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In order to reduce environmental pollution and realize effective utilization of resources, it is 
necessary to recycle the gas emitted by direct injection diesel engine. Therefore, a direct injection 
diesel exhaust waste heat recovery system is studied in this paper. Freon is used as the working 
medium, the waste heat is converted into organic working medium by evaporator for evaporation 
treatment, and then the condenser is used for condensation treatment, so as to complete the 
hardware design of the system. In the software part, the evaporator pressure and condensation 
pressure are determined according to the evaporator temperature and condensation temperature, 
and the carbon calculation model is used to calculate the preheating parameters, so as to realize the 
recovery of exhaust waste heat of direct injection diesel engine. The experimental results show that 
the average waste heat recovery cycle time of the system is 7.795 MS, the efficiency is high, and the 
waste heat recovery efficiency is as high as 95%, which can effectively realize the exhaust waste heat 
recovery of direct injection diesel engine, in order to provide some help for saving economic cost 
and realizing the effective utilization of resources. 

Keywords: Direct injection; diesel engine; waste heat; recycling; system design; condenser. 

 

1. Introduction 

 

The gases emitted by DI diesel engine include carbon monoxide, unburned 

hydrocarbons, water, nitric oxide, nitrogen, hydrogen, sulfur and various trace elements, 

among which trace elements mainly include lead and bromine [1]. Generally speaking, 

direct injection diesel engines emit 13% water, 1%-2% hydrogen and 1%-5% nitric oxide. 

The rest is mainly composed of hydrocarbons and nitric oxide [2]. For DI diesel engine, the 

heat carried by exhaust alone accounts for 30%-45% of the heat generated by the fuel 

entering the engine, while the temperature of residual exhaust gas is about 600-800 °C. 

Utilizing the waste heat utilization technology of exhaust gas escaped into the atmosphere 

cannot only save energy, but also absorb heat and cool down, which is of great benefit to 

the overall performance of DI diesel engine [3]. In developed industrialized countries, 

direct injection diesel engine exhaust is the main cause of air pollution [4]. For example, in 

the United States, carbon monoxide, hydrocarbons and nitrogen oxides account for 66%, 

48% and 40% of the total carbon monoxide emissions. 

With the increasing awareness of environmental protection, more and more attention has 

been paid to the development and utilization of new energy sources. On the one hand, the 

exhaust heat of large direct injection diesel engine pollutes the environment seriously [5]; 

On the other hand, it causes energy waste. In order to achieve sustainable development of 

energy and environment, the recovery and utilization of waste heat has become a hot topic 

in developing and developed countries. Utilizing waste heat from direct injection diesel 

engine to generate electricity is one of the effective ways to solve this problem [6]. At 

present, there are two ways to utilize the waste heat of direct injection diesel engine in 

China and abroad. One is to utilize the waste heat of cooling water of direct injection 

engine and the other is to utilize the waste heat of exhaust gas. From the use point of view, 
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there are exhaust gas turbocharging, refrigeration and air-conditioning, power generation, 

heating, improved fuel and other ways [7]; From the perspective of waste heat utilization 

method, relevant experts developed a classified observer of combustion gas components in 

intake manifold of Turbocharged Diesel engine, and introduced the thermal spring power 

generation using ammonia as working fluid: this kind of thermal energy resources can be 

used in a large number of ways, in evaporator, heat Water (hot spring water) flows in at 85 

°C and out at 55 °C, with a flow rate of 200 L/min. Thermal energy is transformed into 

electricity in steam turbine [8]. Under normal operation, working substance ammonia is 

transformed from liquid to high-pressure ammonia vapor in evaporator and flowed into 

steam turbine. The electricity generated can reach 10 kW. 

Some foreign experts have obtained corresponding research results. Yodovard developed 

an absorption air-conditioning refrigeration system with diesel engine as waste heat source. 

The model has been realized in the laboratory. When the condensation temperature is 40 °C 

and the evaporation temperature is 7 °C, the refrigeration power is 3.3 kW. In summer, the 

average condensation power is 4.1 kW, which is very large, but the cooling effect is better. 

Khedari studied the effect of converting waste heat from exhaust gas into electricity in 

diesel engines and steam turbines in factories. About 33% of gas turbines and 40% of diesel 

engine fuel input energy can generate electricity [9]; Waste heat energy from exhaust 

devices, 20% of gas turbines and 10% of diesel engines can be converted into electricity, 

and the corresponding net energy is about 100 MkW. Everett proposed a renewable 

Rankine cycle. Because the power generation efficiency is related to the average 

temperature of steam evaporation, the steam is heated in the preheater first, and then 

generates torque through five turbine-driven shafts. After some steam flows into the other 

four splitters, it returns to the preheater to drive the generator to generate electricity. The 

power generation efficiency of the recycling can be increased by 40%. 

Based on the above analysis, it is found that the key technical problems in the research 

of waste heat recycling of DI diesel engine are the small temperature difference between 

evaporator and condenser, weak heat transfer capacity and low energy conversion rate [10]. 

Based on this, the waste heat recycling system of DI diesel engine is designed. In the 

system, evaporator and condenser are used to realize the double cycle of waste heat, which 

fundamentally solves the thermal pollution of air and atmospheric environment pollution, 

and improves the utilization efficiency of waste heat. Through the waste heat recycling 

system, the waste heat of exhaust gas can be converted into electric energy, and the waste 

heat of DI diesel engine can be used to generate electricity. 

