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ABSTRACT 
 In this study, the part-load performance of a gas 
engine-driven heat pump (GHP) system for cooling 
application was studied. A novel energy-efficient air 
source GHP experimental setup was designed based on 
the use of scroll compressors with R410A. The waste-
heat-recovery efficiency (ηh) under different engine 
speed Neng (1200-2400 r/min) was studied under the no-
load operation of the engine. The experimental study 
on part-load characteristics of the GHP system was 
carried out under the cooling load rates (Lperc) of 25 %, 
50 %, 75 %, and 100 %. The results show that the ηh of 
the GHP system is between 53.8% and 59.6% under 
different Neng. With the increase in Lperc, the values of 
Qc, Pgas, and Pcomp all increase gradually, whereas PER, 
PERall, and Pcomp initially exhibit an increasing trend, and 
subsequently, exhibit a decreasing trend. It shows that 
the GHP system has higher energy efficiency at middle 
part-load during cooling operation. The values of IPLVCOP 
and IPLVPER in the GHP system are 4.435 and 1.256, 
respectively, which indicates that the GHP system has 
an efficient integrated part-load performance. 
Keywords: gas engine-driven heat pump, part-load, 
IPLV, primary energy ratio, distributed energy system 

NONMENCLATURE 

Abbreviations 
EHP electric-driven heat pump 
GHP gas engine-driven heat pump 
IPLV integrated part-load value 
PER primary energy ratio 
Symbols 
cp,w specific heat capacity of water 

Lperc cooling load rate 
Ncomp compressor speed 
Neng engine speed 
Pgas gas consumption power 
Qall total effective utilization energy 
Qc cooling capacity 
Qc,cal the calculated cooling capacity 
Qh,dom the recovered waste heat 
Rdevi The cooling capacity deviation rate 
ηeng thermal efficiency of the gas engine 
ηh waste-heat-recovery efficiency 

1. INTRODUCTION
A gas engine-driven heat pump (GHP) is an

advanced heat pump technology, which has the 
advantages of low-carbon, energy-saving, and clean 
heating [1]. The GHP system can realize multiple 
functions such as cooling in summer, heating in winter, 
and providing domestic hot water throughout the year. 
Compared with the electric-driven heat pump (EHP) 
system, the GHP system changes the driving power 
source of compressor from an electric motor to a gas 
engine. Owing to the change of the driving power of the 
compressor, there is a large amount of engine waste 
heat in the GHP system. The GHP system realizes the 
cascade utilization of energy based on the distributed 
energy system, which can significantly improve the 
primary energy ratio (PER) of the system. Compared 
with the EHP system, the GHP system has a series of 
significant advantages [2], such as (1) high PER, (2) 
strong heating capacity, and (3) low operating costs. 
The GHP system can easily realize variable capacity 
adjustment due to the wide range of gas engine speeds. 
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Therefore, the GHP system has good part-load 
performance [3]. 

Several researchers mainly carried out the study of 
GHP system on related experiments [4-7], hybrid heat 
pump technologies [8,9], simulation study based on 
mathematical models [10], and economic analysis of 
operation [11]. However, most of the studies were used 
the piston compressors with poor efficiency, and the 
refrigerant was R134a or R407C. As a result, these GHP 
systems had the shortcomings of low energy efficiency 
and large unit size. Judging from the actual cooling 
performance of the traditional GHP systems, they have 
no obvious advantages over the latest EHP systems. In 
addition, there is little research on performance of the 
GHP system with R410A for cooling application, 
especially for part-load characteristics. In order to 
improve the operation economy throughout the year 
for the GHP system, the study on part-load performance 
of the GHP system in cooling mode is very important. To 
effectively alleviate the huge power demand pressure in 
summer by using air conditioners under the targets of 
peaking carbon emissions and carbon neutral in China, a 
novel energy-efficient GHP experimental setup was 
designed based on a gas engine and two open scroll 
compressors with R410A. The part-load performance of 
the GHP system under different cooling load rates is 
studied on the experimental setup, which provides the 
important data support for the large-scale application 
of GHP system in China and around the world in the 
future. 
2. EXPERIMENT SETUP

The schematic diagram of the experimental setup
of the GHP system is shown in Fig. 1. The setup consists 
of five main parts: (1) a gas supply unit, (2) a power and 
heat-recovery system unit, (3) a heat-pump system unit, 
(4) a cooling water circuit unit, and (5) a domestic hot
water circuit unit.

