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ABSTRACT

Recovery of waste heat from boiler flue gas is an effective way to improve energy utilization efficiency. Taking
a heating station heating project as an example, the existing heating system of this heating station was analyzed
for its underutilized flue gas waste heat and low energy utilization rate. Rankine cycle is an effective waste heat
recovery method, and a steam boiler organic Rankine cycle (ORC) cogeneration waste heat utilization method is
proposed. The system model simulation is constructed and verified. First, a thermodynamic model was constructed
in MATLAB and five suitable work gases were selected to analyze the effects of evaporation temperature and
condensation temperature on the network and thermal efficiency of the waste heat cycle power system. Secondly,
the ORC model is invoked in TRNSYS to construct the improved cogeneration system, and the rationality of the
remaining heat utilization methods is determined by calculating and analyzing the thermal performance, economy,
and environmental protection of the improved system. The simulation results show that the system can generate
about 552,000 kWh of electricity per year, and improving the energy utilization rate from 0.72 to 0.78.
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Nomenclature

ORC Organic Rankine Cycle
SRC Steam Rankine Cycle
TC Turbo Compound
TEG Thermoelectric Generators
Tb Boiling Point, K
Tc Critical Temperature, K
Pc Critical Pressure, MPa
ODP Ozone Depletion Potential
GWP Global Warming Potential
Qeva The heat absorbed by the working fluid in the evaporator, kW;
Qcon The heat emitted by the working fluid in the condenser, kW;
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ṁh Mass flow of heat source, kg/s;
ṁf Working fluid mass flow, kg/s;
ṁc Mass flow of cooling medium, kg/s;
ηt The efficiency of the expander, %;
ηp The efficiency of the working fluid pump, %;
ηthe ORC system thermal efficiency, %;
Wt The output power of the expander, kW;
Wp The work consumed by the working fluid pump, kW;
Wnet ORC system net output power, kW.

1 Introduction

With the development of the economy and society, everyone is committed to pursuing green energy
and improving the energy efficiency of existing systems. In reality, there is still a large portion of
low-temperature waste heat that can be reused through specific waste heat utilization technologies.
To improve energy utilization, many scholars have done excellent research on waste heat utilization.
There is no single method of reusing waste heat. Examples of waste heat utilization system include
organic Rankine cycle (ORC), steam Rankine cycle (SRC), turbo compound (TC), and thermoelectric
generators (TEG).

These technologies have received wide attention due to their importance in reducing environmen-
tal impacts and achieving higher energy efficiency. Each has been evaluated from various angles on
their applications in waste heat utilization. For instance, Shu et al. [1] used a multi-approach evaluation
system to evaluate ORC in energy, exergy, and economy viewpoints. At the same time, Tian et al. [2]
compared the performance of segmented TEG and traditional TEG for waste heat utilization of diesel
engines. On the other hand, different waste heat utilization systems have been compared against each
other in various applications. As an example, Nemati et al. [3] made a comparison between ORCs
and Kalina as a bottoming cycle for waste heat recovery from a cogeneration system. Furthermore,
defining the operating conditions or variables of a system that can achieve the highest performance
of a system is very important as well. These include the selection of working fluids [4], the operating
pressures and temperature [5], and other variables. Some reviews are done on the various waste heat
utilization technologies and systems. To name a few, Chen et al. [6] reviewed the different ORC
systems in converting waste heat into electrical power, as well as selection criteria of potential working
fluids; Lecompte et al. [7] did an extensive review of different ORC infrastructures; Champier [8]
demonstrated the use of TEG in both industry and domestic services. More recently, Jouhara et al. [9]
presented a comprehensive summary on the state of the art waste heat utilization technologies and
their applications.

Organic Rankine cycle can convert low-grade thermal energy at 80°C–300°C into electrical energy,
which has the advantages of simple structure, low operation, and maintenance cost, and good part-
load performance [10], and is suitable for distributed power generation. However, the power generation
efficiency of the ORC system is much lower than that of coal-fired and gas-fired power generation,
which causes a large amount of condensing heat to be discharged into the atmosphere through cooling
towers. Therefore, the efficiency of energy systems that simply apply ORC power generation is low, and
it is necessary to develop cogeneration technology based on ORC. Cogeneration systems can effectively
improve energy efficiency and reduce greenhouse gas emissions, while organic Rankine cycle-based
cogeneration systems have the advantages of low operating temperature, low pressure, high safety,
and easy miniaturization and automation. Organic Rankine cycle-based cogeneration systems not
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only help to solve the energy problem, but also avoid the emission of pollutants in the process of
conventional energy use [11].

