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Abstract

Two-stage absorption lithium bromide (Li-Br) refrigeration technology can utilize low-
temperature heat sources to achieve refrigeration, thus it holds promising application
prospects in the utilization of low-temperature waste heat. However, the performance
of two-stage lithium bromide absorption chillers during variable operating conditions is
difficult to accurately predict, necessitating further research. Unlike existing simulation-
based studies, this paper employs an experimental approach for the first time to investigate
the variable-condition performance of a two-stage lithium bromide absorption chiller. A
10 kW two-stage absorption Li-Br chiller was tested under variable operating conditions,
including variations in chilled water outlet temperature, cooling water inlet temperature,
hot water inlet temperature, and hot water flow rate. The experimental results indicate that
each 1 ◦C increase in the chilled water outlet temperature leads to an additional 0.282 kW in
cooling capacity and a 0.0071 increase in coefficient of performance (COP). Similarly, a 1 ◦C
decrease in the cooling water inlet temperature results in a 0.366 kW increase in cooling
capacity and a 0.0055 improvement in COP. When the hot water inlet temperature rises by
1 ◦C, the cooling capacity increases by 0.324 kW, while the COP remains nearly unchanged.
Furthermore, a 10% increase in the hot water mass flow rate enhances the cooling capacity
by approximately 5% and improves the COP by about 1%.

Keywords: two-stage absorption; variable condition; refrigeration capacity; COP

1. Introduction
Due to the fact that absorption lithium bromide (Li-Br) refrigeration machines can be

directly driven by heat with minimal electricity consumption, they have been widely used
in scenarios where abundant low-cost heat is available [1–3]. Compared with compression
refrigeration systems, Li-Br absorption refrigeration systems consist of more components,
involve complex heat and mass transfer processes, exhibit strong coupling effects, and
display pronounced dynamic characteristics [4]. Therefore, variations in performance under
different operating conditions must be carefully considered in system design. At present,
most studies on the performance of Li-Br absorption refrigeration units under variable
operating conditions focus on single-effect or double-effect absorption chillers [5–7]. Due to
the high cost and time requirements of experimental investigations, research has primarily
relied on the development of mathematical models [8,9].
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Most solar refrigeration systems use Li-Br absorption chillers driven by solar hot wa-
ter [10,11]. Due to the inherent intermittency of solar energy, numerous studies have investi-
gated the variable operating performance of solar refrigeration systems [12–14]. A dynamic
numerical model was utilized by Liu et al. [15] to explore a solar-powered absorption chiller
equipped with an absorption thermal energy storage system. Nonlinear programming
and a second-order iterative numerical integration technique were applied to solve the
model. Khana et al. [16] examined a single-effect, solar-assisted absorption cooling system
through simulation. Comprehensive models for two distinct system arrangements were
developed within the TRNSYS environment, with dynamic analyses conducted over the full
summer period. To refine principal design parameters—encompassing collector tilt, stor-
age capacity, and solar collector specifications—metrics including solar fraction, collector
performance, and primary energy conservation were assessed. Zheng et al. [17] developed
a Li-Br absorption chiller of double-effect configuration coupled with a parabolic trough
solar collector. A theoretical model was employed to evaluate its year-round operation,
along with analyses of energy efficiency, economic viability, and environmental impact.

In addition to the overall refrigeration system combined with specific heat sources (e.g.,
solar), studies have also been conducted on performance of the Li-Br chillers in variable
operating conditions. Research has focused on developing and evaluating a multivariable
PI controller, which is applied to manage single-, double-, and triple-effect absorption
refrigeration systems [18]. Goyal et al. [19,20] introduced a controller based on multi-
variable feedback. To maintain the required cooling output despite variations in thermal
load and system conditions, adjustments are made to the temperature of the hot source, the
flow rate of the concentrated solution, and its mass flow rate. Evola et al. [21] examined the
operational characteristics of a water-cooled Li-Br chiller with low capacity. The system’s
behavior was analyzed using a basic ON/OFF control strategy under varying cooling loads
and operational disturbances. Xu et al. [22] formulated a discretized numerical model for a
single-effect Li-Br absorption chiller with a 4.5 kW capacity. To meet the required cooling
load, a PID control scheme was applied. The primary adjusted parameter was the hot
thermal source’s mass flow rate, regulated by a valve. The analysis introduced stepwise
variations in the inlet temperatures of both the cooling water and the hot heat source.

