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ABSTRACT 

This paper investigates the waste heat recovery (WHR) in the solar gas heat pump (SGHP) heating system, and 

analyze the matching of the engine, the cylinder jacket cooling and the exhaust heat recovery device. The 

components of the SGHP heating system are selected and designed, and the models of the main components such 

as the gas engine, the cylinder liner cooler and the exhaust heat recovery device are explained in detail. The 

experimental result, at the engine speed increases by 100r/min, the corresponding cooling water flow increases 

0.285~1.21g/s, the heating circulating water temperature will increase by 2~5℃, and the temperature will be 

47~50℃. In addition, the maximum energy utilization can be obtained; guaranteed rated, the resistance of the 

exhaust gas heat exchanger needs to be controlled to be less than 190.27kPa; the area of the WHR device needs 

to be increased by 0.173m2 for 10% increase of the engine speed by 100r/min. Finally, it can conclude that 

reasonable WHR of the gas engine can recover considerable Heat can ensure the high efficiency of the engine, 

and also improve the energy efficiency. 
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INTRODUCTION 

With the improvement of social productivity and technology, the contradiction between large energy demand and 

tight energy supply has become more and more prominent [1-7]. In the field of construction, solar energy (SE), 

as an inexhaustible new type of clean energy, has been developed and utilized in many aspects such as hot water, 

lighting, heating, electricity, and cooling [1, 8-11]. As a representative of new energy, the solar energy industry is 

a mainstream trend, and the development and utilization of SE has been pushed to the forefront. In particular, SE 

and building optimized structures have gradually become the development direction of solar thermal utilization 

in my country, and good energy-saving effects have been achieved [12-17]. 

In recent years many research focused on energy conservation and improvement of energy utilization efficiency 

have attracted researches attention [18-21]. The recycling of waste heat is an important measure to improve energy 
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utilization efficiency [7, 22, 23]. The vigorous development and widespread use of SE can effectively reduce 

dependence on fossil energy [24, 25]. The SE reduce dependency on traditional energy consumption due to the 

heat source of the evaporation end of a gas heat pump [26, 27]. In [28] experimentally investigate the solar water 

heaters and water source heat pump heating to optimize the heating conditions of during winter. The results show 

that the performance of the main equipment meets the requirements and the design scheme is feasible. In [29] 

proposed explained the different operating modes of the phase-change heat storage (Phase change material)  and 

a solar-ground source heat pump system and determined the conversion conditions of different modes, increased 

the flexibility of system operation, and improved the operating performance coefficient. In [30] proposes a gas-

driven solar heat pump heating system combining the traditional gas engine heat pump and the electrically driven 

solar heat pump. The system can overcome the shortcomings of low system efficiency and high energy 

consumption, and solve the defrosting problem of air source gas heat pump in winter. 

At present, natural gas is the cleanest energy source among many energy sources in the world. Due to its abundant 

reserves, the development and utilization of natural gas has attracted more and more attention from countries all 

over the world. In [31] investigate the Gas Engine Heat Pump (GHP) performance driven by a gas engine to drive 

a compressor for short duration. In [32] studied the gas heat pump system, expounding the advantages of high 

performance and low cost of gas heat pump, reflecting the advantages of this energy saving and environmental 

protection technology. Although water heating using natural gas to replace electric energy for operation to alleviate 

the shortage of peak power consumption [33]. There are still problems that cannot be solved by using gas heat 

pumps for heating problem of winter air source gas heat pumps problem [34].  

This paper investigate the performance of SGHP systems that use SE as the evaporative heat source. The solar 

gas heat pump system uses SE as the heat source of the system evaporator compared with the traditional gas heat 

pump. It makes full use of natural and pollution-free SE resources, which can reduce energy consumption and 

increase WHR in the system. The simulation of waste heat recovery has obtained the relationship between jacket 

steel cooler and engine speed, the relationship between WHR ratio and energy utilization rate, and the matching 

relationship between gas engine and tank cooler and exhaust heat exchanger for further research and using the 

system provides theoretical guidance. In-depth analysis of operating conditions after the installation is carried out 

to explore more reasonable waste heat recovery methods. 

DESCRIPTION OF SOLAR GAS HEAT PUMP SYSTEM 

The gas-fired heat pump system is environmentally friendly, energy-saving, comfortable and simple, with less 

initial investment, only requires gas and a small amount of electricity during operation, and the control operation 

of the system is relatively simple. In a gas heat pump system, the engine is the power source of the entire system. 

