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Abstract: Absorption air-conditioning systems have a great advantage in terms of energy conser-
vation and environmental protection. However, the large amount of energy waste in the thermal
regeneration process leads to lower efficiency and impedes its development. To reduce energy loss
and improve performance, a local heating regeneration method is proposed in this paper. The main
principle is reducing the volume of the liquid participating regeneration. Including the solar steam
mode, two modes are introduced and configured. Theoretical and experimental research has been
made on the new methods. Models have been developed for comparison analysis. Experiments
have been conducted on water and absorbent solution with different modes. Performance has been
evaluated based on the experimental data. The results expose the influence of different parameters,
like liquid volume and solution concentration, on the regeneration process. The local heating method
improved the regeneration efficiency by 40% in the no solar steam mode and the performance tripled
in the solar steam mode. The COP (the ratio of cooling load to energy consumption) of the absorption
system with the solar steam mode is more than two times of that with the traditional regeneration
mode. It shows the local heating regeneration method has good potential in future application.

Keywords: air-conditioning; absorption; heat localization; solar steam; performance

1. Introduction

Avoiding the combustion of fossil fuels, the application of renewable energy may hold
the key to a sustainable society [1]. It is especially urgent for today’s buildings, which
consume more than 30% energy of the total supply [2]. An air-conditioning system is one
major energy consumer in buildings with the wide used vapor compression system taking
up one third of the power. The development of renewable energy driven air-conditioning
systems comes is a hot research topic in recent years. Liu et al. investigated the optimal
operation of buildings with solar driven systems [3]. Al-Nimr et al. proposed a solar
hybrid system for higher efficiency [4]. Nader et al. made an assessment of the existing
photovoltaic air conditioning system [5]. The solar energy driven system is a promising
one among them [6]. Much research has been done in recent years. Hamrahi et al. did
an experimental study of the performance of a continues solar adsorption chiller using
nano-activated carbon/methanol as a working pair [7]. Afanasyeva et al. studied the
relevance of photovoltaic (PV) with single-axis tracking for energy scenarios [8]. Awad
et al. proposed a load-match-driven design of solar PV systems at high latitudes in the
Northern hemisphere and investigated its impact on the grid [9]. Eidan et al. studied the
performance improvement of a heat pipe-evacuated tube solar collector using Al2O3 and
CuO/acetone nanofluids [10]. Solar illumination can be converted into electric power or
thermal heat, both capable of driving air-conditioning systems. Many researchers prefer
the heat driven system, as the performance of the electric power driven system is limited
by the relatively low PV efficiency.

Absorption and adsorption systems are two major types of the air-conditioning system
that can be driven by solar heat. Jain et al. have made comparative performance study and
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advanced exergy analysis of a novel vapor compression–absorption integrated refrigeration
system [11]. Shirazi et al. reviewed the development of the solar-powered absorption
chillers [12]. Mahmoudi et al. proposed a new flexible geothermal based cogeneration
system producing power and refrigeration [13]. Wang et al. made the performance com-
parative study of a solar-powered adsorption refrigerator with a CPC collector/adsorbent
bed [14]. Wang et al. did an experimental study on the effect of enhanced mass transfer
on the performance improvement of a solar-driven adsorption refrigeration system [15].
Those systems are possible alternatives to the vapor compression system, not only because
they are driven by renewable energy but also because their refrigerants are more environ-
mentally friendly. This is especially true for the absorption system (including the liquid
desiccant cooling system). With good cycle continuity and energy storage characteristic,
the absorption system is more mature in many aspects. However, its development is
impeded by the lower performance compared to the vapor compression system. The major
reason for this is due to the energy waste in the regeneration process, through which the
absorbent concentrates and forms the cycle. If the regeneration efficiency improves, the
system performance will also improve. Many efforts have been made in this area. Most of
them are about the combined systems that improve integral performance. Dai et al. [16]
did an experimental investigation on a GAX (Generator Absorber heat eXchanger) based
absorption heat pump driven by hybrid liquefied petroleum gas and solar energy. Patel
et al. [17] proposed a solar-biomass driven combined vapor compression–absorption sys-
tem. A combined system can also be built with natural energy resources. Ezzat et al. [18]
studied a geothermal-solar energy based system. Energy storage is also a good mea-
sure. Fan et al. [19] investigated the heat storage method for the solar energy driven LiBr
air-conditioning system. To further enhance the storage capacity, El-Shaarawi et al. [20]
analyzed a solar driven dual storage absorption system. For the solar heat driven system,
the enhancement of the solar energy utilization efficiency is an effective way to improve
the whole performance. Siavashi et al. [21] studied the nanofluid-based direct absorp-
tion solar collector. Kumar et al. [22] predicted the performance of an extended surface
solar air collector with twisted tape inserts. Rodríguez-Sánchez et al. [23] developed a
thermo-mechanical model of a solar central receiver.

