation System
2.1. Structure of the ORC Power Generation System

The ORC system uses a low boiling-point organic working fluid to replace the refriger-
ant vapor-driven expander for work [17], which is suitable for medium-low temperature
heating resources [18], such as biomass and solar energy. The system mainly comprises an
evaporator, expander, working fluid pump, and condenser [19]. The ORC power system
structure is shown in Figure 1. The organic working fluid in the evaporator absorbs the heat
generated by medium- and low-temperature resources, converts it into high temperature
and high-pressure refrigerant vapor, and then enters the expander for work to drive the
generator to generate electricity. The vapor discharged from the expander is condensed by
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the condenser, and the liquid working fluid is discharged into the working fluid pump to
pressure. The pressurized organic working fluid is returned to the evaporator again so as
to realize a thermodynamic cycle.
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Figure 1. Structure of the ORC power generation system.

2.2. Temperature Entropy Diagram of the ORC Power Generation System

The temperature entropy diagram of the ORC power generation system is shown in
Figure 2. Each point marked in the temperature entropy diagram corresponds to a point in
the structure diagram of the biomass ORC power generation system. Furthermore, 1-2 is
the isentropic compression process in the working fluid pump, but the actual compression
process is 1-2. In addition, 2-3—4-5 is the process of the isobaric heat absorption of the
working fluid in the evaporator; 5-6 is the isentropic expansion process in the expander,
but the actual expansion process is 5-6. The process of the constant pressure condensation
of the 6-7-1 working fluid in the condenser.

Th,ln

Thlm/
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Figure 2. Temperature entropy diagram of the ORC power generation system.

2.3. Mathematical Model of the ORC Power Generation System
The heat absorption of the working fluid in an evaporator is:

Qeva = mg (heva,out - hwmp,out) = mgC(Tin — Tout) 1)

In the formula, m1y is the mass flow rate of the working fluid, kg/s; h is the enthalpy
of each state point z, kJ /kg; mg is the mass flow of the heat source, kg/s; c is the specific
heat capacity of the heat source, kJ/ (kg - K); Tj;;, Tout is the inlet and outlet temperature of
the heat source, K.

The heat release of the working fluid in the condenser is:

Qcon = mg (hexp,out - hwmp,in) )
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The expander works as follows:

Wexp = MfTexp (heva,out - hexp,out) 3)

In the formula, 77exp is the mechanical efficiency of the expander, and the value is 85%.
The working fluid pump power is:

mep = MfHwmp (hwmlw”t - hwmp,in) @)

In the formula, 77 is the mechanical efficiency of the working fluid pump, and the
value is 85%.

3. Biomass ORC Power Generation System
3.1. Biomass ORC Power Generation System Structure

The biomass ORC power generation system is realized by a biomass energy coupled
ORC power generation system, and the structure is shown in Figure 3. In this paper, the
organic waste residue in the industrial waste heat of the chemical industry is used as the
biomass energy, and the biomass fuel enters the biomass boiler for combustion, and calcium
carbonate is added to inhibit the generation of hydrogen chloride. The organic working
medium in the evaporator uses the heat generated by the biomass boiler to absorb heat and
converts it into high-temperature and high-pressure refrigerant vapor. Then it enters the
expander to work and drives the generator to generate electricity. The low-temperature
and low-pressure refrigerant vapor discharged from the expander enters the condenser
into a liquid working medium, then enters the working-medium pump and returns to
the evaporator.

Bio-B

Wmp Con

Figure 3. Structure of the biomass ORC power generation system.

3.2. Biomass Boiler Heat Figure

The input and output heat of the biomass boiler is shown in Figure 4. From the
perspective of energy change, the biomass boiler can be simply regarded as an energy
converter. Through combustion, the chemical energy of chemical organic waste residue is
transformed into heat energy. In this paper, heat energy is mainly distributed to organic
working fluids and part of it will be discharged into the atmospheric environment.
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Figure 4. Heat input and output diagram of the biomass boiler.

3.3. Selection of Biomass Energy

In this paper, the residue in the process of the chemical pharmaceutical refrigerant
vapor reduction is selected as the fuel of biomass boiler. The residue is basically organic
chloride, which will produce secondary pollutants such as hydrogen chloride in combus-
tion [20]. Therefore, calcium carbonate is added to inhibit the generation of hydrogen
chloride. The element analysis is shown in Table 1.