Dynamic process modeling is employed to forecast system transient responses and
to devise effective control approaches. Frequently regulated outputs encompass cooling
power and chilled fluid outlet temperature, as well as metrics characterizing operational
efficiency (such as temperatures within the absorber and condenser). The primary adjusted
input typically involves the heat supply to the generator, specifically its flow rate or tem-
perature. A state-space representation of a sun-driven, single-stage lithium bromide–water
absorption cooling system was constructed by Shuai Zhao et al. [23] using a lumped pa-
rameter approach. This formulation enables effective operation under varying conditions,
accounting for fluctuations in both solar availability and cooling load. Delac et al. [24]
developed a dynamic simulation for a hot water-powered single-effect absorption sys-
tem. This model was verified using experimental data collected over one week, alongside
typical summer cooling demand profiles. Xu et al. [25] examined lithium bromide ab-
sorption refrigeration systems, covering single-effect, double-effect, and an innovative
variable-effect configuration. Simulations were conducted using the TRNSYS platform.
The variable-effect chiller’s representation was initially created within MATLAB’s artificial
neural network toolbox, leveraging experimental datasets, before being implemented in
the TRNSYS environment.

Regardless of whether commercial software or self-developed programs are employed,
accurately predicting and analyzing the variable performance of Li-Br absorption refriger-
ation systems is not feasible without extensive and reliable experimental data for model
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calibration or training. At present, the vast majority of the literature is focused on single-
effect or multi effect units, and there are few studies on two-stage absorption units, which
are suitable for lower heat source temperatures. Due to the complex coupling among
the components of a two-stage Li-Br absorption chiller unit, the time required to reach
steady-state operation under variable conditions is relatively long. Therefore, experimental
research on the variable-condition performance of two-stage lithium bromide absorption
chillers remains virtually non-existent. To address this research gap, this study presents the
design and construction of a small-scale two-stage lithium bromide absorption chiller, on
which experimental investigations under variable operating conditions were conducted.
The experimental results presented herein also provide valuable data for validating the
reliability of computer simulation models.

2. Chiller Description
2.1. Configuration Design

As shown in Figure 1, the two-stage Li-Br absorption chiller consists of four main
sections: the high-pressure chamber (2), the low-pressure chamber (22), heat exchangers,
and pumps. The high-pressure chamber contains two components: the high-pressure
generator (1) and the condenser (4). The low-pressure chamber includes four components:
the low-pressure absorber (11), the evaporator (16), the low-pressure generator (21), and
the high-pressure absorber (24). In addition, two solution heat exchangers (15 and 20)
are located outside the chambers. The aforementioned components are inter-connected
by pipelines to form six fluid cycles: the solvent cycle, low-pressure solution cycle, high-
pressure solution cycle, hot water cycle, cooling water cycle, and chilled water cycle. The
solution and solvent cycles are driven by built-in pumps (12, 13, 14, and 18), while the water
cycles are powered by external pumps (5, 10, and 19). To maintain the vacuum environment
within the chiller, infiltrated air must be continuously removed. For this purpose, the chiller
is equipped with a vacuum maintenance system consisting of a vacuum pump (9), an oil
baffle (8), and an air ejector (7).

2.2. Working Principle

In the hot water cycle, hot water is pumped into the heat exchange tubes of the high-
pressure generator and low-pressure generator by an external pump. Hot water transfers
heat to Li-Br solution, causing a decrease in temperature, and then returns to the heat
source to absorb heat again.

In the high-pressure solution cycle, Li-Br solution is sprayed onto the outer surface
of the heat exchange tubes in the high-pressure generator. As the solution absorbs heat,
water vapor is generated and the solution concentration increases. The concentrated Li-
Br solution then exits the high-pressure generator and is delivered to the high-pressure
absorber by Pump-2. There, it absorbs water vapor, leading to a decrease in concentration.
The resulting weak solution subsequently flows back to the high-pressure generator, where
it is reheated and the cycle is repeated.

In the solvent cycle, the vapor from the high-pressure generator enters the condenser,
where it is condensed into liquid water. Then the condensed water flows into the evaporator
and is evaporated into vapor. Chilled water flowing through the heat exchange tubes of
the evaporator is cooled during this process. The resulting water vapor is finally directed
into the low-pressure absorber.

In the low-pressure solution cycle, weak solutions produce vapor in the low-pressure
generator and then enter into the low-pressure absorber to absorb water vapor from the
evaporator. Cooling water flows inside the heat exchange tubes of the high-pressure
absorber, low-pressure absorber, and condenser. The high concentration solution is
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pumped into the absorbers and sprayed on the outer surface of the heat exchange tubes of
the absorbers.

Figure 1. Flow chart of two-stage Li-Br absorption chiller. 1. High-pressure generator; 2. High-
pressure chamber; 3. Liquid blocking shutter 1; 4. Condenser; 5. Chilled water pump; 6. Cooler;
7. Air extractor; 8. Oil baffle; 9. Vacuum pump; 10. Cooling water pump; 11. Low-pressure
absorber; 12. Evaporator pump; 13. Low-pressure absorber pump; 14. Low-pressure generator
pump; 15. Low-temperature solution heat exchanger; 16. Evaporator; 17. Liquid blocking shutter
2; 18. High-pressure absorber pump; 19. Hot water pump; 20. High-temperature solution heat
exchanger; 21. Low-pressure generator; 22. Low-pressure chamber; 23. Liquid blocking shutter 3;
24. High-pressure absorber.