The following analysis shows that the waste heat of flue gas in the heating station is not fully
utilized, and the energy utilization rate is low. The steam boiler coupled with ORC cogeneration is
a waste heat utilization method. The ORC uses the boiler flue gas to generate electricity and fully
recovers the waste heat. The thermal performance, economics, and environmental performance of
the cogeneration system were calculated and analyzed. This provides engineering applications for
the research and application of steam boiler ORC cogeneration. The best waste heat recovery and
utilization scheme shall be determined according to the principle of “cascade utilization, high quality,
and high utilization”, among which: (1) waste heat resources with flue gas temperature greater than
400°C shall be used for power generation preferentially. Water wall and other types of heat exchange
equipment can be used; (2) the waste heat resource with flue gas temperature of 250°C∼400°C shall
be preferentially used for steam production and encouraged to be used for power generation. Heat
exchange equipment such as flue gas pipe or water pipe waste heat boiler can be selected to convert
the waste heat of flue gas into hot water or steam required by users for production, living, or power
generation with water as the flue gas cooling medium; (3) The waste heat resource with flue gas
temperature less than 250°C can be used to dry materials, refrigeration, heating or supply domestic
hot water. Generally, heat exchange parts such as economizer or low-temperature economizer can be
equipped.

2 Introduction to the System Model
2.1 System Introduction

The system in this paper is based on a completed heating station system at a site. The heating
station system uses biomass thermochemical conversion technology. The specific process flow is shown
in Fig. 1. The biomass (rice husk) is fed into the gasification reactor by the feeding system. Then the
pyrolysis and gasification reaction occurs with a small amount of air added at the top, which promotes
the pyrolysis of volatile components in the rice husk to produce gas. The biomass gas is fed to the boiler
for combustion to provide a heat source for the boiler. A secondary cylinder is provided at the steam
outlet of the boiler, one type of steam for industrial steam transport, one type of steam process for heat
exchange in the deaerator and one type of steam for supplying heat to the hot water heat exchange
station. The feed water is supplied to the boiler after being preheated by the thermal deaerator and
coal saver. After the flue gas comes out of the boiler, the fly ash in the flue gas is removed in the
duster which enters the desulfurization tower. Finally, it is discharged into the atmosphere through
the chimney.

In this paper, by arranging a reasonable flue gas waste heat utilization device, on the one hand,
part of the flue gas waste heat is fully utilized, and the fuel consumption of the system can be reduced
under the condition of whole unit output to achieve the purpose of energy saving and consumption
reduction [12]; on the other hand, the water consumption in the desulfurization process can be reduced
with the decline of flue gas temperature at the entrance of the desulfurization tower [13]. It can be seen
that the utilization of flue gas waste heat is a crucial way to develop the current boiler energy-saving
and emission-reduction technology and improve the overall system efficiency.
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Figure 1: Flowchart of the heating station system

2.2 ORC Thermodynamic Model
The flue gas waste heat recovery ORC system comprises four components: an evaporator,

condenser, expander, and working fluid pump [14]. The flow diagram of the ORC system is shown
in Fig. 2. Fig. 3 is a T-s diagram of an ORC system that represents the four thermal processes of
the system. 1→2s process is the adiabatic expansion process of high-temperature organic steam in
the expander, 2s→3 process is the constant pressure cooling and condensing process of the working
fluid in the condenser, 3→4s process is the working medium in the active fluid pump adiabatic and
pressurizing process, and 4s→1 process is the constant pressure heating evaporation process of the
active medium in the steam generator. Since the actual process does not guarantee conditions such as
adiabatic constant pressure, there are slashes in the T-s diagram, and 2 and 4 represent the basic state
points.
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Figure 2: ORC system flowchart
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Figure 3: ORC system T-s diagram

The entire thermal process can be described as follows:

(1) Isobaric heat absorption process in the evaporator (4–1).

The heat absorbed by the working fluid in the evaporator is:

Qeva = ṁh (h5 − h6) = ṁf (h1 − h4) (1)

In the formula, mh is the mass flow of the heat source, kg/s; mf is the mass flow rate of the working
fluid, kg/s.