Table 1. Element analysis table.

Elementary o o o o Low Heating

Analysis C (%) H (%) N (%) L Value (J/kg)
Residue 51.2 5.1 6.8 1.1 3680
Chip 46.5 6.5 1.3 - 7026

3.4. Operating Parameters of the Biomass ORC Power Generation System

In this paper, the initial operation parameters of the biomass ORC power generation
system are set, and the parameters are shown in Table 2.

Table 2. Initial operation parameters of the system [21].

System Device Parameter

. Residue in the refrigerant vapor reduction
Biomass fuel

process
Combustion improver Chip
Biomass boiler efficiency 90%
Expander efficiency 85%
Working fluid pump efficiency 85%

Ambient pressure 101 KPa
Ambient temperature 20°C

3.5. Mathematical Model of the Biomass ORC Power Generation System

Under stable working conditions, the input and output heat of the biomass boiler
should be conserved, namely

Qcowr + ch - Qs + Qinc + th (5)

In the formula, Qowr is the heat generated by chemical organic waste residue, kJ /kg;
Qcq is the heat generated by combustion air, k] /kg; Qs is the heat taken by the flue gas,
kJ/kg; Qiyc is the heat loss from incomplete combustion, k] /kg; Q; is the heat loss of heat
dissipation, kJ /kg.
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The heat generated by chemical organic waste is:
Qeowr = Gpip X LCVo (6)

In the formula, Gy;, is the amount of chemical organic waste transported to the biomass
boiler, kg /h; LCVy,, is the low calorific value of biomass, k] /kg.
The heat generated by combustion air is:

Qca = O'SaGbio (hhs - hns) (7)

In the formula, 9 is the ratio of the actual heating air volume to the theoretical air
volume; hy, is the enthalpy in the heating state, k] /kg; hys is the enthalpy in the natural
state, kJ /kg.

The heat taken away by flue gas is the main heat of the output part of the biomass
boiler. The heat generated by flue gas is:

Qs = Npio—p VsCs 8)

In the formula, 773, is the efficiency of biomass boiler, and the value is 90%; Vs is the
amount of smoke generated, m5; ¢, is the specific heat capacity of flue gas, k] / (kg - K).
The heat loss of incomplete combustion is:

Ninc
=2 .
anc SOOszo X 100 — Hine (9)

In the formula, 7;;, is the incomplete combustion loss coefficient, %.
The heat loss of heat dissipation is:

Qni = Obio—bSpio—b(Toe — Tenov) (10)

In the formula, 0y;,_}, is the heat transfer coefficient between the wall and the outside
of the biomass boiler; Sy, is the surface area of the biomass boiler wall, m2; T, is the
outer wall temperature of the biomass boiler, K; T, is the environmental temperature, K.

The system heat source mass flow is:

(Qcowr + Qca) X Hbio—b
Cw<Tevu,in - Tbiofb,in)

In the formula, ¢, is the specific heat capacity of water, k] / (kg - K).
The mass flow rate of the system working fluid is:

Mg X Cyp X (Tepain — T
mf: g w (eva,m evu,aut) (12)

hexp,in - hwmp,out

3.6. Evaluation Index of System Performance
The net output power of the system is:

Whet = Wexp - mep (13)

The power generation efficiency of the system is:

(14)

The system thermal efficiency is:

Wnet

= net 15
Ute QCOIUV ( )
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The system exergy efficiency is:

W,
e = 7””T (16)
Qeoa(1- 1)
In the formula, T, = W, KT = M, K.
The irreversible loss is:
Hoppin —h h in—h
D = mp X Topp X (5 L exp,out) (17)

