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Abstract

Under the background of carbon neutrality, efficient and low-carbon space heating in distributed areas away
from the centralized network is a meaningful topic. In this paper, a gas-fired absorption heat pump was built
and tested during winter in Langfang, a city near Beijing. The unit was driven by direct combustion of natural
gas, and recovered low-grade heat from the ambient air. In order to increase the energy utilization ratio,
solution preheating and intermediate evaporation was introduced. In order to enhance the internal heat recovery
under low ambient temperatures, intermediate absorption was adopted. The measured performance showed
that the outlet temperature of exhaust gas was lower than 35°C, indicating that both the sensible and latent heat
were fully recovered. The average daily primary energy efficiency was over 1.58 and heating capacity was 30
kW, at the ambient temperature of -1.2°C, when supplying 45°C hot water for space heating. It was proven
that the designed unit has great application potential in cold winter areas away from the centralized heating
network.
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1. Introduction

Under the background of carbon neutrality, the reduction in fossil fuel usage and greenhouse gas emission
are urgent and inevitable issues. Over 30% of the worldwide carbon emission is contributed by energy
consumption in buildings [1]. Energy consumption for building space heating and cooling accounts for 58%
and 41% in the urban and rural areas of China [2]. On the other hand, with the improvement of living standards
and the advancement of urbanization in developing countries represented by China, the building area and
energy consumption will be further increased [3]. Improving the space heating systems is of vital importance
for energy conservation and carbon emission re-duction, and to some extent, is an important step towards
achieving carbon neutrality.

In general, space heating can be realized by centralized networks in urban areas. Whereas, the huge initial
capital cost for the network construction and the thermal losses along the pipe lines make centralized networks
unaffordable in rural areas with low population density [4,5]. In terms of heating methods in areas away from
the centralized networks, the wall-mounted gas furnace (GF) [6] and the compression heat pump (CHP) [7]
are usually applied. The GF is low-efficient with primary energy efficiency (PEE) lower than 1. Even though
the coefficient of performance (COP) of the electrically driven CHP can reach 3 [8], the PEE is still low since
thermal power generation with 30-35% efficiency is the major way to generate electricity worldwide [9]. Even
worse, these methods of separate heating greatly increase the initial investment of the consumers, and have
more carbon emissions during production and operation.

As a result, the decentralized or house-central heating system for areas away from the centralized network
has attracted wide attention. The absorption heat pump (AHP) can utilize different kinds of heat sources and
provide heating with wide temperature range. For a single-stage system, its heating temperature ranges from
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40°C to nearly 80°C, fitting for the heating demands of most occasions. It should be noted that the absorption
system needs two kinds of heat sources: one is high-grade driving heat utilized in the generator, and the other
is low-grade heat harvested in the evaporator. For a single-stage absorption system using LiBr-H20 or NH3-
H20 as the working fluids, the generation temperature is in the range of 75-170°C [10], which can be easily
achieved by natural gas combustion.

Compared with other systems including the GF and CHP, the AHP for district heating has the superiority
of high PEE that can reach up to 1.3, due to the ability of utilizing additional low-grade heat through the
evaporator. Zhang et al. [11] studied a hot water driven ground-source AHP for the district heating. They
showed that the energy utilization efficiency was improved and the power consumption was reduced
significantly, compared with those from the electrically-driven heat pump. Moreover, Wu et al. [12] studied a
water-source AHP for the low temperature heating. The measured COP was 1.2 when the temperatures of the
evaporator inlet, generator inlet and hot water outlet were set to -10°C, 130°C and 45°C, respectively.
Moreover, the system could operate at the evaporator inlet temperatures of -18°C. Garrabrant et al. [13] studied
a gas-fired NH3-H,O AHP, and the COP was 1.63 when producing 45 °C hot water under the ambient
temperature of 20°C. Keinath et al. [14] investigated a gas-fired NH3-H>O AHP. The system achieved a COP
of 1.74 when the ambient and water inlet temperatures were 20°C and 32°C, respectively.