(2) The adiabatic expansion process in the expander (1–2).

The working fluid is in a superheated state at the inlet of the expander, that is, the state point 1;
the working fluid becomes the state point 2 after adiabatic expansion in the expander. Because there
is basic irreversible loss in the expansion process, adiabatic expansion is an entropy increase process.
State point 2s is the end point of isotropy expansion under ideal conditions.

The enthalpy value of state point 2 can be calculated by Eq. (2):

h2 = h1 − ηt (h1 − h2s) (2)

In the formula, ηt is the efficiency of the expander.

The output power of the expander is:

Wt = mf (h1 − h2) (3)

(3) Isobaric exothermic process in the condenser (2–3).

The heat emitted by the working fluid in the condenser is:

Qcon = ṁc (h8 − h7) = ṁf (h2 − h3) (4)

In the formula, mc is the mass flow rate of the cooling medium, kg/s.

(4) Adiabatic compression process in working fluid pump (3–4).
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The working medium is in an over-cold state at the inlet of the working medium pump, that is,
the status point 3; the active medium becomes the status point 4 after adiabatic compression in the
active medium pump. Because there is active irreversible loss in the compression process, adiabatic
compression is also an entropy increase process. State point 4s is the end point of isotropy compression
under ideal conditions.

The enthalpy value of state point 4 can be calculated by Eq. (5):

h4 = h3 + (h4s − h3)

ηp

(5)

In the formula, ηp is the efficiency of the working fluid pump.

The work consumed by the working fluid pump is:

Wp = ṁf (h4 − h3) (6)

The ORC system’s net output power is:

Wnet = Wexp − Wpump (7)

Thermal efficiency:

ηth = Wnet

Qeva

(8)

2.3 Evaluation System Model
2.3.1 Energy Efficiency Analysis

Primary energy utilization is defined as the energy output of the system as a percentage of primary
energy consumption, which is one of the most widely used methods in the current combined heat and
power system. The higher the value of direct energy utilization, the better the system’s energy saving.
Usually expressed in this form, its calculation formula is as follows:

η = 3600P + Qh + Qs

Qq

(9)

In the formula: P——power generation of heating station, kWh;

Qh——Steam heating capacity of heating station, kJ;

Qs——Hot water heating capacity of heating station, kJ;

Qq——Gas heat of heating station, kJ.

2.3.2 Economic Analysis

Revenue is the net benefit received for all products output by the heating plant. For a pre-
improvement heating plant, the output product is mainly steam, and the cost is the cost of fuel and the
cost of electricity for the plant. For the improved cogeneration plant, the output product is not only
steam but also a certain amount of electricity, which is used to support the whole plant, so the cost of
the improved system is only the fuel cost.

C = Qh × Ch + ṁs1 × Cs − Br × Cr − P × Cd

10000
(10)



EE, 2023, vol.120, no.8 1925

In the formula: C——revenue of the heating station, million yuan;

P——power consumption of the plant, kW;

Cd——electricity price, yuan/kW;

Qh——steam heat supply of the heating station, kJ;

Ch——steam heat price, yuan/kJ;

Br——gas volume of the heating station before improvement, Nm3;

Cr——fuel price, Yuan/Nm3; ṁs——mass of hot water, kg;

Cs——price of hot water, Yuan/kg.

The payback period refers to the time required for the total net income of the project to repay the
total investment [15]. The formula for calculating the payback period is as follows:

N =
∑M

k=1 Ck

A
(11)

In the formula: N ——Payback period, years;

Ck—— Investment cost of the kth equipment, yuan;

A——Annual profit, yuan.

2.3.3 Environmentality Analysis

The so-called low-carbon economy, whose basic economic model is based on low pollution, low
energy consumption and low emissions, is another major progress in the development of human society
after agricultural civilization and industrial civilization. To reflect the good environmental friendliness
of the biomass gasification CHP system, the CO2 emission reduction (ER) of the system is introduced
as the indicator of system environmental assessment. In terms of the whole life cycle, the utilization
of biomass energy will not produce CO2, and the contribution to global CO2 is basically “zero” [16].
Therefore, the CO2 generated by the system can only be purchased through the power grid.