 

2. Design of waste heat recycling system 

 

2.1. Overall design of waste gas waste heat recycling system 

 

During the operation of DI diesel engine, due to various irreversible factors such as 

insufficient combustion, friction loss and exhaust heat loss, the conversion efficiency of 

effective work is only about 40% of the calorific value of fuel combustion, while only 

exhaust heat loss accounts for about 60% of the total loss [11]. Therefore, a waste heat 

recycling system for direct injection diesel engine should be designed to improve the 

efficiency of waste heat utilization. The overall structure of the waste heat recycling system 

designed in this paper is shown in Figure 1. 



J. Electrical Systems 17-4 (2021): 455-472 
 

457 
 

 

 
Fig. 1: Waste heat recycling system of waste gas 

 

From Figure 1, it can be seen that the system is mainly composed of working fluid 

pumps, evaporators, turbogenerators, condensers, liquid storage tanks, etc. When selecting 

working fluid for working fluid pumps, it is better to select working fluid with low boiling 

point, because working fluid with low boiling point has the characteristics of higher 

vaporization pressure under relatively low vaporization temperature. At the same time, in 

order to maximize the recovery of heat from waste heat sources, the system has been made. 

For high efficiency, low boiling point refrigerants with high heat transfer capacity and 

effective conversion of heat energy into electric energy should be selected, so Freon should 

be selected as refrigerant [12] [13]. The waste heat recycling system consists of four main 

processes: Firstly, isobaric endothermic process, in which Freon is preheated and vaporized 

by the exhaust gas to become superheated Freon steam; Secondly, reversible adiabatic 

expansion process, in which the superheated Freon steam drives the blade to rotate through 

the nozzle, and the steam expands to work in the steam turbine; Thirdly, during the 

exothermic process, the low pressure exhaust gas discharged by the steam turbine enters the 

condenser and is cooled by circulating water; Finally, it is a reversible adiabatic 

compression process, in which the steam is cooled to liquid and enters the liquid storage 

tank. Through this system, the waste heat utilization rate of exhaust gas of DI diesel engine 

can be improved. 

 

2.2. Hardware design 

 

2.2.1. Evaporator structure 

 

The function of evaporator is to transfer heat from waste heat to organic working 

substance. It is the transfer station of energy transfer in the whole system [14]. In the diesel 

exhaust heat recycling system, it plays an important role. A new type of evaporator is 

selected in the system. The evaporator contains a condensation device, which can further 
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improve the evaporation performance of the evaporator. The internal structure of the 

evaporator is shown in Figure 2. 

 

 

Fig. 2: Evaporator structure 

 

From Figure 2, it can be seen that the evaporator mainly consists of contraction ring 

pump, circulating liquid distributor and heat exchange pipe pump. When the evaporator 

works, the exhaust gas liquid is evenly sprayed on the horizontal tube bundle through the 

circulating liquid distributor. The liquid film flows downward along the two sides of the 

tube bundle to form a liquid film. The liquid film absorbs the heat released by steam 

condensation in the tube and evaporates partly. The non-evaporated part flows to the next 

row of tube by means of gravity. The second vapor is removed from the top of the 

evaporation chamber. At the same time, the heated vapor enters the heat exchanger tube for 

condensation. The condensate is discharged from the other end of the tube. The evaporated 

waste gas from the evaporator is transferred to the condenser for further condensation 

treatment. 

 

2.2.2. Condenser structure 

 

The condenser is very important in the exhaust heat recycling system of DI diesel engine 

[15]. Therefore, the overall structure of the condenser should be analyzed, as shown in 

Figure 3. 
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Fig. 3: Condenser structure diagram 

 

From Figure 3, it can be seen that the condenser consists of collecting pipe, distributing 

pipe, end plate and fins. The condenser's task is to cool the high temperature and 

superheated steam discharged from the steam turbine into liquid working substance. The 

cooling process is generally divided into three stages. Firstly, the superheated steam is 

cooled to dry saturated steam, then the superheated steam at the exhaust temperature is 

cooled to dry saturated steam at the condensing temperature; Secondly, the dry saturated 

steam at the exhaust temperature. The saturated vapor is cooled to saturated liquid and the 

dry saturated vapor condenses to saturated liquid at the condensation temperature. This 

process is the condensation of vapor to liquid. Finally, the saturated liquid is further cooled 

to super cooled liquid. Because the temperature of the cooling medium (water or air) is 

always lower than the condensation temperature, the saturated liquid can generally be 

further cooled at the end of the condenser to form a saturated liquid. At the same time, the 

condenser has the advantages of simple structure, small size, light weight and high 

efficiency. It can effectively reduce the condensate water temperature, improve the thermal 

cycle efficiency and improve the performance of generating units. 