The above-mentioned studies were all based on the single-effect system, which means the driving heat only
triggered one generation process. Actually, the AHP systems were studied extensively aiming to find out the
most suitable system con-figuration for the residential applications and district heating. Wu et al. [15] reviewed
various heating methods based on the AHP technology, and discussed their application and development in
different fields. Phillip et al. [16] investigated six different configurations, including double-effect, absorber
augmented, double-effect regenerated, and generator-absorber heat exchange (GAX), and found that the
optimal one is the GAX configuration. Kang et al. [17,18] studied the hybrid GAX system, where a compressor
was added between the generator and the condenser to increase the heating temperature of the con-denser.
Results showed that the absorber could provide 47°C hot water for district heating, and the condenser could
provide hot water up to 100°C for other purposes. However, the GAX system was not suitable for cold regions,
because as the ambient temperature decreases, the temperature overlaps between the generator and the absorber
decreased or even disappeared. Garimella et al. [19] simulated a GAX system, and found that for the ambient
temperature of 5.6°C, the COP reached up to 1.4, while when the ambient temperature de-creases to -30°C,
the COP reduces sharply to 1.05. In order to improve the performance in cold regions, a double-stage [20] and
a compression-assisted [21] AHP were developed.

In this paper, a gas-fired absorption heat pump was built and tested during winter in Langfang, a city near
Beijing. The unit was driven by natural gas direct combustion, and recover low-grade heat from the ambient
air. In order to increase the energy utilization ratio, solution preheating and intermediate evaporation was
introduced. In order to enhance the internal heat recovery un-der low ambient temperatures, intermediate
absorption was adopted.

2. System description
2.1. System Configuration

The schematic diagram of the gas-fired AHP system is shown in Figure 1. The system consists of four
branches including the gas, water, solution and refrigerant branch, which are illustrated by the orange, blue,
purple and green lines, respectively. Moreover, state points in the four branches are presented as G, W, S and
R, separately. For example, W1 presents the return water state point, while G4 presents the flue gas outlet state
point.

For the gas branch, the mixture of the natural gas and oxidizing air G1 enters the combustor, and the
combustion heat is delivered to the generator. The high temperature flue gas G2 enters the solution preheater,
heats the strong solution S1 flowing to the generator, and the temperature is reduced to a medium value. Then
the medium temperature flue gas G3 enters the intermediate evaporator and the temperature is further reduced,
and finally it is discharged to the ambient.

For the water branch, the return water W1 passes through the condenser, rectifier and absorber subsequently
and absorbs the heat generated by each component. The water temperature increases gradually and the supply
water W4 is supplied to hot consumers.

For the solution branch, the strong solution S1 is preheated by the flue gas, and after mixing with the reflux
solution SO from the rectifier, enters the generator and flows downward. The strong solution is first heated by
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the generated weak solution S2, and generates part of the ammonia vapor. Then the solution is further heated
by the gas combustion, and generates large amounts of ammonia vapor. In the meantime, mass transfer occurs
between the solution and the vapor, along the packing. The generated weak solution S2 returns back to the
generator to undergo the internal heat recovery process, hence its temperature decreases. After the expansion
process, the weak solution S4 flows through the intermediate absorber and the absorber, and absorbs the
ammonia vapor from the intermediate evaporator and the evaporator respectively. Finally, it turns to the strong
solution S7, flowing to the solution tank. After pressurizing by the solution pump, the strong solution S8 enters
the intermediate absorber to recover the absorption heat, and then it is further heated by the high temperature
flue gas in the solution preheater.