Tr Tl

4. Selection of Organic Working Fluids for the Biomass ORC Power
Generation System

4.1. Classification of Organic Working Fluids

The boiling point of the organic working fluid is generally low, which is suitable
for the case of a low-heat source temperature. It is converted into saturated refrigerant
vapor by heat absorption, thus driving the expander to work. Organic working fluids
are generally divided into three categories: dry working fluids, wet working fluids, and
isentropic working fluids [22]. The slope of the saturated refrigerant vapor side curve of
the dry working medium in the temperature entropy diagram is positive, such as R123;
the slope of the saturated refrigerant vapor side curve of the wet working medium in the
temperature entropy diagram is negative, such as carbon dioxide; the slope of the saturated
refrigerant vapor side curve of the isentropic working medium in the temperature entropy
diagram is 0, such as R245fa. For the biomass ORC system, the dry working medium and
the isentropic working medium will be overheating after entering the expander, while
the wet working medium will enter the two-phase region, which will cause corrosion to
the expander and affect the performance of the expander [23]. Therefore, it is necessary
to increase the superheating equipment. Therefore, the dry working medium and the
isentropic working medium are generally selected as the circulating working medium of
the system. The saturated vapor curves of dry, wet, and isentropic working fluids are
shown in Figure 5.

4.2. Selection Principle of Organic Working Fluids

The main factors considered in the principle of selecting organic working fluids include
the environmental protection [24] and safety [25] of working fluids, as well as the physical
characteristics required for the combination of the biomass ORC system itself, such as
small viscosity, large liquid entropy, thermal conductivity, and vaporization latent heat [26].
According to the existing research on organic working fluids, the following common organic
working fluids are selected. The physical parameters of organic working fluids are obtained
by software REFPROP, as shown in Table 3.

Table 3. Physical parameters table of organic working fluids [27].

Working

Molecular Weight Tovp Tet Pep Security

Substance (kg/kmol) (@) °Q) (Mpa) Property ODP Gwr
R11 137.37 23.71 197.96 441 Al 1.00 4600
R113 187.38 47.59 214.06 3.39 Al 1.00 6130
R123 152.93 27.82 183.68 3.66 Bl 0.02 77
R141b 116.95 32.05 204.35 4.21 - 0.09 700
R245fa 134.05 14.9 154.05 3.64 B1 0 1030
R600a 58.12 —11.67 134.67 3.64 A3 0 20
Ré601a 72.15 27.8 187.2 3.38 A3 0 20
R227ea 170.03 —164 102.8 3.00 Al 0 3220
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In practical applications, it is difficult to find organic working fluids that meet all the
requirements. Therefore, according to the ideal screening principle [28] of organic working
fluids, five organic working fluids R123, R11, R113, R245fa, and R141b are proposed.
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(a) The saturated vapor curve of R123
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(b) The saturated vapor curve of carbon dioxide
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(c) The saturated vapor curve of R245fa

Figure 5. Saturated vapor curves of dry, wet, and isentropic working fluids.
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4.3. Physical Properties of Organic Working Fluids

Figure 6 shows the physical properties of organic working medium. Figure 6a shows
that the viscosity of different organic working fluids varies with evaporation temperature.
For the biomass ORC system, the greater the viscosity, the greater the heat-transfer loss
caused by the system. Among the five selected working fluids, when the temperature range
was 100-150 °C, the viscosity decreased with the increase in temperature. The viscosity of
R245fa was the lowest and that of R113 was the highest. The viscosity differences of R11,
R123, and R141b were very small.
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Figure 6. Physical properties of the organic working medium. (a) Variation of viscosity of different
organic working fluids with evaporation temperature; (b) Variation of liquid entropy of different
organic working fluids with evaporation temperature; (c) The variation of thermal conductivity
of different organic working fluids with evaporation temperature; (d) Variation of latent heat of
vaporization of different organic working fluids with evaporation temperature.

Figure 6b shows the change in the liquid phase entropy of different organic working
fluids with evaporation temperature. In the biomass ORC system, in order to reduce
the power consumption of the working fluid pump in the system, the organic working
fluid needs large liquid phase entropy. Among the five selected working fluids, when the
temperature range was 100-150 °C, the liquid phase entropy increased with the increase in
evaporation temperature. Among them, the liquid phase entropy of R245fa was the highest
and that of R11 was the lowest.

Figure 6c shows the change in the thermal conductivity of different organic working
fluids with evaporation temperature. In the biomass ORC system, the larger the thermal
conductivity of organic working fluids is, the better the heat transfer performance is. More-



Energies 2022, 15, 7076 10 of 20

over, the required heat exchange area of the system is inversely proportional to the thermal
conductivity. Therefore, the larger the thermal conductivity is, the better the economic
performance of the system is, and the cost is reduced. Among the five selected working
fluids, when the temperature range is 100-150 °C, the thermal conductivity decreases with
the increase in evaporation temperature. Among them, the thermal conductivity of R141b
is the highest and the thermal conductivity of R113 and R123 is the lowest. At the same
time, the working fluid R245fa shows a turning point at the evaporation temperature of
145 °C, and increases with the increase in temperature.