 

2.3. System software design 

 

2.3.1. Structural design principle of condenser 

 

The heat exchanger in the waste heat recycling system of DI diesel engine is the key part 

of preheating and recycling. The heat exchanger consists of condenser and evaporator. The 

main function of the condenser is to condense the exhaust gas discharged from the steam 

turbine into liquid, keep the exhaust part of the steam turbine at a lower pressure, increase 

the output of the steam turbine, and make full use of the heat energy [16]. Condenser is one 

of the main heat exchangers in refrigeration equipment. The refrigerant vapor at high 

temperature and pressure is cooled and condensed in the condenser to complete the 
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exothermic process to the high temperature heat source. Because there are many kinds of 

condensers, the corresponding condenser structure should be designed according to the 

actual situation. The design schematic diagram of the condenser is shown in Figure 4. 

 

 
Fig. 4: Flow chart of condenser structural design principle 

 

It can be seen from Figure 4 that when designing the condenser structure, the total water 

exchange and total cooling water should be calculated first, and the effective temperature 

difference should be calculated. Under the assumption of total heat transfer coefficient, a 

series of parameters such as heat transfer area, outer diameter and inner diameter should be 

calculated according to the total heat transfer coefficient. Then, the heat transfer coefficient 

on the tube side should be calculated by the algorithm proposed by West Germany. The 

fouling coefficient can be calculated by the heat transfer coefficient on the tube side to 

obtain the tube side. The total heat transfer coefficient is calculated by the thermal 

conductivity of metal. The calculated total heat transfer coefficient is compared with the 

assumed heat transfer coefficient. Assuming that the two values are almost identical, the 

condenser is designed according to the calculated values. 
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2.3.2. Determine evaporator pressure and condenser pressure 

 
When saturated liquid vaporizes in evaporator and steam condenses into saturated liquid 

in condenser, the saturated pressure and saturated temperature have corresponding 

relationship [17]. As long as the temperature 1t  of evaporator is determined, the pressure 

1p  in evaporator can be determined, and the condensation temperature 1p  can be 

determined, the pressure 2p  in condenser can be determined. The formula for calculating 

the condensation temperature is as follows: 

2 1lt t t tδ= + + ∆  (1) 

In Formula (1), 1lt  represents room temperature, tδ  represents temperature rise of 

condensate water, 2 1l l
t t tδ = −  can reduce the amount of cooling water needed 

appropriately. However, when the cooling water volume decreases gradually, the pressure 

2p  in the condenser will increase gradually, which will reduce the pressure difference 

between the intake and exhaust steam of the steam turbine. Therefore, the temperature rise 

of the condensate water is usually selected at 5-10 °C. The temperature rise of condensate 

water was selected as 8 °C. t∆  represents the difference in heat transfer temperature 

between steam and cooling water at the condenser outlet. Usually the temperature 

difference of heat transfer is selected in 3-7 °C. The temperature difference of heat transfer 

is chosen to be 5 °C. Assuming that the room temperature is 20 °C and the condensation 

temperature is 33 °C, the pressure 2p  in the condenser is determined to be 0.15 MPa by 

the condensation temperature. When calculating the thermodynamic system, it is usually 

considered that the steam condenses into saturated liquid in the condenser, and the 

temperature of the condensate can be measured by a thermometer when it runs. The work 

done by the working fluid pump caused little change in the enthalpy of the liquid. 

Therefore, it is considered that the enthalpy is equal to the enthalpy of saturated liquid in 

condenser [18]. 

In the evaporator, because of the heat transfer across the metal wall, the relationship 

between evaporation temperature TT and exhaust outlet temperature TT is also as follows: 
'

2 1Rt t t= + ∆  (2) 

Normally, 
'

t∆  ranges from 1 to 2 °C. The exhaust gas of DI diesel engine has the best 

evaporation temperature in the evaporator. The reasons for choosing the best evaporation 

temperature in the waste heat recycling system include two aspects. On the one hand, 

choosing the higher evaporation temperature of the evaporator can make the pressure 

difference between the intake and exhaust of the steam turbine larger, and can obtain a 

higher ideal enthalpy drop in the steam turbine [19]; On the other hand, the selection of the 

evaporator is higher. The evaporation temperature will increase the exhaust gas exhaust 

temperature of DI diesel engine, which will reduce the difference between the exhaust gas 

outlet and the import, and reduce the amount of steam generated by waste heat of DI diesel 

engine, that is, the energy utilization of diesel engine exhaust [20]. From these two aspects, 

the size of evaporation temperature has a great influence on the product of ideal enthalpy 

drop and steam flow rate, while steam flow rate and ideal enthalpy drop will affect the 

effect of waste heat recycling of DI diesel engine, because the product between them is the 

quantity of heat energy that may theoretically be converted into mechanical energy or 

electrical energy, and the ideal enthalpy drop increases with the increase of evaporation 

temperature. The amount of steam produced decreases with the increase of evaporation 

temperature, and the product between them is the largest at a certain evaporation 
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temperature. The evaporation temperature when the product between the two reaches its 

maximum is usually called the optimum evaporation temperature [21]. The optimum 

evaporation temperature can be calculated approximately. The initial temperature of 

exhaust gas of DI diesel engine is 1R
t , and the absolute condensation temperature of 

condenser is 3t . When the optimum evaporation temperature is 
z

t , the following 

approximate calculation is made: 

1

3

3

R

z

t
t t

t
=  (3) 

In the waste heat recycling system of DI diesel engine, the initial temperature of exhaust 

gas and the inlet temperature of cooling water of DI diesel engine are 280 °C and 20 °C 

respectively. According to the above formula, the optimum evaporation temperature is 75 

°C. The evaporation pressure corresponding to the optimum steam temperature was 

determined to be 0.478 MPa. 