For the refrigerant branch, the ammonia vapor RO from the generator enters the rectifier. It is partially
condensed to the reflux SO, while the remaining enters the condenser and is condensed to the liquid ammonia
R2. After the subcooling and expansion process-es, the ammonia refrigerant enters the intermediate evaporator,
recovers the waste heat of low temperature flue gas and is partially evaporated. The vapor-liquid mixture R5
enters the separator, where the vapor and liquid are separated. The vapor part R6 enters the intermediate
absorber and is absorbed by the weak solution, while the liquid part R7 goes throttling and then enters the
evaporator, where it absorbs heat from the ambient and is evaporated completely. After evaporation, the
ammonia vapor R9 is superheated in the sub-cooler, and then enters the absorber and is absorbed by the
solution.

Except for the above four branches, there exits another branch for defrosting, which is presented with the
dotted purple lines in Figure 1. During the defrosting process, the de-frosting valve is opened and part of the
intermediate solution S5 enters the evaporator directly, where it absorbs the ammonia refrigerant R8 and
releases absorption heat for de-frosting. During this process, the system still operates, however the heating
capacity is reduced. The larger the opening of the defrosting valve, the faster the defrosting speed, while the
lower the heating capacity.

The main differences between the proposed system and the conventional system are shown in Fig. 2. The
P-T diagrams were drawn under the basic working condition of -20°C evaporation temperature and 180°C
generation temperature. The main innovation lies in the introduction of the intermediate evaporation and
absorption processes. The ammonia condensate from the condenser was firstly throttled to intermediate
pressure, and recovered waste heat from the flue gas. In this process, both the sensible and latent heat could be
totally recovered by adjusting the intermediate pressure. Furthermore, the ammonia vapor, partially evaporated
from the intermediate evaporator, entered the intermediate absorber, and the intermediate absorption heat was
used to carry on internal heat recovery.
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Fig. 1. Schematic diagram of the proposed gas-fired AHP system.
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Fig. 2. Comparison of P-T diagrams of the proposed system and the conventional one: (a) conventional system; (b) proposed system.

2.2. AHP unit

The 3D diagram and the photo of the gas-fired AHP unit with 30 kW heating capacity are shown in Figure
3. The unit had a compact design, with the dimension of 1360*1360*2260mm(L*W*H). The built AHP unit
was expected to provide space heating for 3-4 families in the north of China in winter. Ammonia-water
compare was used as the working fluid, considering that the system operated at low ambient temperatures.
Natural gas was burned inside the unit as the driving heat source, and the evaporator could also harvest low-
grade heat from the ambient air.

—
0]

Fig. 3. 3D diagram and the picture of the gas-fired AHP unit.

Table 1. Details of the heat-exchange components of the gas-fired AHP unit.

Components Types Rated heat exchange Capacity (kW)
generator falling film 20
rectifier shell-and-tube 5
absorber shell-and-tube 16
condenser tube-in-tube 14
evaporator plate-fin 11
intermediate absorber tube-in-tube 18
intermediate evaporator plate-fin 3
sub-cooler tube-in-tube 1
solution preheater plate-fin 1
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Details of the heat-exchange components of the gas-fired AHP unit are shown in Table 1. The absorber was
the shell-and-tube heat exchanger, while the condenser, sub-cooler and intermediate absorber adopted the tube-
in-tube type. For the evaporator, intermediate evaporator and solution preheater, plate-fin heat exchangers were
used. For the gas-fired generator, its structure is shown in Figure 4. Natural gas and air entered the combustion
chamber at the bottom, where the natural gas was burned. The combustion heat was delivered to the ammonia-
water solution through the solution jacket, which could also prevent the chamber wall from overheating. High-
temperature flue gas from the combustion chamber raised through the gas pipeline, delivering heat to the
solution flowing downward along the outer wall of the pipes. In order to enhance the heat and mass transfer
insider the generator, the embossed threaded pipes and 6-ring packings were adopted.
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Fig. 4. Structure of the gas-fired generator.