As the SE changes significantly with the seasons, as well as the changes in sunny and cloudy days, the difference 

in radiation amount is large, which leads to a large change in the heat production of solar collectors. Therefore, to 

meet the required hot water demand, setting up an auxiliary heat source is an essential step. The hot water system 

designed on the operating principle of air source heat pump is based on the reverse Carnot cycle, and its advantages 

of high efficiency and energy saving have attracted more and more attention.  
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The solar gas heat pump heating system is divided into three major processes: the evaporator side water cycle 

process, the heat pump unit refrigerant process and the condenser side heat recovery cycle water process. Figure 

1, show the overall schematic diagram of a SGHP heating system. The main system equipment’s include solar 

heat collector, gas heat pump unit, hot water storage tank, a cylinder liner cooler, and a exhaust heat recovery 

device. The natural gas is used as main fuel inside the gas engine system, part of the heat released by fuel 

combustion is converted into mechanical energy to drive the heat pump compressor to perform work, to realize 

the heating cycle of the heat pump, so as to achieve the purpose of raising the heat of the low temperature heat 

source to high temperature for heating.  

The working principle of the water circulation process on the side of the evaporator is: the high-temperature 

circulating water from the outlet of the solar collector enters the hot water tank for heat storage, and the low-

temperature circulating water flowing out of the hot water tank is sent to the solar collector by the circulating 

water pump. The solar heat collector absorbs the SE and the temperature rises and then enters the hot water storage 

tank for heat storage, and so on. After the circulating water of the solar collector enters the hot water collection 

tank for heat storage, it returns to the collector for heat collection. The low-temperature circulating water from the 

outlet of the heat exchanger first enters the high-temperature condenser of the heat pump cycle and performs with 

the condenser. After rising, it flows into the cylinder liner cooler of the gas engine, and exchange heat with the 

high-temperature cooling water in the cylinder liner cooler (the temperature of the cooling water in the cylinder 

liner cooler is generally 80-100 ℃) [20]. After being increased again, the exhaust heat recovery device flowing 

into the flue gas system exchanges heat with the higher temperature flue gas (exhaust gas temperature is generally 

about 500 ℃) [21], and the temperature of the circulating water has reached sufficient High, it exchanges heat 

with the low-temperature user heat exchanger. After the heat is transferred to the demand, the temperature is 

lowered, and the power of the circulating water pump is sent back to the condenser of the heat pump cycle. After 

the heat exchange with the high-temperature condenser, the temperature increases will back enter a new cycle 

again, so that the heat is continuously supplied to users back and forth. 

 

Figure 1. Principle of solar gas heat pump heating system  
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THE DESIGN OF MAIN COMPONENTS  

The main SGHP system is consist of a hot water tank storage, a solar collector, a gas heat pump unit, a sleeve 

cooler, and a smoke exhaust heat recovery device. In the gas engine heat pump simulation in this article, the gas 

engine sub-model is mainly to obtain the gas engine general performance indicators, combined with other 

component models in the system. If the selected gas engine model is too complex, not only will the calculation 

cost be higher, but problems may also occur after being combined with other components. The a zero-dimensional 

model to simulate assumes that the thermal state and chemical composition of each point in the system are the 

same and that the parameters in the system do not change with space coordinates but only with time change to 

simplify the system model due to the periodic change of cylinder displacement [35, 36]. In addition, if the 

traditional steady-state method is used to simulate the heat exchange process of the flue gas heat exchanger, larger 

errors will be produced, while the dynamic simulation method can be more accurate. It reflects the real heat 

transfer and flow conditions in the flue gas heat exchanger, and compared with other methods such as the 

characteristic line method, the concentrated heat capacity model adopting the dynamic method does not need to 

consider the changes of fluid parameters along the way, and the calculation is more accurate. It is fast, and at the 

same time, the calculation cost is greatly reduced and the calculation speed is increased. Therefore, the 

concentrated heat capacity method is used to establish the plate-fin smoke exhaust heat exchanger model. 