 

2.3.3. Calculating model of waste heat 

 

According to the principle of energy conservation, based on the analysis of exhaust gas 

components of DI diesel engine, the calculation model of exhaust heat and its equivalent 

coal quantity is obtained [22], and the parameters such as molar specific heat of exhaust gas 

and specific heat of exhaust gas mass are calculated, as shown in Formulas (4) to (7). 
2

1 1 1VRC T Tα β γ= + +  (4) 

4.184
VR

P

ex

C
C

M
=  (5) 

[ ]
[ ]( )

e P k th co

co

g C t t mQ
m

q q

−
= =  (6) 

( )[ ]
h e P k t ex

Q g C t t m= −  (7) 

In the formula, 
VR

C  denotes the specific heat of exhaust gas of DI diesel engine, 
1

α , 

1
β  and 

1
γ  denote constant, 

ex
M  denotes the average molar mass of exhaust gas of DI 

diesel engine, 
k

t  denotes the initial temperature of heat transfer of exhaust gas of DI 

diesel engine, 
t

t  denotes the termination temperature of heat transfer of exhaust gas of DI 

diesel engine, and 
h

Q  denotes the heat released from the initial temperature of heat 

transfer to the termination temperature of heat transfer of exhaust gas of DI diesel engine. 

e
g  represents the fuel consumption rate of DI diesel engine and 

P
C  represents the 

specific heat of exhaust gas quality of DI diesel engine. Through the above formula, the 

relationship between waste heat and its equivalent coal quantity can be obtained, and the 

utilization efficiency of waste heat in the system can be analyzed. 

 

3. Results 

 

3.1. Simulation test system scheme design 

 

In order to verify the validity and feasibility of the system principle and scheme design, 

a small experimental model is designed. In order to reduce the cost and complexity of the 

experiment, some parts of the system are simplified. In theory, the simplification of the 
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evaporator and condenser structure will not affect the feasibility of the system, but the heat 

transfer efficiency and steam turbine efficiency of the system will be affected. Therefore, in 

the small experimental system, working medium pump, evaporator, turbine device, 

condenser and cooler, liquid storage tank, using copper pipe in order to connect end to end, 

the formation of low temperature pure organic Rankine cycle closed loop system. The 

working medium flowing in copper pipe is R134a. A bypass valve is arranged on both sides 

of the working medium pump, evaporator and condenser to regulate the flow of the 

working medium of the system according to the change of the experimental state during the 

experiment. The gas motor is connected to the generator through a coupling, and the 

rotation of the gas motor drives the generator to generate electricity, using different 

incandescent lamp power to simulate different loads. The heat source of the experimental 

system is the waste heat exhaust gas of a small engine. The waste heat exhaust gas 

evaporates the organic working medium R134a in the evaporator copper tube when passing 

through the evaporator. The condensing system uses water cooling, using urban water as 

the cold source, or air cooling. In the actual process of low grade heat energy recovery and 

utilization, because the low grade heat energy fluid has a certain pressure, it can be directly 

into the evaporator of the system, without the need of the hot water pump. The working 

principle of this small experiment is as follows: When the waste heat exhaust gas generated 

during the operation of the small engine passes through the evaporator, the waste heat 

exhaust gas heats the organic working medium R134a of the system after being pressurized 

by the working medium pump; The working medium of the system absorbs heat in the 

evaporator so as to evaporate and superheat, and then it is imported into the gas motor of 

the turbine device through copper tube. The steam turbine of the superheated gas system 

R134a works in the gas motor, thus driving the generator connected with it to rotate and 

generate electric energy. After the turbine, the working medium of the system enters the 

condenser for water condensation and cooling, and then returns to the liquid storage tank to 

complete the whole thermal cycle. 

 

3.2. System operating efficiency 

 

The main function of waste gas waste heat cycle is to reduce nitrogen oxides in the 

discharged gas and improve fuel economy at partial load. Waste heat recovery system has 

many forms and control modes. According to the action control form of system actuator 

(EGR valve), it can be divided into mechanical control EGR system and electronic control 

EGR system. According to the control object of EGR valve, that is, the way of system 

control, it can be divided into direct control EGR system and indirect control EGR system. 

The backflow of exhaust gas is indirectly inserted in the suction and exhaust two kinds of 

flow, the control valve is controlled by the opening and closing time of the valve to control 

the increase and decrease of flow. Due to the high exhaust reflux temperature, the low 

suction efficiency can be ignored. In order to verify the efficiency of waste gas waste heat 

recycling in this system, the cycle time of this system, waste gas waste heat recycling 

system based on turbocharging of waste gas and waste gas waste heat recycling system 

based on aerodynamic cycle are compared. The results are shown in Table 1. 