The desorption process of lithium bromide solution in single-effect Li-Br absorption
chillers requires sufficient heat source temperature (usually above 80 ◦C) to provide the
required heat for refrigerant desorption. The lower the temperature of the heat source,
the less refrigerant is desorbed from the solution, and the refrigerant circulation volume
will significantly decrease. When the temperature of the heat source is too low, it will
be impossible to maintain sufficient pressure difference between the generator and the
condenser, resulting in the refrigerant stopping circulating. Therefore, the coefficient of
performance (COP) of a single-effect system directly depends on the temperature of the heat
source. Low-temperature heat sources can cause a significant reduction in COP, thereby
diminishing the overall economic performance of the system. Compared with single-effect
absorption refrigeration machines, two-stage absorption refrigeration machines have an
additional low-pressure solution cycle. In this cycle, the low-pressure generator and high-
pressure absorber have the same pressure, which is less than the condensing pressure and
greater than the evaporating pressure, hence it is called the intermediate pressure. When
the temperature of the heat source is low, the concentration of the solution generated by the
generator is not high, and it is not easy to absorb refrigerant vapor unless the absorption
pressure is increased or the cooling water temperature is lowered. The absorption pressure
is determined by the temperature of chilled water, while the temperature of cooling water
is determined by the ambient temperature. Neither parameter can be freely adjusted. The
intermediate pressure is the internal pressure of the system and is independent of the
external environment. The intermediate pressure can be used as the absorption pressure
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for high-pressure cycles or as the condensation pressure for low-pressure cycles. Therefore,
the intermediate pressure is a key factor in the absorption refrigeration cycle driven by
low-temperature heat sources, which divides the solution circulation into high-pressure
circulation and low-pressure circulation and will be explained in detail in the next section.

2.3. Refrigeration Cycle and State Parameters

In order to accurately describe the different states of each fluid during the circulation
process, each status point is assigned a number in the specific enthalpy–concentration
diagram shown in Figure 2. Each status point is determined by three parameters: tem-
perature, pressure, and concentration. By calculating the thermodynamic parameters of
each status point, the performance of the Li-Br refrigeration system can be predicted and
analyzed. The curves marked ‘Pk’, ‘Pm’, and ‘Po’ in Figure 2 are the constant pressure lines.
Pk, Pm, and Po represent condensation pressure, intermediate pressure, and evaporation
pressure, respectively.

Figure 2. Specific enthalpy–concentration diagram of two-stage Li-Br absorption cycle.

The high-pressure solution cycle is in turn composed of the status point 5→4→6′→2′→5.
Here, 5→4 is the process of evaporation of water vapor from Li-Br solution in high-pressure
generator. Furthermore, 4→6′ is the process that the concentrated solution of the high-
pressure generator enters the high-pressure absorber. Also, 6′→2′ describes the process of
high concentration Li-Br solution absorbing water vapor at intermediate pressure in the
high-pressure absorber. The process of the dilute solution at the outlet of the high-pressure
absorber flowing into the high-pressure generator again is shown in 2′→5. In this cycle,
the solution circulates between two pressures (Pk and Pm) and two concentrations (ω2
and ω1). Its heat and mass changes can be reflected through the status point parameters.
The low-pressure solution cycle consists sequentially of the status point 5′→4′→6→2→5′.
Similarly to the high-pressure cycle, 5′→4′ shows the water vapor evaporation process of
the solution in the low-pressure generator. In addition, 6→2 shows the process of water
vapor absorption by the solution in the low-pressure absorber. In this cycle, the solution
circulates between two pressures (Pm and Po) and two concentrations (ω4 and ω3). The
state of water (refrigerant) vapor can be represented, respectively, by the status points 1, 1′,
3, 3′, 3′′. The specific values of the above status points are listed in Table 1.
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Table 1. The specific values of the status points of Figure 2.