3. Methods

Based on the AHP unit, system performance under typical heating conditions was investigated through the
environmental tests in Langfang, a city near Beijing. The unit was designed in accordance with the worst
operating conditions according to the preliminary simulation results, and all heat exchangers were designed in
accordance with the maximum heat transfer capacity during the year-round operation. Therefore, the prototype
could adapt to the change of working conditions with part-load operation in some conditions.

The AHP unit has more than 30 temperature measuring positions, 5 pressure measuring positions and 3
flowrate measuring positions, and the system operating conditions can be measured and recorded
comprehensively. Details of the measuring components are shown in Table 2.

Table 2. Details of the measuring components of the gas-fired AHP unit.

Components Type Range Accuracy
thermometers PT100 -50~300°C +0.25 °C
pressure meters capacitance transmitter 0~2.5 MPa +6.25 kPa
gas flowmeter vortex 0~3méh +0.045 m¥h
water flowmeter electromagnetic 0~6 m*h +0.03 m¥h
solution flowmeter ultrasonic 0~2méh +0.02 m*h
liquid level meter floating ball 0~600 mm +5mm

In the AHP unit, all the components that exchange heat with the surroundings adopted external medium
countercurrent heat exchanger. The flowrate, inlet and outlet temperatures of the medium were measured to
calculate the heat transfer capacity of each component, as are shown below [11]:

driving heat Qg =V, Oy (1)
condensation heat Q. =m,, -C,, - ATs = py Vi -y (Teou — Tein) (2
rectification heat Q, =m,, -c,, - AT, = oy, Vi -Gy (Trow — Trin ) (3)

absorption heat Q, =m,, -, - AT, = gy, Vi -Coy *(Taow —Tain) (4)

5



14" |[EA Heat Pump Conference 2023 Paper 716

where Vg and gne are the volume flow rate and calorific value of standard volume of the natural gas; mw, Vw,
and cw are the mass flowrate, volume flow rate, density and specific heat of the water; AT , Tinand Tou are
the temperature difference, inlet temperature and outlet temperature of each component. The total heating
capacity of the AHP unit is the sum of the heat from the condenser, rectifier and absorber:
total heating capacity Q,, = Q.+Q, +Q, (5)
The heating performance of the AHP unit is presented by the primary energy efficiency PEE, which is the
ratio of the heating capacity to the driving heat (i.e., the calorific value of the consumed natural gas):

Qu
w
QW
where W is the total power consumption of the AHP unit, and 7 is the power generation efficiency in China,
which is about 35% [9].

primary energy efficiency pEg = (6)

4. Results and Discussion
4.1. Start-up performance

The startup sequence of the AHP unit followed this order: firstly, the gas combustor started, then the
refrigerant valve opened, and finally the water chiller started. The refrigerant valve was closed at first, in order
to quickly reach the required generation temperature and pressure. Fig. 5 shows the startup performance of the
gas-fired AHP unit. It should be noted that a test run was conducted the day before, and the solution
temperature in the generator reduced to about 100°C after overnight cooling.

It is found that a rapid growth in the generation temperature and pressure happened after starting the gas
combustor, and the generation pressure reached up to 1.6 MPa within 7 minutes. Meanwhile the refrigerant
valve opened, and the generation pressure reduced to 1.2 MPa, while the intermediate pressure raised
immediately to 0.8 MPa. It should also be noted that the outlet temperature of flue gas reduced to 37°C after
the intermediate evaporation process got involved.