Design of solar collectors 

The all-glass evacuated tube collector has strong heat collection capacity, good thermal stability and insulation 

performance, and moderate price. Its insulation and antifreeze effect is very good because the evacuated tube 

collector has a vacuum layer. The heat stored in the water tank during the day is not at night. The heat will be lost 

due to the heat release of the collector tube, resulting in heat dissipation and waste, preventing the "freezing tube" 

phenomenon in winter. The all-glass vacuum tube solar collector has a certain degree of anti-freezing ability, and 

it is suitable for winter temperatures -15~20℃ area [20－23]. In view of the above advantages, the author adopts 

vacuum tube solar collector, which can absorb SE well and will not bring too much burden to the initial investment. 

According to DEST and TRNSYS software simulates and analyzes the dynamic load of the benchmark building. 

According to the calculation of the average heat collection efficiency of the collector selected in the heating period 

of 38%, the heating system should provide at least 742.08 MW.h of heat to the heat users every year. To calculate 

the total area of the collector required by the solar collector system as 

𝐴0 =
𝑄𝑓

𝐽𝑡𝜂𝑐𝑑(1−𝜂𝐿)
        (1) 

Where: 𝐴0 is the lighting area of the direct system collector, m2; Q is the average daily heat consumption of the 

building, kW•h; 𝐽𝑡 is the daily average solar radiation on the lighting surface of the local collector, 15.000MJ/ 

(m2•d); 𝑓 is the solar energy rate, taken as 50%; 𝜂𝑐𝑑 is the flat-plate collector average heat collection efficiency 

per the daylighting area, taken as 38%; 𝜂𝐿 is pipeline heat loss rate [37, 38], which fix at 30%. 

The glass evacuated tube solar collectors selected to be installed on the outdoor roof, and the inclination angle is 

determined to be 45° according to the geographical location. 
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Gas engine model parameters 

The heat pump unit model should be selected based on the winter heat load of the reference building. In this 

system, select non-pressurized gas the rated speed is 1200r/min and the power is 42kW. In the simulation process, 

the excess air coefficient can be set to 10-4 during compression and expansion, 1.1 for other processes, the 

maximum cylinder volume is 1.10468×10-3m3, and the air volume in the cylinder is 1.00855×10-3m3. 

The parameters of the unit are shown in Table 1. 

Table 1. Gas engine parameters 

Parameter Value Parameter Value 

P  0.622 MPa T 4 

S  114.3 mm PL  14.5 kW/L 

Cm  10.5 m/ Sec P  42 kW 

n  1200 r/min V 5.55 L 

D  101.6 mm Ttg   343 N·m 

Z 6 ε 6.2 

 

Where 𝑃 is the average effective pressure; 𝑆 is the piston stroke; 𝐷 is the cylinder diameter; 𝑉 row is the total 

displacement of the piston; 𝑍 is the number of cylinders; 𝑇 is the number of strokes; 𝐶𝑚 is the average piston 

speed; n is the rated speed; 𝑇𝑡𝑔 is the torque; 𝜀 is the compression ratio; 𝑃𝐿  is the power per liter; and 𝑃 is the 

rated power;. 

Design of cylinder cooler 

This system needs to recover the engine cooling waste heat, and use this part of the waste heat to further heat the 

circulating heating water. During the simulation process, the cylinder wall temperature is set to 110 ℃ [38], and 

the optimal operation of the engine is ensured by controlling the cooling water flow. Under the rated speed, the 

heat taken away by the system through the cylinder wall, piston and cylinder head of the engine is theoretically 

about 33% of the total heat. From Figure 2, it can be seen that the heat taken away by the cylinder wall of the 

engine accounts for 29% to 34% of the total heat, which is not much different from the actual. If it is not recycled, 

1/3 of the heat of the engine is wasted is a waste of energy.  
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Figure 2. The relation of cylinder wall heat taken and the total heat of the engine follow the engine 

Exhaust heat recovery device model parameters 

The exhaust temperature of the engine is generally very high, which can reach 500-600℃, and has a high 

utilization value. If it is directly discharged into the atmosphere, it will undoubtedly waste energy and pollute the 

environment. This part of the heat can be reduced by the exhaust heat recovery device in which recycling can 

effectively improve the energy efficiency of the system [27]. In this system, a finned tube heat exchanger is used 

as the exhaust heat recovery device in the flue gas system of a gas engine. Table 2 shows a set of data obtained by 

calculating the inlet flow rate of the finned tube heat exchanger after the heat exchanger is selected. It observed 

that the heat exchanger size has a certain influence on the exhaust velocity. 