Figure 6d shows the change in the vaporization latent heat of different organic working
fluids with evaporation temperature. In the biomass ORC system, the vaporization latent
heat is the heat absorbed during vaporization. In the selected five working fluids, when
the temperature range is 100-150 °C, the vaporization latent heat of organic working
fluids decreases with the increase in temperature. Among them, the vaporization latent
heat of R141b is the highest; the vaporization latent heat of R113 is the lowest before the
evaporation temperature is 115 °C, and the performance of R245fa is the lowest after 115 °C.

5. Effects of Different Organic Working Fluids on the Performance of the Biomass
ORC Power Generation System

When choosing suitable organic working fluids, not only the common characteristics
of the above conditions should be met, but the target requirements of the system should also
be considered, such as net output power, thermal efficiency, exergy efficiency, irreversible
loss, investment profit rate, and so on. The most suitable organic working fluid should be
selected for different system requirements.

5.1. Effect of the Pressure and Temperature of Different Organic Working Fluids

Figure 7 shows the relationship between pressure and temperature of different organic
working fluids. Figure 7a is the relationship between the evaporation pressure of different
organic working fluids and the evaporation temperature. The evaporation pressure will
affect the mechanical damage and pump power consumption of the system to a certain
extent. Therefore, from the perspective of safety and sustainability, organic working fluids
with lower evaporation pressure can be selected. It can be seen from the figure that, when
the evaporation temperature is set to 80-150 °C, the evaporation pressure of five organic
working fluids increases with the increase in evaporation temperature, and the evaporation
pressure from high to low is R245fa, R11, R123, R141b, and R113.

35 07
T T T T T T

i

P
|
MP

Evaporating pressure
Condensing pressure

"

80 % 100 110 120 130 140 150

(a)

Figure 7. Relationship between the pressure and temperature of different organic working media.

(a) Variation of evaporation pressure and evaporation temperature of different organic working fluids.
(b) Variation of condensation pressure and temperature for different Organic Working Fluids.
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Exergy effciency

Figure 7b is the relationship between the condensation pressure of different organic
refrigerants and the condensation temperature. In the figure, when the condensation tem-
perature range is 0-75 °C, the condensation pressure of the selected five organic refrigerants
is proportional to the change of the condensation temperature, and the change trend of
the working fluid R245 is more obvious than the other four working fluids. At the same
condensation temperature, the condensation pressure of organic refrigerant R245fa is the
largest and that of R113 is the smallest. When the condensation temperature is 75 °C, the
condensation pressure of R245fa reaches the highest value of 0.695 MPa.

5.2. Effect of the Evaporation Pressure of Different Organic Working Fluids on System Performance

Figure 8 shows the influence of the evaporation pressure of different organic working
fluids on system performance. Figure 8a is the change in the thermal efficiency of different
organic working fluids with evaporation pressure. When the superheat is 0 °C, the under-
cooling is 0 °C, the expansion ratio is 4, and the evaporation pressure range is 5-25 bar, the
thermal efficiency of five different organic working fluids first increases and then decreases
with the increase in evaporation pressure. Among them, within the range of pressure
change, R11 has the highest thermal efficiency. Before 21 bar, the lowest thermal efficiency
is R245fa; after 21 bar, the lowest is R113. When the pressure is 5 bar, the thermal efficiency
of R11 is 9.49%, while that of R245fa is 8.46%. At the same time, the most obvious change
trend is the organic working fluid R113. When the pressure increases to 25 bar, the thermal
efficiency decreases by 2.37%. Thus, with the thermal efficiency of the system as the first
demand, you can consider the choice of organic refrigerant to be R11, R141b, or R123.
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Figure 8. The influence diagram of the evaporation pressure of different organic working fluids on
system performance. (a) Effect of evaporation pressure of different organic working fluids on thermal
efficiency; (b) Effect of evaporation pressure of different organic working fluids on net output power;
(c) Effect of evaporation pressure of different organic working fluids on exergy efficiency (d) Effect of
evaporation pressure of different organic working fluids on irreversible loss.
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Figure 8b shows the relationship between the net output power of different organic
working fluid systems and the evaporation pressure. In the evaporation pressure range
of 5-25 bar, the net output power of five different organic working fluids decreases with
the increase in evaporation pressure, and the change rate is close. At 5 bar, the lowest net
output power is R113; the net output power is 4.25 kW, and the highest is R141 b; the net
output power is 6.46 kW. When the evaporation pressure increases to 25 bar, the net output
power of the five organic working fluids decreases to the lowest point. Among them, the
net output power of working fluid R113 is reduced to 2.67 kW and the working fluid R141b
is reduced to 4.88 kW. Therefore, when the net output power of the system is the target
demand, R141b is preferred, followed by R11.