Fig. 1 Schematic diagram of the experimental setup of 
GHP system 

The gas supply unit provides natural gas for the 
GHP system. The power and heat-recovery system unit 
comprises a gas engine and waste-heat recovery 
system. The gas engine is the driving power source of 
the system, and the waste-heat recovery system 
comprises the engine-cylinder-liner heat exchanger, 
exhaust-heat-recovery heat exchanger, waste-heat-
recovery heat exchanger, coolant, and circulating pump. 
The heat-pump system unit comprises two open scroll 
compressors, heat exchangers, throttling devices, etc. 
The units of cooling water circuit and domestic hot 
water circuit are mainly composed of the corresponding 
circulating water circuit pipelines, water flowmeter, 
water pump, and heat preservation water tank. In these 
experiments, the inlet and outlet temperatures of 
cooling water and domestic hot water are measured by 
PT100 thermal resistance sensors, and all other 
temperatures are measured by T-type thermocouples. 
The flow rate of the natural gas is obtained by a gas 
roots flow meter. The measurement instruments used 
in this test are listed in Table 1.  
Table 1 
Specifications of measuring instruments. 

Measurement 
instruments 

Product model Range Accuracy 

Cooling water flow 
meter 

SE205MM 0–50 (m3/h) ± 0.5 % FS 

Domestic hot 
water flow meter 

LWGY-FMT-DN40A 2–20 (m3/h) ± 0.5 % FS 

Temperature 
sensor 

STT-T/PT100 -50–100 (℃) ± 0.1 ℃ 

Temperature 
sensor 

T-type thermocouple -200–350 (℃) ± 0.5 ℃ 

Gas flow meter RM-25Z-G10 0.4–16 (m3/h) ± 1 % FS 
Pressure sensor Sensata 35CP82-30MD 0–2000 (kPa) ± 1.5 % FS 
Pressure sensor Sensata 35CP82-31MD 0–4600 (kPa) ± 1.5 % FS 

Note: FS is the full scale 

The GHP system is composed of four fluid cycles: 
refrigerant circulation, engine coolant circulation, 
cooling water circulation, and domestic hot water 
circulation. Each fluid cycle interacts with other cycles 
to form the heat transfer in the GHP system. 
3. DATA ANALYSIS

The cooling capacity (Qc) of the GHP system can be
calculated using the following expression: 

c p,w w w,in w,out( )Q c M t t    ,  (1) 

where Qc is the cooling capacity of the GHP system; cp,w 
is the specific heat capacity of water at constant 
pressure; Mw is the mass flow rate of cooling water; tw,in 
and tw,out are the inlet and outlet temperatures of 
cooling water in the evaporator, respectively. 

When the GHP system recovers the engine waste 
heat to produce domestic hot water in cooling 
operation mode, Qc and the recovered waste heat 
(Qh,dom) can be effectively utilized at the same time. The 
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total effective utilization energy (Qall) is the sum of Qc 
and Qh,dom, and the expression is 

all c h,domQ Q Q  . (2) 

The volume flow rate of water (Gw) is usually 
measured in the experiment. The conversion 
relationship between Gw and mass flow rate (Mw) can 
be expressed as 

w w
w

3600

 


G
M , (3) 

where Gw is the volume flow rate of cooling water and 
ρw is the density of cooling water. 

Fig. 2 The pressure-enthalpy diagram for GHP 
refrigerant circulation 

The heat exchange between the refrigerant and 
cooling water at the evaporator is defined as the 
calculated cooling capacity (Qc,cal). The Qc,cal is 
calculated, based on the pressure-enthalpy diagram (lg 
p-h) shown in Fig. 2, using the following expression:

c,cal ref 6 5 ref 6 4( ) ( )Q M h h M h h      , (4) 

where Qc,cal is the calculated cooling capacity; Mref is the 
mass flow rate of the refrigerant circulating through the 
evaporator; h5 and h6 are the specific enthalpies of 
refrigerant at the inlet and outlet of the evaporator; h4 
is the specific enthalpy of refrigerant at the inlet of the 
evaporator before throttling. 