Though progresses has been made, there is room to explore by solving the energy
waste problem. In regeneration, input energy is not only used to generate water vapor out
of absorbent (or desiccant) solution; it is also used to first heat the solution body. This leads
to energy waste in three ways: first, it wastes energy in generating a hot solution, which
is a useless by-product of the process. It wastes even more energy with larger solution
volume. Second, energy dissipates to the environment during the heating process. Bigger
solution body and higher temperature could increase energy loss in this way. Third, the
left hot solution bulk body is a burden after regeneration. High solution temperature is not
favorable for the absorption (or dehumidification) process. It may need additional cooling
measures, which demands more energy. This restricts the regeneration efficiency and
harms performance. Therefore, an effective way for efficiency improvement is to reduce
the volume of hot solution so that less energy will be consumed heating the solution bulk
body. As solution temperature should be maintained to ensure regeneration performance,
a possible method is to make the solution body take part in regeneration as little as possible.
In an ideal state, the water in the solution participating in regeneration is just equal to that
set to evaporate. For the same amount of water, the latent heat change of evaporation is
much larger than the sensible heat change. The energy is almost consumed to generate
water vapor with very little waste. Also, the energy loss from heat dissipation is less for a
smaller body solution. A practical situation would be to have a small part of the solution
body locally heated to evaporate the water instead of heating up the whole solution body.
Through this local heating method, energy will be saved, and the performance improved.

Few researchers have tested this idea. Chen et al. [24] propose the conception of
the solar steam mode, which shows the advantage of heat localization in bettering the
efficiency of energy utilization. They reported the development of a new approach and
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corresponding material structure that localizes the solar energy where evaporation occurs
and minimizes the heat losses leading to enhanced solar thermal efficiency at low optical
concentration in open air while generating steam. Under solar illumination, the developed
structure forms a hot spot internally where evaporation occurs. The fluid wicks to the
hot spot, evaporates and forms vapor. This structure has four main characteristics: high
absorption in the solar spectrum, low thermal conductivity to suppress thermal conduction
away from the hot internal region, hydrophilic surfaces to leverage capillary forces and
promote fluid flow to the hot region, and interconnected pores for fluid flow to and from
the structure. They have achieved solar thermal efficiency up to 85% at the illumination
power of 10 kW/m2. This work is attracting more researchers to explore the potential of the
solar steam mode. Kaur et al. have an all-ceramic micro fibrous solar steam generator [25].
Yang et al. investigated the functionalized graphene for highly efficient solar thermal steam
generation [26]. Yin et al. studied the extremely black vertically aligned carbon nanotube
arrays for solar steam generation [27]. Jia et al. studied the rich mesostructures derived
from natural woods for solar steam generation [28]. Most of them concentrate on the
synthesis method and physical or chemical properties of different materials.

Though the solar steam mode is promising for a wide range of industrial applications,
like desalination and air-conditioning, few efforts have yet been made in this area. The
present works have only conducted experiments on pure water, while it evaporates saline
solution in a real situation. It is necessary to investigate the real performance of the solar
steam mode for practical application. To improve the efficiency of the absorption air-
conditioning system, this paper presents the progresses of testing the local heating method
from three points. First, both theoretical and experimental analysis were made to expose
the advantage of evaporating an absorbent solution of a smaller body volume. Second,
the performance of the solar steam mode was investigated experimentally with a common
absorbent, the LiCl solution, as the liquid subject. This shows the impact of the solar steam
mode on the regeneration process of the absorption system. Third, the air-conditioning
system performance was evaluated with different local heating regeneration modes. The
results indicate local heating modes improve the system COP (the ration of cooling load
to energy consumption) and the solar steam mode does even better. This idea could
potentially be used in future applications.