Figure 8c shows the relationship between the exergy efficiency of different organic
working fluid systems and evaporation pressure. When the evaporation pressure range is
5-25 bar, the exergy efficiency of the five working fluids increases first and then decreases
with the increase in evaporation pressure. The organic working fluid with the highest
exergy efficiency is R11. When the evaporation pressure is 5 bar, the exergy efficiency of
the system is 9.72%. When the evaporation pressure is about 9 bar, the exergy efficiency
reaches the maximum value of 9.84%. At the same time, R113 has the fastest decline rate.
When the evaporation pressure increases to 23 bar, it becomes the organic working fluid
with the lowest exergy efficiency of the system, which is about 6.64%. Thus, when the
system efficiency is optimal, the most suitable organic working fluids are R11 and R141b.

Figure 8d shows the relationship between the irreversible losses of different organic
working fluids and the evaporation pressure. When the evaporation pressure varies from
5 bar to 25 bar, the irreversible loss of the five working fluids decreases with the increase in
evaporation pressure. The irreversible loss of working fluid R123 is the highest in the range
of variation, which is about 11.1 k] /kg at 5 bar. When the evaporation pressure increases to
25 bar, the irreversible loss decreased to about 9.78 k] /kg, which decreased by 1.32 k] /kg.
The lowest irreversible loss is R113; when the pressure is 5-25 bar, the irreversible loss
value is reduced from 7.66 to 6.71 k] /kg. Therefore, when the irreversible loss of the system
is taken as the objective, the optimal working fluid is R113, followed by R141b and R11.

5.3. Effect of the Expansion Ratios of Different Organic Working Fluids on System Performance

Figure 9 shows the effect of different organic working fluid expansion ratios on system
performance. Figure 9a shows the curves of the system thermal efficiency of different
organic working fluids with the expansion ratio. When the evaporation pressure is 5 bar,
the superheat is 10 °C, the supercooling is 0 °C, and the expansion ratio is 1.3-4, the system
thermal efficiency of the five organic working fluids increases with the increase of the
expansion ratio, and the values are very close. When the expansion ratio increases from
1.3 to 4, the system thermal efficiency of working fluid R11 is higher than that of its four
organic working fluids, from 2.34 to 9.55%, increasing by 7.21%. Among them, the thermal
efficiency values of working fluid R123 and R113 are basically the same, and the lowest
is R245fa. When the expansion ratio is 1.3, the thermal efficiency is 2.08%. When the
expansion ratio increases to 4, the value also increases to 8.45%. Thus, when the thermal
efficiency of the system is the highest, the working fluid R11 is preferred.

Figure 9b is the relationship between the net output power of different organic working
fluids and the expansion ratio. When the other conditions of the system are unchanged and
the expansion ratio changes in the 1.3—4 range, the net output power of the five organic
working fluids increases with the increase in the expansion ratio. The net output power
of R141b is the highest. When the expansion ratio is 1.3, the net output power is 1.38 kW.
When the expansion ratio is 4, the net output power increases to 6.73 kW. Next are working
fluids R11 and R245fa, and the net output power is very close in the range of the expansion
ratio set by the system. The lowest net output power is R113, and the growth rate is the
smallest. In the range of expansion ratio 1.3—4, the value increases from 0.87 to 4.42 kW,
which increases by 3.55 kW. Therefore, when the net output power of the system is selected
as the priority target, the working fluids R141b, R11, and R245fa are preferred.
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Figure 9. The influence diagram of different organic refrigerant expansion ratios on system perfor-
mance. (a) The effect of expansion ratio of different organic working fluids on thermal efficiency; (b)
The effect of different organic expansion ratio on the net output power; (c) Effect of expansion ratio of
different organic working fluids on exergy efficiency; (d) The effect of different organic expansion
ratios on irreversible loss.