The cooling capacity deviation rate (Rdevi) is defined 
as the deviation between Qc,cal and Qc. The calculation 
formula of Rdevi is 

c,cal c

devi

c

100%
Q Q

R
Q


  .    (5) 

The mechanical power of the GHP system comes 
from the gas engine, and the primary energy 
consumption of the gas engine is expressed as 

gas gasP V LHV  , (6) 

where Pgas is the primary energy consumption power of 
the gas engine, referred to as the gas consumption 

power; Vgas is the volume flow rate of natural gas 
consumed by the gas engine; LHV is the low calorific 
value of natural gas used in this experiment, and the 
calculated as a constant value (35540 kJ/m3). 

The entire heat of primary energy consumption of 
gas engine (Pgas) has four destinations: (a) the effective 
work converted from the thermal efficiency of the 
engine (Peng); (b) the waste heat power in the engine-
cylinder-liner coolant (Pcyl); (c) the waste heat power 
carried in the exhaust gas (Pexh); (d) the heat loss power 
of the engine (Ploss). The relation can be expressed as 

gas eng cyl exh lossP P P P P    . (7) 

The effective power of the engine (Peng) can be 
expressed as 

eng eng

eng gas eng
9550

T N
P P 


   , (8) 

where ηeng is the thermal efficiency of the gas engine, 
Teng is the output torque of the gas engine, and Neng is 
the gas engine speed. In this study, the values of Teng 
and Neng are obtained through the electronic control 
unit controller of the gas engine. 

The engine and compressors of the GHP system 
were connected using a V-ribbed belt. The transmission 
efficiency (ηt) of multi-V belt is usually 92-97 %, and in 
this study, ηt is considered as a constant at 95 %. The 
compressor power (Pcomp) satisfies the following 
relationship: 

comp eng tP P   . (9) 

The power source of the GHP system is natural gas, 
which is the primary energy source. This study 
introduces primary energy ratio, abbreviated as PER, to 
characterize the energy consumption performance of 
the GHP system [12,13]. PER and PERall are the primary 
energy ratios of Qc and Qall, respectively, and the 
expressions are as follows: 

c

gas

Q
PER

P
 ; (10) 

c h gas compall
all

gas gas

( )  
 

Q P PQ
PER

P P
.      (11) 

In equation (11), ηh is the waste-heat-recovery 
efficiency, which can be taken as 60 % through the 
analysis of ηh below. 

The coefficient of performance, abbreviated as 
COP, characterizes the heat pump performance of the 
GHP system, and the expression is expressed as 

c

comp

Q
COP

P
 .    (12) 

Combining equations (8), (9), (10), and (12), the 
correlation between PER and COP can be expressed 
as 
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eng tPER COP     .          (13) 

As observed from the above equation, PER is 
affected by COP, ηeng and ηt. As ηt remained constant 
at 95 %, PER is affected by COP and ηeng. 
4. RESULTS AND DISCUSSION 

In order to understand the part-load performance 
of the GHP system for cooling application, related 
experiments were carried out on the GHP experimental 
setup. The waste-heat-recovery efficiency (ηh) at 
different engine speeds Neng (1200-2400 r/min) was 
studied under the no-load operation of the gas engine. 
According to the test conditions of IPLV in the air-cooled 
chilled water (heat pump) unit specified in national 
standard GB/T 18430.1-2007 of China, the experimental 
study on part-load performance of the GHP system was 
carried out under the cooling load rates of 25 %, 50 %, 
75 %, and 100 %, respectively, and the corresponding 
ambient air temperatures were 24.5 ℃, 28 ℃, 31.5 ℃, 
and 35 ℃, respectively. The IPLVs of the GHP system 
(including IPLVCOP and IPLVPER) were calculated by 
analogy with EHP, and the changes of part-load 
performance of the GHP system were obtained. 