When the solution temperature and pressure reached 90% of the target values, the water chiller started. The
generated ammonia vapor was condensed in the rectifier, and then flowed into the solution. This process caused
reduction in the solution temperature and pressure at first, and then tended to be stationary. 50 minutes after
starting up, the supply water temperature reached the stable value of 43°C, and the AHP unit Began normal
operation.
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Fig. 5. Start-up performance of the gas-fired AHP unit: (a) Key temperature parameters variation; (b) Key pressure parameters variation.
4.2. Performance under basic working condition

The performance of the gas-fired AHP unit was analyzed in detail under the basic working condition: the
evaporation temperature was -1.2°C, the return water temperature was 37.0°C, and the supply water
temperature was 45.2°C. Detailed data of key parameters are shown in Table 3. The return water of 37.0°C
passed in sequence through the condenser, rectifier and absorber, and its temperature increased to 40.2, 41.3
and 45.1°C, respectively, with flow rate keeping at 3.26 m3/h. It is shown that by introducing the intermediate
process, the outlet temperature of flue gas was reduced to 38.6°C, which was lower than its dew point,
indicating that the gas-fired AHP unit had ability to fully recover both the sensible and latent heat. It is also
shown in Table 3 that the system high pressure, intermediate pressure and low pressure were 1.6 MPa, 0.8-0.9
MPa and 0.2-0.3 MPa, respectively. Moreover, the intermediate absorption pressure was 60 kPa lower than
the intermediate evaporation pressure, and the absorption pressure was 70 kPa lower than the evaporation
pressure, due to the flow resistance and the obstruction of check valves.

Table 3. Data of key parameters under the basic working condition.

Parameters Value
ambient temperature -1.2°C
evaporation temperature -7.5°C
generation temperature 156.2°C
return water temperature 37.0°C
condenser outlet water temperature 40.2°C
rectifier outlet water temperature 41.3°C
supply water temperature 45.1°C
generator outlet gas temperature 117.0°C
Outlet temperature of flue gas 38.6°C
generation pressure 1.62 MPa
intermediate evaporation pressure 0.93 MPa
intermediate absorption pressure 0.87 MPa
evaporation pressure 0.29 MPa
absorption pressure 0.22 MPa
natural gas volume flowrate 1.82 Nmé/h
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water volume flowrate 3.26 m¥h

power consumption 0.52 kW

Based on the measured data, the heat duty or power consumption of the main component, as well as the
performance of the AHP unit are shown in Table 4. When the ambient temperature was -1.2°C, the AHP unit
could provide 30.8 kW heating capacity to heat the water from 37 to 45°C, and the PEE was 1.58.

Table 4. Performance of the gas-fired AHP unit.

Parameters Value

ambient temperature -1.2°C
supply/return water temperature 45/37°C
condensation heat 12.2 kW
rectification heat 4.2 kW
absorption heat 14.5 kW
heating capacity 30.8 kW
calorific of natural gas 18.0 kW
power consumption 0.52 kw

primary energy efficiency PEE 1.58

4.3. Influence of the ambient temperature

Figure 5 shows the influence of the ambient temperature on the system performance. It is indicated that as
the ambient temperature reduced from 7.2°C to -7.8°C, the primary energy efficiency reduced from 1.82 to
1.38. At the lower ambient temperature, the ammonia evaporation was impeded, and the opening of the
electronic expansion valve decreased. As a result, the recovered low-grade ambient heat and the PEE of the
AHP unit reduced.

PEE

-8 -6 -4 -2 0 2 4 6 8
Ambient Temperature (°C)

Fig. 5. Influence of the ambient temperature on the system performance.

5. Conclusions

In this paper, a gas-fired absorption heat pump was built and tested during winter in Langfang, a city near
Beijing. The unit was driven by natural gas direct combustion, and recovered low-grade heat from the ambient
air. In order to increase the energy utilization ratio, solution preheating and intermediate evaporation was
introduced. In order to enhance the internal heat recovery under low ambient temperatures, intermediate
absorption was adopted.

1. The measured performance showed that the exhaust gas outlet temperature was lower than 35°C,
indicating that both the sensible and latent heat were fully recovered.
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2. The average daily primary energy efficiency was over 1.58 and heating capacity was 30 kW, at the
ambient temperature of -1.2°C, when supplying 45°C hot water for space heating.
It was proven that the designed unit has great application potential in cold winter areas away from the
centralized heating network.
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