Table 2. The flue gas heat exchanger parameters  

Pressure drop 

(kPa) 

Velocity 

(m/Sec) 

Nusselt 

number (Nu) 

Total heat 

transfer rate (%) 

Heat transfer 

coefficient 

(W/m2K) 

114.12 2.8 37.64 21.13 56.12 

131.11 3.8 45.76 25.00 68.21 

140.62 4.8 52.96 28.12 78.93 

175.84 5.8 59.88 30.69 89.26 

200.27 6.8 66.37 33.01 98.93 

RESULT AND DISCUSSION 

The heat exchange of the cylinder cooler 

Table 3 shows the heat 𝑄𝑟  taken away by the engine cooling system when the cooling water temperature is 65~95℃ 

at different speeds. It can be seen from the table that at the same speed, with the increase of the cooling water 

temperature, the heat taken away by the cooling water shows a slight decrease trend, and the good operation of 
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the engine can be ensured when the cooling water temperature is 80-90℃ , Under the same cooling water 

temperature condition, the heat taken away by the cooling water increases as the engine speed increases, and the 

heat loss through the wall increases by 2.1kW when the engine speed increases by 100r/min. 

Table 3. The cylinder liner cooling under different engine speeds (r per min.)  

t (℃) 𝑄𝑟  (kJ) 

1100 r/min 1150  1200 1250  1300 

65 19.465 20.365 21.265 23.365 26.465 

70 19.175 20.069 20.975 23.076 26.177 

80 18.584 19.485 20.383 22.486 25.579 

85 18.291 19.193 20.089 22.192 25.294 

90 18.796 18.904 19.811 22.199 25.132 

95 17.708 18.634 19.563 21.628 24.713 

Matching of gas heat pump engine and cylinder jacket cooler 

Table 4 shows the cooling water flow 𝑄𝑙  at different engine speeds corresponding to different cooling water 

temperatures. It can be seen that when the engine speed is 1100r/min, when the cooling water temperature changes 

from 65℃ to 95℃, the cooling water flow rate increases from 1.4g/s to 3.83g/s; when the engine speed is 

1300r/min, the cooling water The flow rate is increased from 1.97g/s to 6.25g/s; for every 100r/min increase in 

the engine, the required cooling water flow rate increases by 0.285~1.21g/s. 

Table 4. The cooling water flow at different engine speeds (r per min.) to different cooling water temperatures 

t (℃) Ql/kJ 

1100 r/min 1150 r/min 1200 r/min 1250 r/min 1300 r/min 

95 3.83 4.03 4.22 4.63 6.25 

90 3.00 3.18 3.33 3.67 4.15 

85 2.10 2.22 2.32 2.55 2.90 

80 1.82 1.90 2.00 2.20 2.52 

70 1.58 1.68 1.75 1.93 2.20 

65 1.40 1.48 1.55 1.72 1.97 

Control of the pressure of the flue gas heat exchanger 

The WHR ratio refers to the ratio of the heat recovered by the waste heat to the heat taken away by the exhaust 

gas. Because the amount of WHR is not as much as possible, the larger the volume of the exhaust heat exchanger, 

as can be seen from Table 4, at the same speed, With the increase of the cooling water temperature, the heat taken 

away by the cooling water shows a slight decrease trend. The good operation of the engine can be ensured when 

the cooling water temperature is 80~90℃ [39], under the same cooling water temperature, the cooling water belt 

the heat that goes away increases with the increase of the engine speed, and the heat loss through the wall increases 

by 2.1kW when the engine speed increases by 100r/min.  
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Figure 3 shows the change of energy utilization rate with WHR ratio. From Figure 3, it can be seen that as the 

WHR ratio increases, the percentage of WHR in the exhaust heat is increased, and the total energy utilization rate 

increases. When the WHR ratio is 0.7, the total energy utilization rate continues to increase. It shows a steady 

downward trend, indicating that the exhaust gas waste heat cannot be recovered infinitely. It is necessary to recover 

the exhaust gas waste heat as much as possible under the premise of ensuring the overall performance of the 

engine.  