4.1 Analysis of waste heat recovery efficiency 

When the gas engine runs without load, it does not 
output the mechanical power, and all of the input 
primary energy in the system will be transferred to the 
engine waste heat. The GHP system in this study has 
been equipped with a waste-heat-recovery system for 
the utilization of engine-waste heat, which can transfer 
most of the engine-waste heat to the coolant. Part of 
the waste heat is recovered to domestic hot water by 
heat exchange through the waste-heat-recovery heat 
exchanger in Fig. 1. And the ratio of Qh,dom to Pgas, 
namely PER, is actually the ηh of the GHP system. 
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Fig.3 Variations in Pgas, Qh,dom, and PER with engine 

speed when the engine runs without load. 

Fig. 3 shows the influence of different Neng (1200-
2400 r/min) on Pgas, Qh,dom, and PER when the ambient 
air temperature of the GHP system is 15 ℃ and the gas 
engine is under no-load operation. As shown in Fig. 3, 
with the increase in Neng, Pgas and Qh,dom show an 
increasing trend. As Neng increases, the gas engine needs 
to overcome larger internal friction work to operate, 
which will consume more natural gas. As more natural 
gas needs to be consumed, Pgas gradually increases. As 
observed from Fig. 3, PER is between 53.8 % and 59.6 % 
under different Neng. This indicates that the variation of 
ηh is small. The increase of Pgas leads to more engine 
waste heat recovered in the system. After waste heat 
recovery, Qh,dom increases with the increase in Neng. 
Therefore, the ηh of the GHP system in this study is 
approximately 60 %. When the gas engine runs under 
high load, more waste heat will be recovered to the 
domestic hot water in the GHP system. 

4.2 Performance of different cooling load rate 

In the national standard GB/T 18430.1-2007 of 
China, the performance of air-cooled chilled water 
(heat pump) units under different cooling load rates 
(Lperc) was explained. The IPLV which calculated by 
four cooling load rates can be used to evaluate the 
cooling performance of the GHP system more 
comprehensively. The main performance parameters 
of the GHP system at the Lperc of 25 %, 50 %, 75 %, 
and 100 % are shown in Figs. 4-6, and the 
corresponding ambient air temperatures are 24.5 ℃, 
28 ℃, 31.5 ℃, and 35 ℃, respectively. The outlet 
temperature of cooling water in the system is 
maintained at 7 ℃. Due to the slight deviation of Lperc 
in the experimental test, the measured Lperc here are 
27.3 %, 52.2 %, 75.2 %, and 100 %, respectively. 
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Fig.4 Variations in engine speed and compressor 

speed with cooling load rate. 
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As shown in Fig. 4, as Lperc increases from 27.3 % to 
100 %, the speed of compressor 1 (Ncomp1) in the GHP 
system gradually increases, whereas Neng and the speed 
of compressor 2 (Ncomp2) initially show a decreasing 
trend, and subsequently, show an increasing trend. 
When Lperc changes from 27.3 % to 52.2 %, the system 
switches from using compressor 2 only to using 
compressor 1 and compressor 2 simultaneously, and 
Neng is decreased from 1400 r/min to 1100 r/min. The 
Neng decreases, but two compressors simultaneously 
used will increase the refrigerant mass flow rate of the 
GHP system. This prompts the GHP system has a larger 
cooling capacity. With the further increase of Lperc, the 
heat-pump system needs a larger refrigerant circulation 
flow, and Ncomp needs to increase synchronously. 
Therefore, Ncomp1 and Ncomp2 increase gradually. The 
changes of the rotational speeds of Ncomp1 and Ncomp2 are 
caused by the change of Neng, thus Neng increases 
gradually as well. 
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Fig.5 Variations in cooling capacity, energy 

consumption, PER, and COP with cooling load rate. 
As observed from Fig. 5, Qc, Pgas, and Pcomp all 