 

Table 1: Comparison results/ms 
System type Number of Cycling 
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experiments time 

The system in this paper 

1 7.93 

2 7.98 

3 7.81 

4 7.86 

5 7.85 

6 7.46 

7 7.59 

8 7.65 

9 7.88 

10 7.94 

Waste heat recycling system based on turbocharged exhaust gas 

1 15.68 

2 15.79 

3 15.39 

4 15.61 

5 15.89 

6 15.72 

7 15.79 

8 15.91 

9 15.94 

10 15.81 

Waste gas waste heat recycling system based on aerodynamic 

cycle 

1 24.68 

2 24.97 

3 24.69 

4 24.31 

5 24.87 

6 25.61 

7 26.32 

8 26.87 

9 26.48 

10 26.53 

 

According to Table 1, after 30 experiments, the average cycle time of the system in this 

paper is 7.5 s, while the cycle time of the waste heat recovery system based on 

turbocharged exhaust gas and the waste gas waste heat recovery system based on 

aerodynamic cycle is 15.5 s and 25 s. All direct injection diesel engines are equipped with 

coolers made of heat exchangers. Most of the engine's cooling water will be shunt and heat 

dissipation will be absorbed by the cooling mechanism, but it will increase the load of the 

radiator by 30%, so cooling fans and other equipment must be added, resulting in weight 

increase. The system in this paper can enhance the thermal energy of mechanical energy or 

electric energy by controlling the steam flow and ideal enthalpy drop, thus reducing the 

cycle time of the system. In order to save economic costs and realize effective utilization of 

resources, the waste heat recovery efficiency of the three systems is compared, and the 

results are shown in Figure 5. 
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Fig. 5: Waste heat recovery efficiency of three systems 

 

Waste heat recovery meets the requirements of environmental protection, energy saving 

and green development, and can improve the utilization of heat energy. As can be seen 

from Figure 5, compared with the other two systems, the system designed in this paper has 

a higher waste heat recovery efficiency, up to 95%. The maximum efficiency of the waste 

heat recovery system based on turbocharged exhaust gas is 90%, and the maximum cycle 

efficiency of the waste gas waste heat recovery system based on aerodynamic cycle is 69%. 

It can be proved that the designed system has high recovery effect and is effective for waste 

heat recovery. 

 

3.3. System energy consumption 

 

The availability of waste heat recovery resources determines energy saving, 

consumption reduction and resource utilization efficiency, which can effectively improve 

the awareness of environmental protection and promote the development and utilization of 

new energy. Therefore, energy consumption statistics is an essential basic analysis work to 

realize the scientific management of energy conservation and ensure the sustainable and 

stable development of the environment. Is the main task of the system energy consumption 

analysis accurate, real and comprehensive systematic collection and analysis of waste heat 

recovery in the development, production, storage and transportation, transform and 

consumption and so on each link of the data, the energy consumption to conduct statistical 

investigation, statistical analysis, in order to strengthen with scientific management, can 

strengthen supervision, preparation of energy conservation planning, formulate and 

implement energy saving measures, The improvement of energy conservation assessment 
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index and the formulation of reasonable energy consumption quota standards provide 

accurate and reliable basis for the development of energy conservation technology 

transformation and energy conservation and emission reduction work to provide strong 

decision-making support. In order to verify the low energy consumption of the system, we 

compared the energy consumption of the three systems, and carried out several experiments 

to improve the accuracy of the experimental data. The comparison results are shown in 

Table 2. 

 

Table 2: Energy consumption/J 

System type 
Number of 

experiments 

Energy 

consumption 

The system 

1 168.56 

2 169.72 

3 169.83 

4 168.54 

5 170.02 

6 169.98 

7 169.45 

8 168.78 

9 167.69 

10 169.98 

Waste heat recycling system based on turbocharged exhaust gas 

1 251.42 

2 253.68 

3 254.96 

4 258.07 

5 259.45 

6 254.36 

7 259.69 

8 260.06 

9 260.98 

10 261.42 

Waste gas waste heat recycling system based on aerodynamic 

cycle 

1 315.48 

2 319.56 

3 318.64 

4 317.36 

5 319.68 

6 321.46 

7 320.58 

8 322.26 

9 321.48 

10 318.56 

 

As can be seen from Table 2, the average energy consumption of the system in this 

paper is 169.255 J in the whole cycle process, while the average energy consumption of the 

waste heat recovery system based on turbocharged exhaust gas and the waste heat recovery 

system based on aerodynamic cycle are 257.406 J and 319.506 J, respectively. That is to 

say, the waste heat recovery energy consumption of the direct injection diesel engine in this 

system is the least, saving a lot of energy and resources. This is because the design of the 

system adopts the evaporator and condenser combined work mode, improve the waste heat 

double circulation capacity, fundamentally improve the utilization efficiency of waste heat. 

The waste heat of waste gas is converted into electric energy through the waste heat 

circulation system, so the average energy consumption is low. 
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3.4. The relationship between heat transfer and waste oxygen content 

 

The specific physical parameters are determined in the analysis of diesel exhaust gas, 

which can effectively realize the sustainable utilization of resources. The oxygen content in 

exhaust gas can be obtained by calculating the temperature of the highest calorific value, 

and the higher combustion heat can be obtained by the oxygen content and temperature in 

the exhaust gas of diesel engine. Therefore, the analysis of the relationship between heat 

transfer and oxygen content is very important to study the waste heat recovery ability of 

direct injection diesel engine. In order to study the relationship between the minimum heat 

transfer and oxygen content in exhaust gas of DI diesel engine, the relationship between the 

minimum heat transfer and oxygen content in exhaust gas of DI diesel engine is 

investigated when the temperature drops from 450 to different temperatures. The 

experimental structure is shown in Figure 6. 
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Fig. 6: Relationship between heat transfer and oxygen content 