Status Point Fluid and Position Concentration (ω)
%

Specific Enthalpy (h)
kJ/Kg

1 Water in evaporator 0 447
1′ Vapor in evaporator 0 2927

2 Li-Br solution at outlet of
low-pressure absorber 57 275

2′ Li-Br solution at outlet of
high-pressure absorber 46 311

3 Water in condenser 0 581
3′ Vapor in condenser 0 2985

3′′ Vapor in low-pressure
generator 0 2951

4 Li-Br solution at outlet of
high-pressure generator 50 347

4′ Li-Br solution at outlet of
low-pressure generator 60.5 322

5 Li-Br solution at inlet of
high-pressure generator 46 353

5′ Li-Br solution at inlet of
low-pressure generator 57 309

6 Li-Br solution at inlet of
low-pressure absorber 60.5 298

6′ Li-Br solution at inlet of
high-pressure absorber 50 315

In two-stage absorption refrigeration cycles, intermediate pressure is the key parameter
to promote the heat and mass transfer of solution under small concentration difference.
The desorption process of lithium bromide solution in single-effect Li-Br absorption chillers
requires sufficient heat source temperature (usually above 80 ◦C) to provide the required
heat for refrigerant desorption. The lower the temperature of the heat source, the less
refrigerant is desorbed from the solution, and the refrigerant circulation volume will
significantly decrease. When the temperature of the heat source is too low, it will be im-
possible to maintain sufficient pressure difference between the generator and the condenser,
resulting in the refrigerant stopping circulating.

3. Experimental Setup
3.1. Testing Refrigeration Unit

In this study, in order to conduct refrigeration performance tests, a small two-stage
Li-Br absorption refrigeration unit with a cooling capacity of 10 kW was developed. The
configuration of the unit is shown in Figure 3 and its design parameters are given in Table 2.

Table 2. Design parameters of the testing refrigeration unit.

Design Parameters Values

Rated refrigeration capacity (kW) 10
Inlet temperature of chilled water (◦C) 12

Outlet temperature of chilled water (◦C) 7
Mass flow of chilled water (kg/s) 0.472

Inlet temperature of cooling water (◦C) 30
Outlet temperature of cooling water (◦C) 36

Mass flow of cooling water (kg/s) 1.388
Inlet temperature of hot water (◦C) 75

Outlet temperature of hot water (◦C) 63
Mass flow of hot water (kg/s) 0.611
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Figure 3. The testing refrigeration unit of the two-stage Li-Br absorption cycle.

3.2. Experimental Devices

The schematic diagram of the experimental setup is shown in Figure 4. The experi-
mental setup consists of three water circulation systems, which are hot water, chilled water,
and cooling water cycles. The main equipment includes one two-stage Li-Br absorption
refrigeration unit, one air-cooled chiller, two hot water tanks (constant temperature), two
plate heat exchangers, five flow control valves (V1, V2, V3, V4, V5), three flow meters (q1,
q2, q3), and six temperature sensors (T1, T2, T3, T4, T5, T6). The specific parameters of the
above parts are shown in Table 3.

The hot water tank 1 provides heat source water for a high-pressure generator and
low-pressure generator. The hot water tank 2 and the heat exchanger 1 are used to reheat
the chilled water from the evaporator to the specified inlet temperature. The air-cooled
chiller is similar to a cooling tower in that it cools down the cooling water. Since the
chiller and hot water tanks can supply water at a constant temperature, the testing unit is
capable of performing variable-condition experiments by setting the desired water outlet
temperature according to the specified environmental parameters. In addition to water
temperature, the flow rate can also be adjusted through a flow control valve.

 

Figure 4. Schematic diagram of experimental device.
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Table 3. Main parameters of experimental device components.

Name Main Parameter Notes

Two-stage Li-Br absorption
refrigeration unit Rated refrigeration capacity: 10 kW See Table 1

for details

Air-cooled chiller
Refrigeration capacity: 40 kW
Water temperature range: 5~20 ◦C
Control accuracy: ±1 ◦C

Hot water tank 1
Heating power: 25 kW
Water temperature range: 40~99 ◦C
Control accuracy: ±0.5 ◦C

Hot water tank 2
Heating power:10 kW
Temperature range: 40~99 ◦C
Control accuracy: ±0.5 ◦C

Heat exchanger 1 Rated heat exchange: 10 kW

Heat exchanger 2 Rated heat exchange: 35 kW

Temperature sensor Temperature measuring range: −200~260 ◦C
Measurement accuracy: ±0.1 ◦C

Type: K-type
thermocouple

Flow meters
Maximum fluid temperature: 120 ◦C
Flow measuring range: 0~100 m3/h
Measurement accuracy: ±0.5%

3.3. Calculation Method

This paper studies the influence of external conditions on the refrigeration performance
of two-stage Li-Br refrigeration unit. The external conditions mainly refer to hot water,
cooling water, and chilled water. The change in hot water can represent the change in
the heat source. Absorption refrigeration machines generally use cooling towers for heat
dissipation, so changes in cooling water can reflect changes in environmental temperature
and humidity. Chilled water represents the cooling output of the refrigeration unit, and
variations in its temperature reflect changes in the refrigeration demand. Based on findings
from previous studies, small variations in the flow rates of the aforementioned fluids have
a limited effect on the unit’s refrigeration performance, as such changes only minimally
influence the heat transfer coefficient. Therefore, this study focuses on investigating the
relationship between fluid temperature and the refrigeration performance of the unit. The
refrigeration performance of a unit is primarily characterized by two parameters: the
refrigeration capacity and the COP. The definitions and calculation formulas of various
parameters involved in this study are as follows:

1. Heating load
Qheat = q1 · (T1 − T2) · Cw (1)

where Qheat is the heating load provided by the hot water tank-1; q1 is the mass flow
rate of hot water; T1 is the inlet temperature of hot water; T2 is the outlet temperature
of hot water; Cw is the specific heat of water, taken as 4.2 kJ/(kg.◦C).

2. Refrigeration capacity
Qre f ri = q2 · (T3 − T4) · Cw (2)

where Qrefri is the refrigeration capacity of the testing unit; q2 is the mass flow rate of
chilled water; T3 is the inlet temperature of chilled water; T4 is the outlet temperature
of chilled water.

3. Heat dissipation capacity

Qdissi = q3 · (T6 − T5) · Cw (3)
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where Qdissi is the heat dissipation capacity of the testing unit; q3 is the mass flow
rate of cooling water; T5 is the inlet temperature of cooling water; T6 is the outlet
temperature of cooling water.

4. Coefficient of performance

COP =
Qre f ri

Qheat
(4)

5. Capacity ratio

φ =
Qre f ri−act

Qre f ri−rated
(5)

where φ is the capacity ratio of the testing unit; Qrefri-rated is the rated refrigeration
capacity of the testing unit, defined as 10 kW; Qrefri-act is the actual refrigeration
capacity of the testing unit in different conditions.

3.4. Operation Method

Due to the strong coupling among the fluid cycles in a two-stage absorption refrig-
eration unit, changes in a single parameter can rapidly propagate and influence other
components. The unit’s heat and mass transfer processes—such as solution concentration
balance and temperature distribution—are highly sensitive to variations in operating con-
ditions. Although modern units are equipped with automatic control functions, they may
struggle to reach a new optimal balance autonomously when the magnitude or speed of
change is large. In such cases, manual intervention is required to ensure stable and efficient
operation. The primary methods of manual adjustment include the following:

1. Adjusting the driving heat source

Adjusting the driving heat source means changing the heating load (Qheat). In this
testing unit, hot water is its driving heat source. The hot water temperature can be set by
the hot water tank 1. The flow of hot water can be changed by adjusting the flow control
valve V1.

2. Adjusting the circulation flow of the solution

Controlling the circulation flow of the solution is a key method for adjusting the con-
centration difference in the solution. Excessive flow may lead to a too-small concentration
difference and low efficiency in the solution. If the flow rate is too small, it may lead to high
concentration of concentrated solution, which is prone to crystallization. In this testing
device, every circulation flow rate of the solution can be adjusted through a flow control
valve installed in the solution pipeline.

3. Adjusting the cooling water

The heat dissipation of this unit is achieved by replacing the cooling tower with an
air-cooled chiller and a plate heat exchanger. By adjusting the temperature of the cold
water output from the air-cooled chiller and the opening of valves V4 and V5, the inlet
temperature and flow rate of the cooling water can be changed.

4. Adjusting the chilled water

The refrigeration load of this unit is achieved by cooling a stream of hot water from
hot water tank 2. By adjusting the temperature of the hot water and valves V2 and V3, the
outlet temperature and flow rate of the chilled water can be controlled.
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3.5. Uncertainty

The performance parameters of the unit include direct measured parameters and
calculated parameters. According to the literature [26], the uncertainty of direct measured
values and calculated values is determined by Formula (6) and Formula (7), respectively.

Ux =
∆x√

3
(6)

where x is a direct measured value, Ux is the uncertainty of x, and ∆x is the allowable error
of the measuring equipment to test x.

U(y) =

√
N
∑

i=1

(
∂ f
∂xi

δxi

)2

y
× 100% (7)

where y is a calculated value, U(y) is the uncertainty of y, xi is a direct measured value, f is
the functional relationship between y and xi, and δxi is the uncertainty of xi.

By Formulas (6) and (7), the uncertainty of experimental results can be calculated. The
calculation results of the uncertainty of each parameter are listed in Table 4.

Table 4. Uncertainty of measurement parameters.