2. Material and Method
2.1. Regeneration of Smaller Solution Body for Absorption System

Figure 1 presents the flow chart of a typical absorption air-conditioning system driven
by solar energy. The solar thermal collector provides the energy concentering the weak
solution leaving the absorber. In Figure 1, the solution first enters into the solar thermal
collector and raises its temperature, and then it evaporates in the generator. In other system
designs [2], the solution may directly enter into the generator and remain a hot medium
(like water) as the solar thermal collector heats it up. All of these systems are heating
the whole solution body to a certain temperature and then obtaining strong solution and
water at the same time. This wastes energy in acquiring the extra hot solution. With a
valve and branch pipe (red line), an improved configuration is achieved by reducing the
solution to be heated in the generator. The weak solution leaving the absorber divides into
two streams: one goes into the generator for evaporation; the other one mixes with the
strong solution regenerated from the generator and returns to the absorber. The amount of
evaporated water does not change in this new sketch. It reduces the solution body in the
generator by regulating the valve. Theoretically, the smaller volume of the stream goes into
the generator, the less energy is wasted and more efficiency can be obtained. It can be seen
as a local heating mode as only small part of the solution is heated. The solar steam mode
realizes heating localization in a different way.
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Figure 1. Flow chart of solar energy driven absorption air-conditioning system.

2.2. Solar Steam Mode

Solar-enabled steam generation is considered one of the most promising solar-energy-
harvesting technologies. Chen et al. first took a new absorber design with heat localization,
in which heat is confined at the evaporation surface and heat loss from the heating spot
to the bulk water is minimized. Thus, such an absorber can induce high solar thermal
efficiency and produce high-temperature vapor under the same solar intensity. The solar
steam mode is presented in Figure 2a,b. Figure 2a shows the working process, where an
object floats on water, and vapor is generated under the sun. The floating object is the core
part of the solar steam mode. Its structure and working principle are presented in Figure 2b.
The material for solar steam mode usually has a double-layer structure, e.g., a carbon foam
layer supporting an exfoliated graphite layer. The bottom layer is thermally insulated with
smaller pore size for liquid supply. It adopts the material with low thermo conductivity
and lets the solution permeate under capillary force. The upper layer has larger pore size
so vapor can escape, and its material has high absorption in the solar spectrum. It forms a
chamber where only small volume solution is heated and evaporated. The bottom part
controls the size of the heating solution body and reduces the energy loss in dissipating.
The upper part propels the absorption of the solar energy as high as possible. Thus, the
general system efficiency is improved. Solar steam mode has attracted many researchers’
attention and comes to be a hot spot in related areas. Yet only pure water has been taken
as the liquid for testing, and most work focuses on the materials while few care about
practical performance. In this paper, we test the regeneration of liquid absorbent with the
solar steam mode and make an analysis on this method.
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2.3. Experimental System

Experiments have been conducted to investigate the idea of a heating localization
method. It includes two major parts. In the first part, we tested the performance of
regenerating smaller liquid body and try to find out whether it will be more efficient in
this situation. Both pure water and absorbent solution were chosen as the subjects. In the
second part, the regeneration performance was investigated for the solar steam mode. As
similar works have been done with pure water, we mainly research the case of absorbent
solution.

The experimental system of the first part is presented in Figure 3. It consists of a solar
simulator and an electronic balance, which has a liquid beaker on it. The liquid beaker
acts as experiment subject. In the experiments, the solar simulator constantly provided the
solar illumination maintained at 1 kW/m2 by controlling the input current at 8.5 A. The
electronic balance measured the mass change of the liquid and beaker, or the evaporating
rate. The type of simulator was SS150A. The stability of the light source was below 0.5%,
the uniformity was below 2% and the maximum illumination was 1.2 kW/m2. The type of
the electronic balance was FA1004. Its accuracy was ±0.1 mg and the measurement ranged
from 0–100 g. The temperature was measured by Pt100 resistance temperature detectors
(RTDs) with an accuracy of ±0.1 ◦C.