Figure 9c is the curve of efficiency versus the expansion ratio for different organic
working fluids. When the expansion ratio is set in the range of 1.3—4, the efficiency of five
working fluids is very close and increases with the increase in the expansion ratio. Among
them, the maximum efficiency of working fluid R11, its efficiency value increasing from
2.4 t0 9.78%, increased by 7.38%. The second is working fluid R141b. When the expansion
ratio changes between 1.3 and 4, the exergy efficiency increases from 2.34 to 9.5%. The
exergy efficiency of working fluid R113 and R123 is basically the same. When the expansion
ratio increases to three, the exergy efficiency of R123 is slightly higher than that of R113.
Therefore, when the system efficiency is selected as the objective function, the working
fluids R11 and R141b are better than the other three working fluids.

Figure 9d shows the change of the irreversible loss of the system with the expansion
ratio. When other working conditions of the system remain unchanged and the expansion
ratio is set between 1.3 and 4, the irreversible loss of the five organic working fluids
increases slowly with the increase in the expansion ratio. The working fluid R113 has the
smallest irreversible loss. When the expansion ratio is 1.3, the irreversible loss is 6.81 k] /kg.
When the expansion ratio increases to 4, the irreversible loss also increases to 8.02 kJ /kg.
The second was R123. In the range of the expansion ratio, the irreversible loss value
increased from 7.87 to 8.97 k] /kg, increasing by 1.1 k] /kg. The working fluid R141b has the
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highest irreversible loss value, so the working fluid R113 and R123 are preferred when the
irreversible loss value is selected as the first target.

5.4. Results and Discussion

Through the research and analysis of a biomass ORC power generation system under
different working conditions, it can be found that, when the evaporation pressure and the
expansion ratio are parameters, the change trend of the system performance index curve
is obvious, which has a great influence on the system. When the system requirements
are different, the preferred organic refrigerants are also different. For example, when the
thermal efficiency is the priority target, R11 can be selected. When the net output power is
the first demand, R141b can be selected. When the exergy efficiency is the first choice, R11
can be selected. When the irreversible loss is given priority, R113 is selected.

5.5. Verification of the Model

Table 4 shows the accuracy verification results of the simulation model. Although the
system model in this paper is not completely consistent with the reference article, some
basic parameter settings in the model can be set as the parameter values in the reference
article to verify the accuracy of the model. It can be seen from Table 4 that when the model
parameters in this paper are set according to the control model parameters in the reference,
the error of the system operation results is less than 1%. Therefore, the simulation model
established in this paper can be applied to the following work.

Table 4. Model validation.

Working Fluid Evaporatin
System Setting Expander Pump Working Temp eratur% Thermal Net Power
Parameters Efficiency (%) Efficiency Substance ?O 0) Efficiency (%) Output (kW)
(%)
This thesis 85 85 R11 150 15.85 8.52
1 ref [23] 85 85 R11 150 17.28 7.69
Error
N - - - - 0.08 0.11
(%)

6. Economic Evaluation Index of the Biomass ORC Power Generation System
6.1. Economic Evaluation Indicator Model

The total system cost is:
Csys = Cpot + Cope—mui (18)

In the form, Ci,t is the main equipment cost of the system, and Cype— i is the system
operation and maintenance cost.
Cequ = CpFequ (19)

In the formula, C, is the base cost, and Fequ is the composite factor.
18C;, = K; + KylgM + K3 (1gM)? (20)

In the formula, K;, Ky, K3 is the equipment cost calculation coefficient; M is the
characteristic parameter of each equipment, and the evaporator and condenser are the heat
exchange area, m?; the expander and working fluid pump are the work size, kW.

Pequ = B1 + ByF,Fp (21)

In the formula, By, By is the correlation coefficient of each device; F, is the equipment
material factor; Fp is the equipment pressure factor.

IgFp = A1 + AylgP + As(IgP)? (22)
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In the formula, Ay, Ay, Aj is the pressure factor calculation coefficient of each equip-
ment; P bears the pressure for each equipment under working conditions, bar.