The calculation formula of system CO2 emission Mc is:

Mc = P · μe (12)

In the formula: P——Auxiliary power consumption, kWh;

μe——The conversion coefficient of carbon dioxide emissions corresponding to the electricity
purchased from the grid is 0.968 g/kWh;

3 System Simulation

This paper is a simulation study of the original system of the heating station using TRNSY
software. The components of the equipment are connected graphically and form a modular system
form through the simulation interface. After completing the commissioning of each module, the
simulation model of the whole system is established, and the output of each equipment module
is adjusted according to the actual operation of the heating station [17]. Subsequently, the ORC
model was written using Matlab. Finally, the ORC model is called in the Trnsys platform to form
a cogeneration system based on ORC waste heat utilization. Fig. 4 shows a graphical representation
of the TRNSYS interface cogeneration system.
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Figure 4: Graphical representation of the energy plant in the TRNSYS

The bottom area shows the deaerator and feeds pump, the economizer on the left side of the cup,
and the sub-cylinder on the right after connecting the boiler. At the top is the Rankine loop section
that visual Matlab. On the far left is the tool that calls the enthalpy value. Table 1 outlines the Trnsys
components, known as “types”, that are selected to model the energy plant as well as the required
inputs for each component [18].

Table 1: Description of system components in TRNSYS with required inputs

Components Introduction

Boiler: Type 638 models a steam boiler. This model will attempt to meet the
user-specified steam outlet condition but may be limited by capacity
restraints. The capacity refers to the heat input to the fluid.

Rated capacity (kW) 17057
Steam inlet temperature (°C) 107
Steam inlet enthalpy (kJ/kg) 450
Boiler efficiency 0.76
Combustion efficiency 0.94
Desired outlet enthalpy (kJ/kg) 2884

(Continued)
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Table 1 (continued)

Components Introduction

Deaerator: Type 619 models an open steam heater. This component calculates the
flow rate of high-temperature steam required to meet the desired outlet
conditions, bounded by a user-defined maximum high-temperature steam
flow rate.

Source steam temperature (°C) 254
Source steam pressure (kPa) 800
Source steam enthalpy (kJ/kg) 2958
Desired outlet enthalpy (kJ/kg) 436.1

Feed water pump Type 618 models a steam condensate pump. The user specifies the inlet
steam condensate conditions and the desired outlet pressure.

Overall pump efficiency 0.6
Pump motor efficiency 0.9
Desired outlet pressure (kPa) 800

Counterflow
economizer:

Type 5 models a zero-capacitance heat exchanger without mixing. The
effectiveness is calculated given the hot and cold side inlet temperatures
and flow rates.

Specific heat of source side fluid (kJ/kg-K) 4.24
Specific heat of load side fluid (kJ/kg-K) 1.026
Load side inlet temperature (°C) 142
Load side flow rate (kg/s) 4

Diverter Type 594 models simple steam-diverting valve. The outlet steam properties
at each port are set identically to the inlet steam properties. The outlet flow
rate at each port is simply the inlet flow rate multiplied by the
user-designated fraction of flow to that port.

Fraction of flow to deaerator 0.05
Fraction of flow to outlet 0.925
Fraction of flow to heating outlet 0.02
Fraction of flow to security outlet 0.005

4 Systems Analysis
4.1 Model Validation

The simulation model of the whole system was constructed, and the output of each equipment
module was adjusted to verify the accuracy of the whole system simulation by taking the actual
operation data of the heating station from July 15 to August 15, 2022, as an example. Fig. 5 shows data
comparing the design parameters for steam temperature with the simulation results. Simulated and
operational data for the steam flow are shown in Fig. 6. In Fig. 7, the operational information for the
actual boiler gas volume and the simulated heat required by the boiler are shown. After removing the
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bad points, the average relative error in steam temperature is 1.8%, the average relative error in steam
flow rate is 9.3%, and the average relative error in heat required by the boiler is 4.9%. In summary,
the simulation results have the same trend, and the error is within a reasonable range compared to the
actual data, proving the correctness of the model. A comparative analysis of the subsequent system is
provided.

Figure 5: Steam temperature changes over time

Figure 6: Steam flow changes over time
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Figure 7: The heat required for the boiler changes over time

4.2 Effect of Operating Parameter on the ORC Performance
In this study, the effect of various operating parameters on the output power and thermal

efficiency of the circulating power generation system was analyzed using boiler flue gas as the low-
temperature heat source. To ensure that the actual flue gas temperature can reach the set heat
source temperature, the average value of the actual flue gas temperature is taken as the heat source
temperature. Therefore, the measured temperature of the heat source is 145°C, and measured the heat
source flow rate is 4 kg/s according to the actual situation of the heating station. Take the actual heating
station water supply temperature of 20°C as the cold source temperature. The initial conditions for the
ORC system calculation are shown in Table 2.