The system performance can be expressed as:

COP =
Q0

G
=

lme

G
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Considering low cost, operability, and stability is critical to practical application 
Therefore we chose the high temperature treated wood [29] in our experiments. The 
preparation process was according to the reference fir wood blocks (Wanqing Co., Ltd., 
95%) with a diameter of 5 cm (Figure 4a). It was treated with a high temperature fritting 
furnace (furnace type KSL-1100X-S) and the highest temperature was 1100°C. The 
temperature rising rate was set as 10 °C/minute. When the temperature reached 250 °C, 
it stopped rising and remained steady for about 15 min. The treated wood was shown in 
Figure 4b. Its diameter is about 4 cm by cutting the edge. 

Figure 3. Experimental system.

The material for testing the solar steam mode was prepared. Most materials in
the references are either expensive or technically demanding for large-scale expansion.
Considering low cost, operability, and stability is critical to practical application Therefore
we chose the high temperature treated wood [29] in our experiments. The preparation
process was according to the reference fir wood blocks (Wanqing Co., Ltd., 95%) with
a diameter of 5 cm (Figure 4a). It was treated with a high temperature fritting furnace
(furnace type KSL-1100X-S) and the highest temperature was 1100◦C. The temperature
rising rate was set as 10 ◦C/minute. When the temperature reached 250 ◦C, it stopped
rising and remained steady for about 15 min. The treated wood was shown in Figure 4b.
Its diameter is about 4 cm by cutting the edge.
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2.4. Theoretical Analysis of the Performance with the Local Heating Method

Both the methods introduced above present the idea of local heating, which is believed
to improve efficiency by reducing energy loss. Here the preliminary analysis will be given
based on energy balance equations. In the regeneration (evaporation) process, the input
energy will be equal to the sum of the system enthalpy change and the total energy loss:

Qi = (H2 − H1) + Ql , (4)
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where Qi is the input energy; H1, H2 are the system enthalpy before and after regeneration,
respectively; and Ql is the energy loss. H1 is the enthalpy of the solution entering the re-
generator while H2 consists of the enthalpy of the regenerated solution and the evaporated
water vapour:

Qi =
[(

mwl + cpwmwtw
)
+ cps2ms2ts2

]
− cps1ms1ts1 + Ql , (5)

where mw is the amount of evaporated water vapor; ms1 and ms2 are the solution mass
before and after regeneration, respectively; l is latent heat of water vaporization; cpw, cps1
and cps2 are the specific heat of the water vapor, the solution before regeneration and the
solution after regeneration, respectively; tw, ts1 and tps2 are the temperature of the water
vapor, the solution before regeneration and the solution after regeneration, respectively.
Normally, the item cpwmwtw is much smaller than the item mwl as l is always larger than
cpwtw; cpwmwtw is also considered much smaller than cps1ms1ts1 and cps2ms2ts2, because
the amount of evaporated water is very small compared with that of the solution body.
Therefore, this item can be neglected to simplify the analysis. With the same reason, we can
also assume ms2 is equal to ms1, since mw is the only difference between them. Equation (5)
can be written as:

Qi ≈ mwl + ms1
(
cps2ts2 − cps1ts1

)
+ Ql . (6)

Mass balance equation reveals the relationship between mw and ms:

ms1Conir = (ms1 − mw)Conor, (7)

where Conir is the concentration of the solution entering the regenerator; and Conor is the
concentration of the solution leaving the regenerator. Therefore:

ms1 = mw

(
Conor

Conor − Conir

)
. (8)

Combine Equations (6) and (8):

Qi ≈ mw

[
l +
(

Conor

Conor − Conir

)(
cps2ts2 − cps1ts1

)]
+ Ql . (9)

Assume the cooling capacity of the absorption system is Q0:

Q0 = mwl. (10)

The coefficient of performance of the absorption system would be:

COP =
Q0

Qi
≈ mwl

mw

[
l +
(

Conor
Conor−Conir

)(
cps2ts2 − cps1ts1

)]
+ Ql

=
l[

l +
(

1
1− Conir

Conor

)(
cps2ts2 − cps1ts1

)]
+ Ql

mw

. (11)

Equation (11) shows the COP of the absorption system is below 1 (without adopting
the waste heat reutilization method) and will be influenced by different parameters. It
decreases with smaller concentration changes before and after regeneration, higher rising
solution temperature, less evaporated water vapor and more energy loss during the process.
If the solar thermal conversion efficiency is taken into account, the COP is (assume the
efficiency is ζ):

COP =
lζ[

l +
(

1
1− Conir

Conor

)(
cps2ts2 − cps1ts1

)]
+ Ql

mw

. (12)

For the heating localization idea, Equation (5) shows less solution participating in
regeneration leads to smaller Qi, and thus improves the performance. An ideal situation is
the solution in regeneration is so small that it completely evaporates and turns to water
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vapor and the solid absorbent salt. In this case, ms1 is as small as mw and the related
enthalpy items can be neglected. Equation (5) is rewritten as:

Qi ≈ mwl + Ql . (13)

Equation (12) is expressed as:

COP =
lζ

l + Ql
mw

. (14)

With these equations, comparison analysis can be made between the normal method
and the heating localization method.

3. Results and Discussion
3.1. Experimental Results of the Heating Localization Idea (Not in the Solar Steam Mode)

The environment temperature was maintained around 27 ◦C and the humidity ratio
was around 42%. The initial liquid temperature was about 25 ◦C. To test the heating
localization idea, we mainly investigated the evaporation rate with different liquid volumes.
The mass of the beaker and liquid was recorded every ten seconds, and the whole process
lasted for one hour. The mass change was taken as the evaporation rate under different
working conditions. The first group of the experiments were conducted on pure water.
Figure 5 shows the mass of the beaker and water with three different water volumes: 5 mL,
20 mL and 30 mL. The points standing for the evaporation rates overlap in the figure, which
means they are almost equal. The three lines go in the similar tendency, indicating there is
no big change of evaporation rate with different water volumes. The average rates were
0.000873 g/10 s, 0.000923 g/10 s and 0.000859 g/10 s with the water volume 5 mL, 20 mL
and 30 mL, respectively. The predicted higher rate with smaller volume did not come true
in the experiments. The liquid with smaller volume surely reduces the energy loss to the
environment, but this did not count much in the final results. The reason may be because
this set of the experiments reflected the local heating idea for all three volumes at the very
beginning. In the traditional system, the liquid to be regenerated is first completely heated
to a certain temperature and then goes through the regeneration process. It was different in
the experiments, as all three situations can be considered as the local heating mode, which
started from the liquid surface. This group of experiments actually expose the performance
of the local heating mode as having little influence from the total volume of the liquid body.

Processes 2021, 9, x FOR PEER REVIEW 9 of 18 
 

overlap in the figure, which means they are almost equal. The three lines go in the 
similar tendency, indicating there is no big change of evaporation rate with different 
water volumes. The average rates were 0.000873 g/10 s, 0.000923 g/10 s and 0.000859 g/10 
s with the water volume 5 mL, 20 mL and 30 mL, respectively. The predicted higher rate 
with smaller volume did not come true in the experiments. The liquid with smaller 
volume surely reduces the energy loss to the environment, but this did not count much 
in the final results. The reason may be because this set of the experiments reflected the 
local heating idea for all three volumes at the very beginning. In the traditional system, 
the liquid to be regenerated is first completely heated to a certain temperature and then 
goes through the regeneration process. It was different in the experiments, as all three 
situations can be considered as the local heating mode, which started from the liquid 
surface. This group of experiments actually expose the performance of the local heating 
mode as having little influence from the total volume of the liquid body. 

0 500 1000 1500 2000 2500 3000 3500
-0.010

-0.005

0.000

0.005

0.010

 

 

M
as

s 
ch

an
ge

 o
f t

he
 w

at
er

 a
nd

 b
ea

ke
r (

g)

Time (s)

 5ml
 20ml
 30ml

 
Figure 5. Mass change of the water and beaker with different liquid volumes. 