 

From Figure 6, it can be seen that when the exhaust temperature of DI diesel engine 

decreases greatly, the available waste heat content of exhaust gas in DI diesel engine 

increases gradually, which indicates that in the waste heat recycling system of DI diesel 

engine, the waste heat temperature of exhaust gas should be reduced appropriately through 

condenser to improve the utilization efficiency of waste heat. Its working principle is: water 

first absorbs heat in the steam turbine to vaporize and superheat, forming high temperature, 

high pressure superheated steam. Superheated steam is sent to a turbine where it expands 

adiabatically to do work. At the turbine outlet, the working medium reaches a state of low 

pressure wet steam known as vapor deficiency. The lack of steam is sent to the condenser 

for constant pressure cooling and condenses into water again. Finally, the water pump is 

pressurized and then sent back to the steam turbine for heating to form a cycle, which can 

effectively reduce the temperature of condensed water, improve the efficiency of thermal 

cycle and improve the performance of the generator set. 

 

3.5. The relation between oxygen content of exhaust gas and waste heat value of exhaust 

gas 
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DI Diesel engine waste heat recovery system exhaust oxygen content depends on excess 

air coefficient, excess air coefficient is also known as "excess air coefficient", "excess air 

coefficient", commonly known as "residual gas coefficient". Refers to the ratio of the actual 

amount of air supplied for fuel combustion to the theoretical amount of air, is an important 

parameter reflecting the mix ratio of fuel and air, its value can be measured by the gas 

analyzer. In the working process of diesel engine, in order to make the fuel burn completely 

as far as possible, the actual amount of air supplied is always greater than the theoretical 

amount of air (the excess part is called "excess air"), that is, the excess air coefficient must 

be greater than 1. However, the combustion theory and operation experience show that 

excessive air coefficient is too large or too small (indicating too much or too little air 

supply), which is unfavorable to combustion, that is, different combustion equipment has its 

best excess air coefficient value. In order to explore the relationship between exhaust 

oxygen content and waste heat value of DI diesel engine, the relationship between exhaust 

gas emission and equivalent coal quantity of exhaust gas heat was analyzed, and the 

relationship between exhaust gas emission and equivalent coal cost of exhaust gas heat 

transfer was also studied. Considering the influence of the number of DI diesel engines on 

the above relationship, the exhaust temperature of DI diesel engine was reduced from 450 

to 120 °C during the experiment. The analysis results are shown in Figure 7. 
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Fig. 7: Relationship between oxygen content in waste gas and waste heat value of waste gas 

 

From Figure 7(a), we can see the relationship between exhaust gas emission and heat 

equivalent coal quantity of DI diesel engine from 450 to 120 °C. It is found that the heat 

equivalent coal quantity of exhaust gas increases with the increase of oxygen content of 

exhaust gas. From Figure 7(b), we can see that the equivalent coal cost of heat transfer of 

exhaust gas of DI diesel engine from 450 to 120 °C varies with exhaust gas discharge, and 

the waste heat equivalent coal cost of exhaust gas is waste heat. With the increase of 

oxygen content in exhaust gas, the relationship between them is more significant at lower 

temperatures. Therefore, in the process of reducing exhaust gas of DI diesel engine from 

450 to 120 °C at outlet, the waste heat transferred by heat pipe has greater value of 

utilization, the amount of coal converted into equal heat is larger, and it multiplies with the 

increase of diesel engine number, which can save a lot of costs. 

 

3.6. Comprehensive benefit analysis 

 

The comprehensive benefit analysis of the waste heat recovery system can reduce the 

backup cost of the system, delay the social benefits of the transformation of the distribution 

network, and at the same time drive the development of the clean energy industry and 

employment growth, and improve the level of social welfare. Detailed analysis of the five 

main items, including: saving the amount of standard coal when the system is working, 

saving water in compact recovery, saving water in the system, recovering and using waste 

gas heat energy, saving the amount of standard coal, and saving the amount of technical 

reform and energy-saving transformation. Through the analysis, it can be concluded that the 

waste heat recovery system can improve the utilization rate of infrastructure, while 

effectively reducing the emission of air pollutants, saving losses, improving energy 

utilization efficiency and saving energy. In order to study the comprehensive benefits of 

waste heat recycling of DI diesel engine exhaust gas, the comprehensive benefits of the 

three systems after one year of operation are compared, and the results are shown in Table 

3. 
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Table 3: Comprehensive benefit analysis 
System type Project Social effect results benefit 

The system 

recuperate saving standard coal 6855 t 

condensate recovery 
water conservation 24.9 ten 

thousand 

system water saving 
water conservation 75 ten 

thousand 

heat energy recovery and utilization 

of waste gas 
saving standard coal 2555 t 

technical reform and power saving 816 ten thousand degrees 

Waste heat recycling system based on 

turbocharged exhaust gas 

recuperate saving standard coal 5763t 

condensate recovery 
water conservation 19.98 

ten thousand 

system water saving 
water conservation 64.32 

ten thousand 

heat energy recovery and utilization 

of waste gas 

saving standard coal 

2163.05 t 

technical reform and power saving 749 ten thousand degrees 

Waste gas waste heat recycling system based on 

aerodynamic cycle 

recuperate saving standard coal 4936 t 

condensate recovery 
water conservation 15.68 

ten thousand 

system water saving 
water conservation 64.12 

ten thousand 

heat energy recovery and utilization 

of waste gas 

saving standard coal 

1987.63 t 

technical reform and power saving 673 ten thousand degrees 

 