Table 2: The calculation conditions of ORC

Project Unit Numeric value

Heat source inlet temperature °C 145
Heat source flow kg/s 4
Cooling source temperature °C 20
Evaporation temperature °C 125
Condensation temperature °C 35
Super coolness °C 5
Overheating °C 3
Expander efficiency % 85
Working fluid pump efficiency % 80

Taking into account the characteristics of the work gases, a part of suitable pure work gases was
selected. From Table 3, it is clear that the critical temperatures of the five preferred organic work
gases are relatively high, and according to the screening study of organic work gases by Le et al. [19],
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it is known that organic work gases with higher critical temperatures usually have higher power
generation efficiency and better system thermal performance; The analysis shows that the boiling
point temperature is lower, which is suitable for the medium and low temperature organic Rankine
cycle power generation system, and the ODP and GWP indexes show that the candidate organic work
gases have better environmental performance.

Table 3: The characteristics of the work gases

Quality of
work

Molecular weight
(g/mol)

Tb (K) Tc (K) Pc (MPa) ODP GWP

R113 187.4 318.9 487.3 3.39 0.9 1.55
R123 152.9 300.95 456.95 3.66 0.012 120
R141b 117 305.15 477.35 4.25 0.086 0.15
R245ca 134.05 298.28 447.57 3.94 0 1030
R245fa 134.05 288.05 427.16 3.65 0 693

4.2.1 ORC Model Validation

Simulations were carried out using data from other published articles as examples, and the
data obtained were compared, and the comparison data are shown in Table 4. The errors are all
within reasonable limits, proving that the organic Rankine cycle model is correct and can be used
in subsequent analyses.

Table 4: Simulated comparison data

Parameters Numerical values Simulated data

Workpiece flow rate 0.5 kg/s 0.5 kg/s
Evaporator heat absorption 100.5 kW 103.3 kW
Evaporator inlet temperature 312 K 313 K
Evaporator outlet temperature 380 K 380 K
Condenser heat release 91.3 kW 93.6 kW
Condensate flow 2.73 kg/s 2.72 kg/s
Condenser inlet temperature 335.8 K 338 K
Condenser outlet temperature 312 K 312 K
Work done by the expander 10.57 kW 10.59 kW
Work consumed by the workhorse pump 0.89 kW 0.855 kW
Net work 9.68 kW 9.65 kW
Thermal efficiency 9.6% 9.3%

Modify the input parameters, using the parameters in Table 2 as set input parameters. Using the
parameters in Table 2 as set values, the evaporation temperature was varied to simulate the effect of
evaporation temperature on the performance of the organ cycle.
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As can be seen from Fig. 8, the net output of the system increases gradually with the increase of
evaporation temperature. There is not a single peak in the evaporation temperature range selected
in this simulation calculation, which maximizes the net output power of the system. When the
evaporation temperature increases, the external work of the expander gradually increases, and the
exhaust vapor temperature gradually increases. This not only causes a waste of energy but also
increases the cost of equipment investment. Therefore, the appropriate evaporation temperature
should be selected according to the actual heat source [20].

Figure 8: Network that changes with evaporation temperature

As seen from Fig. 9, the thermal efficiency of both working fluid systems increases with the
increase of evaporation temperature. However, choosing the optimal evaporation temperature also
requires consideration of other factors. The upper limit of the evaporation temperature is limited
by the temperature of the heat source. When the evaporation temperature is higher than the critical
temperature of the working fluid, the system has a supercritical cycle. The higher the evaporation
temperature, the greater the evaporation pressure, resulting in the higher the pressure requirements of
the system, and the greater the proportion of the power consumption of the working fluid pump to
the expansion work.

Using the parameters in Table 2 as the setpoints, change the condensation temperature to simulate
the effect of the condensation temperature on the cyclic performance of the organ.