If the liquid is changed from pure water to an absorbent solution, the same 
conclusion can be attained. Take LiCl solution as the absorbent. Two groups of 
experiments have been made with different solution volumes. The results of 20 mL and 
30 mL are respectively presented in Figures 6 and 7. Five different mass concentrations 
have been selected. Both Figures 6 and 7 show the mass change (or the evaporation rate) 
is bigger with smaller concentrations, this is in accordance with the fact it is harder to 
evaporate water from a stronger solution. The reason is that when the solution becomes 
stronger, it enlarges its capability of absorbing water vapor, and thus impedes the 
evaporation process. The average rates in Figure 6 were 0.001233 g/10 s, 0.000744 g/10 s, 
0.00065 g/10 s, 0.000421 g/10 s and 0.000213 g/10 s corresponding to five concentrations. 
The average rates in Figure 7 were 0.001244 g/10 s, 0.000772 g/10 s, 0.000615 g/10 s, 
0.000317 g/10 s, 0.000165 g/10 s corresponding to five concentrations. For the solution, 
the liquid volume also hardly influences the evaporating performance in the same 
surface local heating mode. 

Figure 5. Mass change of the water and beaker with different liquid volumes.



Processes 2021, 9, 444 9 of 17

If the liquid is changed from pure water to an absorbent solution, the same conclusion
can be attained. Take LiCl solution as the absorbent. Two groups of experiments have been
made with different solution volumes. The results of 20 mL and 30 mL are respectively
presented in Figures 6 and 7. Five different mass concentrations have been selected. Both
Figures 6 and 7 show the mass change (or the evaporation rate) is bigger with smaller
concentrations, this is in accordance with the fact it is harder to evaporate water from a
stronger solution. The reason is that when the solution becomes stronger, it enlarges its
capability of absorbing water vapor, and thus impedes the evaporation process. The aver-
age rates in Figure 6 were 0.001233 g/10 s, 0.000744 g/10 s, 0.00065 g/10 s, 0.000421 g/10 s
and 0.000213 g/10 s corresponding to five concentrations. The average rates in Figure 7
were 0.001244 g/10 s, 0.000772 g/10 s, 0.000615 g/10 s, 0.000317 g/10 s, 0.000165 g/10 s
corresponding to five concentrations. For the solution, the liquid volume also hardly
influences the evaporating performance in the same surface local heating mode.
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3.2. Experimental Results of the Localization Heating (in the Solar Steam Mode)

Experiments were also done on the performance of local heating with the material of
solar steam structure. All the working conditions were the same as in Section 3.1 except
the prepared wood material was adopted (Figure 8). The first group of experiments were
carried out with pure water with different volumes. The results are presented in Figure 9.
In the solar steam mode, the mass changes are almost equal with the volumes of 30 mL and
40 mL, so the volume change had little influence on the evaporation rate. Compared with
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the water evaporating without the solar steam material, the situation with the material
had a big rise in evaporation rate. The average value was 0.002101 g/10 s for the 30 mL
situation with the solar steam material, compared to 0.000859 g/10 s without the material.
About 2.5 times the rate was achieved. The evaporation rate was so high that the “steam”
phenomenon (Figure 10) can be seen after 20 min, which has never happened in the
situation without the solar steam structure material. The thermal conductivity of the water
was 0.599 Wm−1K−1 at 20 ◦C, for dry wood it was 0.33 Wm−1K−1 and for wet wood it
was 0.54 Wm−1K−1. The floating wood with the solar steam structure does not have much
priority in thermal insulation. Therefore, the real reason for improvement is not the bottom
of the layer but could lie in the characteristic of the upper layer. For one thing, the upper
structure improves the utilization of the solar energy as claimed in the references. Secondly,
we believe the multi-pore structure of the treated wood played a key role in this process.
The pores split the original intact liquid surface and thus similarly create numerous micro
cells filled with liquid. It’s like separating the big surface to many small pieces, which
facilitates the evaporation process. The solar steam structure not only reflects the heat
localization idea in the vertical direction, but more importantly also reflects in the lateral
direction of the surface.
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We then changed the liquid from pure water to absorbent solution and used LiCl
solution as the absorbent. Two groups of experiments were done with different solution
volumes. The results of 20 mL and 30 mL are presented in Figures 11 and 12, respectively.
Five different mass concentrations were selected. Figures 11 and 12 show the evaporation
rate is bigger with smaller concentrations. The average rates in Figure 11 are 0.003116 g/10
s, 0.001997 g/10 s, 0.001504 g/10 s, 0.001028 g/10 s and 0.000593 g/10 s corresponding
to five concentrations. The average rates in Figure 12 are 0.003949 g/10 s, 0.002397 g/10
s, 0.001641 g/10 s, 0.00108 g/10 s, 0.000652 g/10 s corresponding to five concentrations.
Compared with the results in Figures 6 and 7, the evaporation rate was three times that
of the proceeding one. The solar steam structure material greatly improves evaporating
efficiency, and its effect is even greater when applying on the absorbent solution. Figure 13
shows the picture of the dry material after the experiments, where solid salts appeared at
the surface of the wood.
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3.3. COP Evaluation for the Absorption System with the Local Heating Idea