No. Parameters Symbol Unit Uncertainty

1 Temperature T ◦C ±0.06 ◦C

2 Mass flow rate q kg/s ±0.3%

3 Heating load Qheat kW ±0.4%

4 Refrigeration capacity Qrefri kW ±0.4%

5 Heat dissipation capacity Qdissi kW ±0.4%

6 Coefficient of performance COP ±0.5%

7 Capacity ratio φ ±0.6%

4. Results and Discussion
This study primarily investigates the performance of a two-stage absorption refrig-

eration unit under conditions deviating from its design parameters. Due to the strong
coupling within the two-stage system, changing one operating parameter while main-
taining stable operation does not guarantee that other parameters remain unchanged.
Therefore, experiments can only be conducted while controlling certain parameters to
remain constant.

4.1. Experiment Case 1

The purpose of this experiment is to determine the corresponding relationship between
inlet temperature of hot water (T1) and capacity ratio (φ) and COP of the chiller. The
constant and variable parameters are set according to the values listed in Table 5. Based
on the data from the experiment, the φ-T1 curve shown in Figure 5 and the COP-T1 curve
shown in Figure 6 can be plotted, respectively. It is clear from Figure 5 that φ increases as T1
increases. At the same T1 value, the lower the T5 value, the higher the φ value. When T1 is
increased from 70 ◦C to 80 ◦C, the φ increases by approximately 32% on average. When T5
drops from 33 ◦C to 28 ◦C, the φ increases by about 41%. This result indicates that for a
two-stage absorption refrigeration unit, both increasing the heat source temperature and
reducing the cooling water temperature can enhance the refrigeration capacity. However,
for the COP shown in Figure 6, there is no significant correlation between the COP value
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and the temperature of hot water and cooling water. This conclusion is inconsistent with
many simulation results. The reason is that when the unit reaches thermal equilibrium in
actual testing, it cannot be guaranteed that all parameters meet the design values, whereas
in simulation calculations, certain values can be assumed to remain constant. When T1 and
T5 are changed, the COP remains between 0.38 and 0.41. It shows that when the two-stage
absorption chiller is in thermal equilibrium, even under varying operating conditions, the
COP does not vary significantly and stabilizes around 0.4. It should be noted that when
the operating parameters deviate significantly from the standard design values, it may
be impossible to adjust the unit to a stable thermal equilibrium state. For example, when
T5 = 33 ◦C and T1 = 70 ◦C, there is no corresponding data in Figures 5 and 6, indicating
that under this operating condition, the system cannot be adjusted to stable operation.

Table 5. The constant and variable parameters of experiment 1.

Constant Parameters Values Variable Parameters Values

T2 (◦C) 58 T1 (◦C) 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80
T4 (◦C) 6 T5 (◦C) 28, 29, 30, 31, 32, 33
T3–T4 5
T6–T5 6

40
50
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80
90

100
110
120
130

69 70 71 72 73 74 75 76 77 78 79 80 81

C
ap
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 /%

Inlet temperature of hot water (T1)/℃

T5=28℃ T5=29℃ T5=30℃ T5=31℃ T5=32℃ T5=33℃

Figure 5. Effects of inlet temperature of hot water on capacity ratio.

Figure 6. Effects of inlet temperature of hot water on COP.
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4.2. Experiment Case 2

This experiment investigates the impact of outlet temperature of chilled water on
refrigerating capacity (Qrefri) and COP of the chiller. In this experiment, some constant and
variable parameters were also set, as shown in Table 6. The inlet and outlet temperatures
of hot water, as well as the temperature difference between the inlet and outlet of cooling
water and cold water, were set as constant parameters according to the design parameters.
The outlet temperature of chilled water and the inlet temperature of cooling water were
variable parameters.

Table 6. The constant and variable parameters of experiment 2.

Constant Parameters Values Variable Parameters Values

T1 (◦C) 75 T4 (◦C) 6, 7, 8, 9, 10, 11, 12, 13
T2 (◦C) 63 T5 (◦C) 28, 29, 30, 31, 32, 33
T3–T4 5
T6–T5 6

As can be seen from Figure 7, the refrigeration capacity (Qrefri) decreases as the outlet
temperature of chilled water (T4) decreases. When T4 is equal to 6 ◦C, the Qrefri correspond-
ing to the six different T5 are all lower than 10 kW, which is the rated refrigeration capacity.
Similarly to Figure 5, the six Qrefri corresponding to each T4 value also decrease as the
T5 increases. When T4 is greater than 7 ◦C, the Qrefri under varying operating conditions
exceeds the rated refrigeration capacity. In contrast to the results shown in Figure 6, the
COP in Figure 8 generally increases with the rise in T4 and the reduction in T5. This result
indicates that COP is more sensitive to T4 compared to T1.
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4.3. Comparative Analysis of Water Temperature Impact

During actual operation of the chiller, the inlet temperature of hot water, the outlet
temperature of chilled water, and the inlet temperature of cooling water are all determined
by external conditions. From the data of the above two experiments, it can be seen that
their changes have an impact on the refrigeration performance of the refrigeration unit. In
order to quantify the magnitude of the impact of these temperature changes on refrigera-
tion performance, this section conducted a comparative analysis of them. The change in
refrigeration capacity per unit temperature change is denoted as η, which can be calculated
from Equation (8).