 

Figure 3. The relation of energy efficiency with WHR ratio 

Figure 4 shows the change in the energy utilization loss rate with the WHR ratio. It can be seen that as the WHR 

ratio increases, the energy utilization loss rate increases. When the WHR ratio increases from 0.4 to 0.9, the system 

energy utilization loss rate rises from 4.5% to 27.2%. In order to ensure the overall engine system Performance, 

the more waste heat cannot be recovered, the better, there is the best WHR ratio. Figure 4 shows the change in 

pressure loss with the WHR ratio. It can be seen that the pressure loss increases with the increase of the WHR 

ratio. The pressure loss curve rises sharply when the WHR ratio is 0.7-0.9, and the pressure loss increases sharply, 

which will have a significant impact on the performance of the gas engine control the pressure of the flue gas heat 

exchanger within a certain range. At the same time, considering that the more WHR, the better the economy and 

the higher the energy utilization rate. Therefore, only the upper limit of the pressure of the flue gas WHR device 

needs to be found. In summary, it is determined that the pressure of the exhaust heat recovery device is less than 

190.27kPa. 
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Figure 4. The relation of energy utilization loss rate Pressure loss changes with WHR ratio 

Figure 5 shows the ratio of total energy and available total energy with WHR. The total energy in Figure 5 is the 

energy released by the combustion of natural gas in the engine cylinder; the available total energy is the sum of 

the energy converted by the engine, the heat recovered by the cooling of the sleeve cylinder, and the heat recovered 

by the exhaust heat. It can be seen that the ratio varies with the WHR With the increase of, the energy released by 

the combustion of natural gas in the engine cylinder gradually decreases, which has severely affected the 

performance of the engine. This is because the more exhaust heat is recovered, the larger the heat exchanger area 

is required and the greater the resistance generated and this will affect the engine's exhaust volume, and then affect 

the combustion of natural gas in the engine. When the WHR ratio is between 0.4 and 0.7, the available total energy 

shows an upward trend, and between 0.7 and 0.9, the available energy shows a downward trend, indicating the 

waste heat. When the recovery amount accounts for 70% of the total waste heat of the exhaust gas, the maximum 

energy utilization can be obtained. 

 

Figure 5. The change of heat with WHR ratio 
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Matching of gas heat pump engine and smoke exhaust heat exchanger 

Figure 6 shows that when the WHR ratio is 0.7, the amount of WHR of exhaust gas changes with the engine speed. 

As the engine speed increases, the amount of WHR also increases significantly. When the engine speed is 

1050r/min, the amount of WHR of exhaust gas. When the engine speed is increased to 1350r/min, the WHR 

amount of exhaust gas reaches 17kJ. Figure 7 shows the change of the engine displacement with the engine speed. 

It can be seen that under a fixed WHR ratio, the engine exhaust the air volume increases as the engine speed 

increases. When the engine speed is 1050r/min, the engine displacement is 0.030kg/s; when the engine speed is 

1350r/min, the engine displacement is 0.042kg/s. 

 

Figure 6. The amount of WHR of exhaust gas varies with engine speed 

 

Figure 7. Engine displacement changes with engine speed 

Figure 8, shows the change of WHR area with engine speed. It can be seen from Figure 9 that under a fixed WHR 

ratio, as the engine speed increases, the area of the WHR device that the system needs to configure increases. 

When the engine speed is 1050 r/min, the area of the WHR device is 1.47m2 and the area will increase with the 

speed of the engine. When the engine speed increases by 100 r/min, the area of the WHR device needs to be 

increased by 0.173 m2. 
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Figure 8. The area of the WHR device varies with the engine speed 

CONCLUSION 

This paper investigates the performance of SGHP systems that use solar energy as the evaporative heat source. 

The main observation can be concluded as: 

1) After adding the exhaust heat recovery device, the back pressure of the system is increased and the performance 

of the engine is reduced. The analysis shows that the exhaust heat recovery device has a certain relationship with 

the gas engine, and the exhaust heat recovery device should be selected reasonably, and the resistance generated 

by it should be controlled within a reasonable range to prevent the recovered heat from not making up for the 

decrease in engine efficiency. 

(2) When the engine increases by 100r/min, the required cooling water flow increases by 0.285~1.21g/s. The 

temperature of circulating heating water can be increased by 2~5℃, and the temperature of circulating water will 

increase by 47~50℃. 

(3) Under a fixed WHR ratio, as the engine speed increases, the WHR amount of the engine, the exhaust volume 

of the engine and the WHR area of the engine will all increase. 
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