Cequ = Cequ,eva + Cequ,con + Cequexp + Cequ,wmp (23)
Crot = CequCEPClIp919/CEPCly996 (24)
Copefmai = 0.015C}o¢ (25)

In the formula, CEPCI is the chemical cost index; CEPC 99 is 382; CEPClyg19 is 607.
The annual income of the system is:

INC = W,,.sHe (26)

In the formula, H is the annual operation hours of the system, and the value is 8000 h;
e is the electricity price with a value of 0.15 $/kW - h.
The annual net income of the system is:

NAI = INC — Cope—mai (27)
The system investment profit rate is:

NAI

tot

PRI =

(28)

6.2. Economic Evaluation Indexes of Different Organic Working Fluids

Figure 10 shows the economic evaluation index curves of five different organic working
fluids under different evaporation pressures. The superheat, undercooling, and expansion
ratio of the biomass ORC power generation system are set as fixed values, and the evapora-
tion pressure changes between 5 bar and 25 bar. It can be seen from the figure that, with
the increase in evaporation pressure, the investment profit margins PRI of the five working
fluids decrease. Among the five working fluids, the working fluid R141b has the highest
investment profit rate. When the evaporation pressure is 5 bar, the PRI value is about
26.55%, and when the evaporation pressure increases to 25 bar, the PRI value decreases
to 18.91%. The second is working fluid R11, which decreases from 21.98 to 15.35% in the
range of evaporation pressure. Thus, considering the system economy as the evaluation
index, the working fluids R141b and R11 are preferred.

Evaporaing pressure

Figure 10. Effect of the evaporation pressure of different organic working fluids on investment profit
rate PRI
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7. Comprehensive Evaluation Index of the Biomass ORC Power Generation System
7.1. System Comprehensive Evaluation Index Model

In the previous part, multiple system evaluation indices are involved, such as net out-
put power, thermal efficiency, exergy efficiency, irreversible loss, investment profit margin
PRI, and other objective functions. However, the evaluation of the system using a single
objective function is not comprehensive, so it is necessary to comprehensively consider
these evaluation indices. Therefore, this paper establishes a comprehensive evaluation
index model [29]. In view of the original entropy method [30], the improved simplified
entropy method is used to evaluate the system more comprehensively, including data
standardization, the information entropy value of each index and, the information utility
value, and then the weight and comprehensive evaluation index function are obtained. The
overall performance of the system should be considered.

For the net output power, the thermal efficiency, exergy efficiency, and investment
profit rate of the system, the larger the value of the evaluation index is, the better it is.
Therefore, when the four indices are standardized, the membership degree is:

T i 29)
maxXl-]- - mmXi]-

In the formula, Xl']- is the jth evaluation index value in the ith sample, 0 < i < g,
0 <j < n; ais the sample size, and # is the number of evaluation indexes.
For irreversible loss, the smaller the evaluation index value is, the better it is. Therefore,
when the irreversible loss index is standardized, its membership degree is:
maxXi]- — Xl]

Xij = maxX;; — minX;; (30)

The information entropy value is:

1 a
p] = —m X P xl‘]' h‘l(xl‘]') (31)
The information utility value is:
The weight coefficient is:
U
CL)] = / (33)
Y U
j=1
The comprehensive evaluation index function is:
n
L(I) = Z(xij X cu]) (34)

=

7.2. Comprehensive Evaluation Indices of Different Organic Working Fluids

Figure 11 shows the comprehensive evaluation indices of different organic working
fluids under different evaporation pressures. The evaporation pressure of the system
varies from 5 bar to 25 bar, and other set values remain unchanged. In the figure, the
comprehensive evaluation indexes of R11, R113, and R141b increase with the increase in
evaporation pressure, while the working fluids R123 and R245fa show a downward trend
after about 21 bar. Among the five working fluids, the comprehensive evaluation index
values of R11 and R141b are significantly higher than those of the other three working
fluids, and the comprehensive evaluation index values of the two working fluids are very
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close in the range of evaporation pressure. The working fluid R11 increases from 1.828 to
1.913, while R141b increases from 1.839 to 1.909. When the evaporation pressure increases
to about 20 bar, the comprehensive evaluation index value of R11 exceeds R141b. Therefore,
considering the influence of different working fluids on the performance of the system
under different working conditions, working fluids R11 and R141b are significantly better
than other working fluids.

aaaaa

Figure 11. Effect of the evaporation pressure of different organic working fluids on the comprehensive
evaluation index.