From Table 3, it can be seen that after one year's recycling of waste heat from exhaust 

gas of DI diesel engine, 6855 tons of standard coal will be saved from the perspective of 

waste heat utilization; 249000 tons of water will be saved from the perspective of 

condensate recovery; 750000 tons will be saved from the perspective of process water 

saving; And 25550000 tons of standard coal will be saved from the perspective of waste 

heat recovery and utilization efficiency. From the point of view of energy saving in 

technological renovation, it will save about 8.16 million degrees of electricity. From the 

perspective of comprehensive benefits, it is known that the waste heat recovery system 

based on turbocharged exhaust gas and the waste heat recovery system based on gas 

dynamics cycle save the amount of standard coal, compact recovery and less water saving 

in the system, and heat energy recovery and utilization of exhaust gas. The quantity of 

standard coal is relatively low, and the quantity of technological reforms and energy-saving 

transformations is relatively small. In summary, the use of waste heat from recirculating 

exhaust gas in DI diesel engine can produce greater economic benefits and improve 

environmental quality. 

 

4. Discussions 

 

With the rapid development of social economy and culture, human society's demand for 

energy resources continues to increase, and the main power resources of traditional 

automobiles are no longer suitable for current social development. At the same time, the 

contradiction between the distribution of natural resources and the reverse distribution of 

the human economic center is also intensifying. The current main power model of the 

automobile cannot meet the development needs of the automobile industry. With the rapid 

development of society, the shortage of energy resources and the aggravation of 

environmental pollution have become a global problem to be solved urgently. Energy 
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saving and emission reduction has become an important work in various industries. Under 

the background of energy saving and emission reduction, more stringent emission 

regulations and stricter energy saving and fuel consumption reduction indicators are put 

forward for the booming automotive industry. China's direct injection diesel engine, as the 

main power of vehicles, consumes about 66% of the total petroleum. At the same time, 

there are many harmful substances in the exhaust gas of direct injection diesel engine. 

Therefore, it is of great significance to recycle the waste heat of the exhaust gas of direct 

injection diesel engine for energy saving and emission reduction. The advantages of waste 

heat recycling of DI diesel engine are as follows: 

(1) From the point of view of thermal balance of DI diesel engine, the mechanical power 

output of DI diesel engine generally accounts for only 30-45% of the total fuel combustion 

energy. Most of the combustion heat of DI diesel engine passes through the heat radiation 

of exhaust gas, cooling medium and body. The heat released to the environment in the form 

of waste heat accounts for 55%-70% of the total energy of fuel combustion. The form of 

waste heat mainly includes high-grade exhaust heat and low-grade cylinder liner cooling 

water heat, which results in huge waste of energy. Therefore, the recycling of waste heat 

from DI diesel engine can be enhanced. The waste heat utilization efficiency of exhaust gas 

can reduce environmental pollution and improve the thermal efficiency of DI diesel engine. 

(2) The exhaust gas from DI diesel engine is mainly composed of the product of fuel 

combustion and a small amount of residual air. These exhaust gases are harmful to human 

body. Some of them are harmless to human body, but pollute the environment. The 

harmless components of exhaust gas from DI diesel engine are mainly completely burned 

carbon dioxide, water vapor, excessive air and nitrogen. The above components have no 

direct harm to human health and organisms, but when the carbon dioxide content 

accumulates too much, it will produce greenhouse effect, which has a serious impact on the 

earth's climate. The harmful components of exhaust gas from DI diesel engine are carbon 

monoxide, hydrocarbons, nitrogen oxides, particulates, etc. Among them, sulfur dioxide 

and nitrogen dioxide will combine with water vapor in the atmosphere to form acid rain, 

which will cause building corrosion and damage vegetation in the land. Nitrogen oxides 

will form photochemical smog on the ground, which will have some adverse effects on 

people's lives. At the same time, the harmful substances mentioned above will also cause 

great harm to people's respiratory tract. Therefore, through the recycling of waste heat from 

DI diesel engine, the exhaust emission of DI diesel engine can be effectively reduced, the 

living environment of people can be significantly improved and the human health can be 

positively affected. 

 

5. Conclusions 

 

In order to realize the effective recovery of exhaust heat of direct injection diesel engine, 

a direct injection diesel engine exhaust heat recovery system is designed in this paper. In 

the hardware design, the performance of evaporator and condenser is emphatically studied, 

and a new evaporator is selected. The evaporator is equipped with a condensation device to 

improve the evaporation performance of the evaporator. The condenser and evaporator 

obtained in the above steps are installed in the waste heat recovery system of direct 

injection diesel engine to effectively improve the waste heat recovery efficiency of direct 

injection diesel engine and reduce the cycle cost. In the software part, the evaporator 

pressure and condensation pressure are determined according to the evaporator temperature 
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and condensation temperature, and the carbon calculation model is used to calculate the 

preheating parameters, so as to realize the recovery of exhaust waste heat of direct injection 

diesel engine. The experimental results show that the average waste heat recovery cycle 

time of the system is 7.795 MS, the efficiency is high, and the waste heat recovery 

efficiency is as high as 95%, which can effectively realize the exhaust waste heat recovery 

of direct injection diesel engine. 