Fig. 10 shows the effect of the condensing temperature on the net output work. It can be seen that
in the case of constant heat source temperature and flow rate, when the evaporation temperature is
fixed, the net output work decreases rapidly with the increase of condensation temperature [21]. The
reason is that the higher the condensation temperature, the higher the corresponding condensation
pressure. At this time, the expansion machine inlet and outlet pressure difference become smaller, the
expansion machine output is reduced accordingly. The expansion machine output power reduction is
greater than the reduction of pump power consumption, so the net output work decreases with the
increase of condensation temperature.
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Figure 9: Thermal efficiency as the evaporation temperature changes

Figure 10: Network that changes with condensation temperature

The changing trend of net work and thermal efficiency of the organic Rankine system with
parameters is correct, and the preparation of the organic Rankine cycle model can be used in the
combined heat and power supply system of heating stations. It can be seen from the figure that when
R141b is used as the working fluid, it has the maximum net output work and thermal efficiency.
Therefore, R141b is selected as the circulating working fluid for the following research.

4.2.2 Workspace Selection and Parameter Setting

In summary, take 125°C (398.15 K) for the evaporation temperature and 3 K for the superheat.
That is, the evaporator outlet temperature is 128°C (401.15 K), corresponding to the state point 1 in
Fig. 3; The cooling water inlet temperature is taken from the ambient temperature of 20°C, the cooling
water temperature difference is generally 4°C–8°C [22], the outlet temperature of the cooling water
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is 26°C (299.15 K), the condensation temperature is 35°C (308.15 K), and the supercooling degree
of 5 K is taken to correspond to the state point 3 in Fig. 3. Using MATLAB to call REFPROP to
query the properties of the organic working fluid R141b and substitute it for the model calculations
in Section 2.2, the parameters of each state point in the looping system can be obtained, as shown in
Table 5.

Table 5: The R141b parameter for each status point

The status point Temperature (K) Pressure (kPa) Enthalpy (kJ/kg) Entropy (kJ·kg−1·K−1)

1 401.15 1140.1 523.33 1.88
2 334.79 112.27 483.35 1.92
2s 318.68 112.27 470.02 1.88
3 303.15 112.27 234.29 1.11
4 303.81 1140.1 235.49 1.12
4s 303.5 1140.1 235.13 1.11

According to Eq. (1) and Table 3, the calculation shows the working fluid flow rate, ṁf = 1.4 kg/s,
evaporator heat absorption, Qeva = 415.19 kW. The amount of heat absorption and cooling water
circulation of the condenser can be calculated according to Eq. (4), Qcon = 359.24 kW. According to
Eq. (3), the system expander does work, Wt = 57.67 kW. According to Eq. (6), the working fluid pump
consumes power, Wp = 1.72 kW. Theoretically, the system network, Wnet = 55.94 kW, and the system
thermal efficiency, ηth = 13.47%.

4.3 System Energy Efficiency Analysis
4.3.1 Energy Efficiency Analysis

The power generation system is to recover flue gas waste heat, so the investment in heat supply is
negligible. The design power consumption of the whole plant is known to be about 300 kWh. Fig. 11
shows the hourly power generation of the Rankine cycle from July 15 to August 15. According to
the simulation, the system generated 46000 kWh in this month. Fig. 12 is the actual daily electricity
consumption of the whole plant compared with the daily power generation of the system. Although
Rankine cycle system can not guarantee the power consumption of the whole plant, it can support 1/4
of the power consumption of the whole plant.

According to statistics, Rankine cycle system generates about 552000 kWh per year. According
to the statistics of the actual production capacity provided by the heating station, the heating station
generates 112.55 billion kJ of steam heat, 2.49 billion kJ of hot water heat and 158.57 billion kJ of gas
heat per year. According to the simulation and formula calculation in Section 2.2, the primary energy
utilization rate of the system before transformation is 0.72, and the primary energy utilization rate of
the system after transformation is 0.74.
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Figure 11: System power generation

Figure 12: System power generation and plant power consumption

4.3.2 Economic Analysis

In a Rankine cycle system, the inlet temperature of the cold source water at the condenser end is
20°C and the outlet temperature is 26°C. Therefore, less heat is required to convert the cold source
water into hot water. Fig. 13 shows the daily heat savings for one month, which can be calculated to
be about 256 million kJ per year. this energy can heat more hot water.