8. Conclusions

This paper selected the organic waste residue generated in chemical and pharmaceuti-
cal refrigerant vapor reduction as the biomass fuel. Because of the particularity of the fuel,
calcium carbonate is added to inhibit secondary pollutants such as hydrogen chloride from
investigating the performance of the biomass ORC power generation system. Aspen Plus
V11 was used to simulate it. Five kinds of organic working fluids (R11, R113, R123, R141b,
and R245fa) were introduced. At the same time, the thermal efficiency, net output power,
exergy efficiency, irreversible loss, economic evaluation index PRI, and comprehensive
evaluation index were selected to analyze the influence of different working fluids on them
under different system conditions (evaporation pressure and expansion ratio). It provides
a basis for the research and selection of working fluids for the subsequent biomass ORC
power generation system.

Through research, the following conclusions are drawn:

(1) Among the five selected organic working fluids, the control variable method is
adopted for the biomass ORC power generation system under different working conditions.
Namely, the evaporation pressure and irreversible loss are the single variables of the system.
Under the two modes, the working fluid R11 has the highest system thermal efficiency and
exergy efficiency, which are about 9.55 and 9.84%, respectively. The working fluid R141b
has the most significant net output power, about 7.24 kW. The working fluid R113 has a
minor irreversible loss, about 6.71 kJ /kg.

(2) The influence of five organic working fluids on the system performance under
different working conditions is analyzed. It is found that the evaporation pressure and
expansion ratio have a great influence on the system index (thermal efficiency, net output
power, exergy efficiency, and irreversible loss), and the changing trend is obvious.

(3) The investment profit margin PRI is used as the economic index of the biomass
ORC power generation system to further evaluate the system. It can be seen from the
results that the economic index evaluation of R141b is the best and that the PRI value is
about 26.55%.

(4) In order to evaluate the biomass organic Rankine cycle power generation system
more comprehensively, the improved simplified entropy method is used as the comprehen-
sive evaluation index of the system. It is found that R11 and R141b are better, but R11 is
not ideal in the environment.
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(5) The study of these five working fluid found that no working fluid in any conditions
of the biomass organic Rankine cycle power generation system is optimal; thus, when the
system has different needs, the choice of working fluid is different.
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Nomenclature

English letters

A Calculation coefficient of an equipment pressure factor
a Sample size

B Equipment correlation coefficient

C Cost ($)

CEPCI Chemical cost index

c Specific heat capacity (kJ/ (kg -K))
D Irreversible loss (kJ/kg)

e Electrovalence ($/kW - h)

F Equipment factor

G Chemical organic waste residue (kg/h)
H System annual operation time (h)

h Enthalpy value (kJ/kg)

INC Annual earnings ($)

K Equipment cost calculation factor

L Comprehensive evaluation index function
LCV Low heating value (kJ/kg)

M Equipment characteristic parameters
m Mass flow (kg/s)

n Number of evaluation indicators
NAI Annual net profit ($)

P Pressure (bar)

p Information entropy value

PRI Investment profit ratio (%)

Q Quantity of heat (k] /kg)

R Correlation coefficient

S Surface area (m?)

T Temperature (K)

u Information utility value

14 Volume (m?)

w Work (kW)

X Evaluation index value

X Membership

Greek alphabet

1 Efficiency (%)

] Ratio of actual heating air volume to theoretical air volume
0 Coefficient of heat transfer

w Weight coefficient



Energies 2022, 15, 7076

19 of 20

References

Superscript/Subscript
b

w
Superscript/Subscript
b

Bench mark
Weight coefficient

Bench mark

be The external wall of the biomass boiler
bio Biomass

bio—b Biomass boiler

ca Oxidizing air

con Condenser

cowr Organic waste residue

e Exergy

env Environment

equ Equipment

eva Evaporator

exp Expansion engine

f Working substance

g Heat source

hl Heat dissipation

hs Heating condition

i Sample order

in Import

inc Incomplete combustion

j Order of evaluation indices
1 Lower point

net Net output

ns Raw state

0 Material

ope — mai Operation and maintenance
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pe Power generation

r Higher point

s Flue gas

sYs System

te Heat supply

tot Total system main equipment
w Water

wmp Working fluid pump

z Each state point
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