 

References 

 
[1] P. Fuc, P. Lijewski & A. Ziolkowski, Dynamic test bed analysis of gas energy balance for a diesel exhaust 

system fit with a thermoelectric generator, Journal of Electronic Materials, 46(5), 3145-3155, 2017. 

[2] X. Hui, S. Kang & Y. Sheng, On decoupling control of the VGT-EGR system in diesel engines: A new 

framework, IEEE Transactions on Control Systems Technology, 24(5), 1788-1796, 2016. 

[3] J. J. Hernández, M. Lapuerta & J. Barba, Effect of partial replacement of diesel or biodiesel with gas from 

biomass gasification in a diesel engine, Energy, 89(12), 148-157, 2015. 

[4] D. D. Battista, M. Mauriello & R. Cipollon, Waste heat recovery of an ORC-based power unit in a 

turbocharged diesel engine propelling a light duty vehicle, Applied Energy, 152(5), 109-120, 2015. 

[5] J. Zhou, L. Fiorentini & M. Canova, Coordinated performance optimization of a variable geometry 

compressor with model predictive control for a turbocharged diesel engine, IEEE Transactions on Control 

Systems Technology, 24(3), 804-816, 2016. 

[6] R. Kiplimo, Combustion and emission characteristics of a low emission and highly efficient PCCI diesel 

engine, Journal of Applied Physics 60(60), 777-780, 2017. 

[7] M. Huang, K. Zaseck & K. Butts, Rate-based model predictive controller for diesel engine air path: Design 

and experimental evaluation, IEEE Transactions on Control Systems Technology, 24(6), 1922-1935, 2016. 

[8] O. Maakoul, R. Beaulanda, H. El Omari, A. Abid & E. Essabri, Modeling and optimal energy management 

of a micro-hybrid-grid, equipped with a renewable energy source, a conventional source, and a cogeneration 

unit, Journal of Electrical Systems, 16(4), 582-603, 2020. 

[9] K. Nikzadfar & A. H. Shamekhi, Development of a hierarchical observer for burned gas fraction in inlet 

manifold of a turbocharged diesel engine, IEEE Transactions on Vehicular Technology, 67(12), 

11500-11510, 2018. 

[10] A. M. Ruiz, G. Lacaze & J. C. Oefelein, Numerical benchmark for high-reynolds-number supercritical flows 

with large density gradients, Aiaa Journal, 54(5), 1-16, 2015. 

[11] F. Castillo, E. Witrant & C. Prieur, Fresh air fraction control in engines using dynamic boundary 

stabilization of LPV hyperbolic systems, IEEE Transactions on Control Systems Technology, 23(3), 

963-974, 2015. 

[12] R. Zang & C. Yao, Numerical study of combustion and emission characteristics of a diesel methanol dual 

fuel (DMDF) engine, Energy & Fuels, 29(6), 3963-3971, 2015. 

[13] J. Divya Navamani, K. K. Vijaya & A. Lavanya, Design and component analysis of high gain quadratic 

boost converters with fault diagnosis and remedial measure, Journal of Electrical Systems, 16(1), 16-29, 

2020. 

[14] C. E. Lee, B. Yu & S. Lee, An analysis of the thermodynamic efficiency for exhaust gas 

recirculation-condensed water recirculation-waste heat recovery condensing boilers (EGR-CWR-WHR CB), 

Energy, 86(1), 267-275, 2015. 

[15] W. Balachandran, N. Manivannan & R. Beleca, Nonthermal plasma system for marine diesel engine 

emission control, IEEE Transactions on Industry Applications, 52(3), 2496-2505, 2016. 

[16] S. Mohapatro & B. S. Rajanikanth, Studies on hboxNO removal from diesel engine exhaust using duct-type 

DBD reactor, IEEE Transactions on Industry Applications, 51(3), 2489-2496, 2015. 

[17] S. V. Xu, X. H. Wang & C. Chen, Modeling and simulation of ship thermo electric generation system in 

waste heat energy, Computer Simulation, 33(2), 185-189, 2016. 

[18] Y. P. Li, W. W. Zhou & P. L. Sun, Review of accelerated aging methods for IGBT power modules, Journal 

of Power Supply, 14(6), 122-135, 2016. 

[19] Y. H. Xie, H. J. Yu & Y. N. Ou, Research on business model for recycling power battery, Chinese Journal 

of Power Sources, 41(4), 644-646, 2017. 

[20] W. G. Yang & Z. J. Yu, Implementation of Fast Encoding LDPC codes based on cyclic difference sets, 

Journal of China Academy of Electronics and Information Technology, 12(5), 528-533, 2017. 

[21] X. Zhang, Y. H. Lu & Y. Li, Design of transportation and monitoring system for flexible detection line 

based on PLC, Automation & Instrumentation, 230(12), 86-88, 92, 2018. 

[22] Y. Hong, Structural, characteristics and applications of Hilbert's type integral inequalities with homogenous 

kernel, Journal of Jilin University (Science, Edition), 55(2), 189-194, 2017. 