Qj = ṁj (h90 − h20) (13)

Qj——annual heat savings, kJ;

ṁj——mass of hot water heated more, kg;

h90——enthalpy of water at 90°C, 376.41 kJ/kg;

h20——enthalpy of water at 20°C, 83 kJ/kg.
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Figure 13: Save calories every day

The calculated flow rate of the extra heated hot water is 870000 kg. The heating station mainly
traffics steam, so the amount of steam generated before and after the renovation cannot change, and
the fuel consumed remains unchanged.

C = C2 − C1 = (ṁs2 − ṁs1) × Cs + P × Cd

10000
(14)

ṁs2 − ṁs1 = ṁj = 870000 kg

Commercial and industrial water is 4.10 Yuan/m3, and the converted Cs is 0.0041 Yuan/kg.
According to the calculation of general industrial power consumption less than 1 kV, Cd is
0.7 Yuan/kWh, and the power consumption of the system mentioned in the above section is about
552000 kWh. According to the formula, the difference in revenue before and after the transformation
is 390000 Yuan. And after a one-time investment, the system operates stably with low maintenance
cost, which can realize stable return.

The installed power generally refers to the rated power, and the used power generally refers to the
output power of 57.67 kW (the usable power is 75%–85% of the rated power). The installed power
of ORC unit is set as 76.89 kW. The power generation system is supplied in skid mounted form.
According to the installed price of 8000 Yuan/kW, the total price of this unit is about 615100 Yuan, so
the investment payback period of the project is about 1.57 years, with significant economic and social
benefits.

4.3.3 Environmental Analysis

According to the above chapters, the annual power generation of the system is about 552000 kWh.

According to the formula in Section 2.2, the CO2 emission of the improved system is reduced by
0.53 tons compared with that before the improvement. Based on the classic recommended data derived
from the Energy Research Institute of the National Development and Reform Commission as well as
the Chinese Academy of Engineering [23]. The emission factors of air pollutants are shown in Table 6.
Assuming that the system generates electricity entirely from thermal power, a reduction in greenhouse
effects (CO2, SO2, NOx) can be achieved. Based on a 1 t standard coal power generation capacity of
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3000 kWh, we can estimate that the system can save 184 tons of standard coal per year, reduce SO2

emissions by 3 tons, reduce NOx emissions by 2.87 tons, reduce CO2 emissions by 123.28 tons, and
reduce soot emissions by 1.76 tons. At the same time, because the expander power generation system
uses flue gas waste heat, the discharge of industrial waste heat during power generation is reduced. This
also has a significant mitigating effect on thermal pollution caused by power plants and industries.

Table 6: Air pollutant emission factors

Air pollutants Emission factors (t/tce) Emission factors (g/kWh)

SO2 0.0165 8.63
NOx 0.0156 6.9
CO2 0.67 1052.3
SOOT 0.0096 3.35

5 Conclusion

(1) Combined with the actual operating conditions, based on TRNSYS software, the simulation
model of the combined heat and power system was studied and built, the module parameters
of the system equipment were adjusted, the simulation results were compared with the actual
operating parameters, and the correctness of the model was verified.

(2) This study uses the net output power as an evaluation index to mathematically model the ORC
system, which meets the requirements for the evaluation of the advanced energy-saving effect
of the waste heat recovery system, and the research content is not only applicable to boiler low-
temperature waste heat recovery but also applies to the thermodynamic performance analysis
of ORC power generation of other low-temperature heat sources.

(3) R141b is selected as the circulating working medium. According to the calculation, the working
fluid flow rate, mf = 1.4 kg/s. The evaporator heat absorption rate. Qeva = 415.19 kW. The
condenser heat absorption rate, Qcon = 359.24 kW. Work done by the system expander, Wt =
57.67 kW. Power consumed by the working fluid pump, Wp = 1.72 kW. System thermal
efficiency, ηth = 13.4%.

(4) The Rankine cycle system generates about 552000 kWh per year. The heating station generates
112.55 billion kJ of steam heat, 2.49 billion kJ of hot water heat and 158.57 billion kJ of gas
heat per year. According to the calculation, the primary energy utilization rate of the system
before the transformation is 0.72, and that of the system after the transformation is 0.74. The
income difference before and after the transformation is 390000 Yuan. The total price of the
unit is about 615100 Yuan, and the payback period of the project is about 1.57 years. The
economic and social benefits are significant. The improved system reduces CO2 emissions by
0.53 tons compared with the original system.
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