increase with the increase in Lperc, whereas PER, PERall, 
and COP initially exhibit an increasing trend, and 
subsequently, exhibit a decreasing trend. With the 
increase of Lperc, the compressors have larger refrigerant 
circulation flow rate and mechanical work, and the Qc 
and Pcomp increase accordingly. As Lperc increases from 
27.3 % to 52.2 %, the engine speed decreases, but the 
energy consumption of the compressors increase. The 
gas engine outputs more mechanical work by increasing 
the torque at a lower speed, which leads to the increase 
in Pgas. In Fig. 5, as Lperc increase from 27.3 % to 100 %, 
Qc, Pgas, and Pcomp increase from 18.50 kW to 67.80 kW, 
24.95 kW to 68.60 kW, and 5.57 kW to 22.20 kW, 
respectively. The corresponding increase times of Qc, 
Pgas, and Pcomp are 2.67, 1.75, and 2.99, respectively, and 
the increase is very significant. With the gradual 

increase of Lperc, all of PER, PERall, and COP show a trend 
of increasing first and then decreasing, indicating that 
the GHP system has higher energy efficiency when it is 
in the middle part-load during cooling operation. PER 
and PERall reach the maximum values of 1.328 and 1.745 
respectively when Lperc is 75.2 %, and the COP reaches 
the maximum value of 4.622 when Lperc is 52.2 %. The 
reason why the maximum values of PER, PERall, and COP 
are obtained at different Lperc is that the engine has a 
larger ηeng at the Lperc of 75.2 %, which can be drawn 
from Fig. 6. 
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Fig.6 Variations in cooling capacity and ηeng with 

cooling load rate. 
In Fig. 6, Qc and Qc,cal have a similar increasing 

trend. Except for the Lperc of 27.3 %, the maximum 
absolute value of Rdevi is only 3.43 % under different 
Lperc. It can be seen that the Qc,cal calculated based on 
the lgp-h diagram and expression (4) has high 
accuracy at medium and high cooling loads. In Fig. 6, 
with the increase in Lperc, ηeng increases from 23.51 % 
to 34.07 %. The deviation value of ηeng reaches 
10.56 %, and the deviation is significant. When Lperc is 
52.2 %, ηeng reaches 30.01 %. It is beneficial for the 
engine in the GHP system to output a larger 
proportion of mechanical work at medium and high 
loads. Therefore, the engine of the GHP system is 
more economical to operate at medium and high 
loads. 

Based on the calculation formula of IPLV in GB/T 
18430.1-2007, IPLV is the sum of the weighted values 
of different proportional coefficients under four 
cooling load rates of 25 %, 50 %, 75 %, and 100 %, 
and the weighted proportional coefficients are 
10.1 %, 46.1 %, 41.5 %, and 2.3 %, respectively. 
Substituting the values of COP and PER under 
different Lperc into the calculation formula of IPLV, the 
values of IPLVCOP and IPLVPER of the GHP system in this 
study are 4.435 and 1.256, respectively. It can be 
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seen that the integrated part-load performance of 
the GHP system is efficient. 
5. CONCLUSIONS 

In this study, the part-load performance of a novel 
GHP system for cooling application was investigated. 
The waste-heat-recovery efficiency under different Neng 
(1200-2400 r/min) was studied under the no-load 
operation of the gas engine. The experimental study on 
part-load performance of the GHP system was carried 
out under the cooling load rates of 25 %, 50 %, 75 %, 
and 100 %. Based on the reported results, the following 
conclusions can be drawn. 

(1) Under different Neng, the values of PER are 
between 53.8 % and 59.6 %, indicating that the ηh of 
the GHP system is approximately 60 %. It shows that 
the system has an excellent waste-heat-recovery 
efficiency. 

(2) As Lperc increases, Qc, Pgas, and Pcomp all increase, 
whereas PER, PERall, and COP initially exhibit an 
increasing trend, and subsequently, exhibit a decreasing 
trend. This implies that the GHP system has higher 
energy efficiency when it is in cooling operation with 
middle part-load. 

(3) When Lperc increases, ηeng increases from 
23.51 % to 34.07 %. It is beneficial for the engine to 
output a larger proportion of mechanical work at 
medium and high loads. The GHP system is more 
economical to operate at medium and high loads. 

(4) Substituting the values of COP and PER under 
different Lperc into the equation of IPLV, the values of 
IPLVCOP and IPLVPER of the GHP system are 4.435 and 
1.256, respectively. It shows that the GHP system has an 
efficient integrated part-load performance. 
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