η =
Qre f ri−max − Qre f ri−min

Tmax − Tmin
(8)

where Qrefri-max and Qrefri-min are the maximum and minimum values of refrigeration
capacity in the temperature variation range, respectively; Tmax and Tmin are the maximum
and minimum values of temperature in the temperature variation range, respectively.

The change in COP per unit temperature change is denoted as ε, and the calculation
formula is shown in Equation (9).

η =
COPmax − COPmin

Tmax − Tmin
(9)

where COPmax and COPmin are, respectively, the maximum and minimum values in the
temperature variation range.

Based on Equations (6) and (7), the data from the aforementioned two experiments
were calculated and Figures 9 and 10 were plotted. As shown in Figure 9, the temperature
change in cooling water has the greatest impact on the refrigeration capacity, followed
by hot water, and finally cold water. The reason is that the temperature of the cooling
water directly affects the flow rate of condensate water in the condenser. Changes in
the temperature of hot and chilled water can only affect the heat transfer temperature
difference in generator and evaporator. The evaporation rate of water and heat exchange in
the evaporator will increase with the growth of flow rate of condensate water. Since the
refrigeration capacity is equivalent to the heat exchange of the evaporator, the impact of
cooling water temperature on refrigeration capacity is the greatest.

Figure 9. Effects of temperature changes in different water on η.

https://doi.org/10.3390/en19020401

https://doi.org/10.3390/en19020401


Energies 2026, 19, 401 14 of 17

Figure 10. Effects of temperature changes in different water on ε.

According to Figure 10, it is found that chilled water has the greatest impact on
COP, followed by cooling water, and finally hot water. Both the refrigeration capacity
and the heat supply influence the COP. An increase in refrigeration capacity does not
necessarily lead to an increase in COP. When the temperature of the chilled water rises, the
absorption pressure increases accordingly, enhancing the absorption capacity and leading
to an increase in the circulation volume of the refrigerant. This increase does not come
from the temperature difference in the hot water, so the heat supply does not significantly
increase. Absorption enhancement significantly increases the refrigeration capacity, but
has a smaller impact on the heating capacity. Therefore, chilled water temperature has the
greatest impact on COP.

4.4. Experiment Case 3

Since the flow rate of the heat source water is another key parameter that may vary
in actual operation, this experiment investigates the relationship between changes in hot
water flow rate and both the refrigeration capacity and COP. The constant and variable
parameters are set according to the values listed in Table 7. According to the testing data of
the experiment, a curve depicting the performance variation in the chiller can be plotted
as shown in Figure 11. As it can be seen from the figure, both the refrigeration capacity
and COP of the absorption chiller increase with the addition of mass flow rate of hot water.
Quantitative analysis shows that a 10% increase in the mass flow rate of hot water will
result in an approximate 5% raise in refrigeration capacity and 1% improvement in COP.
When the flow rate of hot water increases, it enhances the flow velocity inside the tube
and improves the heat transfer coefficient. At the same time, the temperature drop of hot
water in the generator decreases, which is equivalent to increasing the temperature of the
hot water. It should be noted that higher flow rate is not necessarily better. If the flow rate
exceeds the design value significantly, it will cause excessive velocity in the heat transfer
tube, leading to erosion and corrosion on the water side, which will reduce the service life
of the absorption chiller. Generally, the flow rate should not exceed 130% of the design
flow rate.

https://doi.org/10.3390/en19020401

https://doi.org/10.3390/en19020401


Energies 2026, 19, 401 15 of 17

Table 7. The constant and variable parameters of experiment 3.

Constant Parameters Values Variable Parameters Values

T1 (◦C) 75 q1 (kg/s) 0.44, 0.48, 0.52, 0.56, 0.6, 0.64, 0.68,
0.72, 0.74, 0.78, 0.82

T3 (◦C) 12 q2 (kg/s) Not applicable
T4 (◦C) 7 Q3 (kg/s) Not applicable
T5 (◦C) 30
T6 (◦C) 36

Figure 11. Effects of mass flow rate of hot water (q1) on refrigeration capacity and COP.

5. Conclusions
Nowadays, two-stage absorption refrigeration machines driven by hot water are in-

creasingly used in the fields of medium- and low-temperature heat source refrigeration
such as solar refrigeration, industrial waste heat refrigeration, and geothermal refrigeration.
However, the heat sources and operating conditions in these fields often vary greatly.
Accurately predicting the refrigeration performance of absorption chillers under variable
operating conditions is challenging. However, for air conditioning design, this is a very
critical issue that urgently needs to be addressed. Accurate numerical simulations of
variable-condition performance require sufficient experimental data under varying condi-
tions to serve as a reference for model validation and calibration. In this study, a two-stage
absorption lithium bromide refrigeration unit with a cooling capacity of 10 kW was devel-
oped for variable operating condition experiments. Under four common variable operating
conditions (i.e., changes in chilled water outlet temperature, cooling water inlet tempera-
ture, hot water inlet temperature, and hot water flow rate), the refrigeration capacity and
COP of the refrigeration unit corresponding to different parameters were obtained. Based
on the above experimental results, the following conclusions can be drawn:

1. The refrigeration capacity and COP will rise with the increase in the chilled water
outlet temperature. For every 1 ◦C increase in the chilled water outlet temperature,
the refrigeration capacity of the 10 kW chiller will increase 0.282 kW and its COP will
raise 0.0071.

2. The cooling water inlet temperature is negatively correlated with the refrigeration
capacity and COP. For every 1 ◦C decrease in the cooling water inlet temperature, the
refrigeration capacity will increase 0.366 kW and the COP will increase by 0.0055.
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3. An increase in hot water inlet temperature significantly enhances the refrigeration
capacity, while its effect on COP remains insignificant. As the hot water inlet tempera-
ture increases by 1 ◦C, the refrigeration capacity will increase by 0.324 KW, while the
COP remains almost unchanged.

4. Increasing the hot water flow rate also improves refrigeration performance. Experi-
mental data shows that a 10% increase in the mass flow rate of hot water results in
an approximate 5% increase in refrigeration capacity and 1% improvement in COP.
However, the flow rate should generally not exceed 130% of the design value, as
higher rates may reduce the unit’s operational lifespan.

The experimental results presented in this study were obtained from a custom-
designed 10 kW two-stage LiBr absorption chiller. Given the relatively small cooling
capacity of this chiller, the findings are more applicable to residential solar-powered air-
conditioning systems, single-well geothermal cooling units, and other distributed waste-
heat air-conditioning applications. For large-scale industrial waste-heat cooling systems,
such as those in power plants or steel mills, the coefficient of performance (COP) reported
in this paper may be lower than actual operational values. This is because, as a general
principle, chillers with larger cooling capacities tend to achieve higher COPs. In future
research, the miniaturization of absorption chillers represents an important direction. By
integrating multiple small-capacity units, the cooling system can more effectively adapt to
fluctuations on both the load side and the energy supply side.
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24. Delač, B.; Pavković, B.; Lenić, K. Design, monitoring and dynamic model development of a solar heating and cooling system.
Appl. Therm. Eng. 2018, 142, 489–501. [CrossRef]

25. Xu, Z.Y.; Wang, R.Z. Comparison of CPC driven solar absorption cooling systems with single, double and variable effect
absorption chillers. Sol. Energy 2017, 158, 511–519. [CrossRef]

26. Kuyatt, T. Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results; NIST TN 1297; National Institute of
Standards and Technology: Gaithersburg, MD, USA, 1994.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/en19020401

https://doi.org/10.1016/j.solener.2017.05.031
https://doi.org/10.1016/j.enbuild.2016.06.075
https://doi.org/10.1016/j.enconman.2016.11.039
https://doi.org/10.1016/j.applthermaleng.2017.08.005
https://doi.org/10.1007/s10973-018-7423-4
https://doi.org/10.1016/j.enconman.2018.05.091
https://doi.org/10.1016/j.renene.2017.06.069
https://doi.org/10.19317/j.cnki.1008-083x.2025.02.001
https://doi.org/10.1016/j.enconman.2021.114769
https://doi.org/10.1016/j.enconman.2017.12.024
https://doi.org/10.1016/j.enbuild.2019.109400
https://doi.org/10.1016/j.energy.2020.118529
https://doi.org/10.1016/j.enconman.2019.03.080
https://doi.org/10.1080/10789669.2014.982412
https://doi.org/10.18280/ijht.330427
https://doi.org/10.1016/j.applthermaleng.2016.06.043
https://doi.org/10.1016/j.renene.2024.122327
https://doi.org/10.1016/j.applthermaleng.2018.07.052
https://doi.org/10.1016/j.solener.2017.10.014
https://doi.org/10.3390/en19020401

	Introduction 
	Chiller Description 
	Configuration Design 
	Working Principle 
	Refrigeration Cycle and State Parameters 

	Experimental Setup 
	Testing Refrigeration Unit 
	Experimental Devices 
	Calculation Method 
	Operation Method 
	Uncertainty 

	Results and Discussion 
	Experiment Case 1 
	Experiment Case 2 
	Comparative Analysis of Water Temperature Impact 
	Experiment Case 3 

	Conclusions 
	References