With the theoretical equations and experimental data, analysis can be made on the
performance of the absorption system with the local heating mode. As introduced above,
all experiments in Section 3.1 can be considered a local heating mode, so it can not directly
reflect the advantages of the new idea. Nevertheless, it will not be very hard to realize the
benefit from heating smaller liquid body for evaporating the water vapor of same amount.
Equations (8), (12) and (14) provide a base for analysis to expose how the amount of
participating solution regeneration influences the COP. Equation (12) presents the situation
where all the participating solutions regenerate while Equation (14) presents the situation
where only small part of the solution participates in regeneration and it completely turns
to water vapor and solute after the process. The ratio between the participating solution
mass and ms1 is the parameter to be investigated. The specific heat of the solution is
calculated as a function of the concentration and temperature [30]. Assume the absorbent
is the LiCl solution. The solution concentration and temperature are 30% and 25 ◦C
before regeneration, 35% and 75 ◦C after regeneration. The corresponding specific heat
is 2.9 kJkg−1K−1 and 2.95 kJkg−1K−1 [31]. As presented in Equation (15), COP can be
calculated with different mass ratio (R) between the participating solution mass and ms1:

COP =
lζ[

l +
(

1
1− Conir

Conor
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cps2ts2 − cps1ts1

)
R
] . (15)
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The result of neglecting the energy loss and assuming ζ is 60%, is shown in Figure 14.
This shows bigger R or more solute participating in regeneration which leads to the COP
drop. When R is 100%, the COP is about 70% of that when R is 0%. Local heating with a
smaller liquid body does improve the performance in this way, and it could be better if we
take the energy loss into consideration as a smaller body reduces the energy dissipation to
the environment.
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3.4. COP Evaluation for the System in the Solar Steam Mode

If the system takes the solar steam mode for regeneration, the experimental data can
be a basis for performance analysis. The COP can be expressed as:

COP =
Q0

G
=

lme

PS
. (16)

The cooling load Q0 is the product of l and the evaporation rate me. The evaporation
rate can be obtained from the experimental data of mass change in Sections 3.1 and 3.2. G
is the input power and is the product of P, the illumination power of the solar simulator
and S, the surface area of the wood material with the solar steam structure. S can be taken
as the area of a circle. The values of P and the diameter are given in Section 2.3.

The case of evaporating pure water is investigated first. Based on the experimental
data presented in Figure 9, the evaporating performances are calculated with Equation
(16) for the pure water of 30 mL in two different modes. Figure 15 presents the results.
In the solar steam mode, the COP is more than two times that of the regular evaporation.
The situation is the same for regenerating absorbent solution. Based on the experimental
data in Figures 6 and 11, the COP is calculated with Equation (16). Figure 16 presents
the results. For different concentrations, the COP in the solar steam mode is more than
two times and sometimes three times compared to the non-solar steam mode. The COP
decreases when the concentration increases. The solar steam mode greatly improves the
efficiency of utilizing solar energy. The highest COP exceeds 0.6 when the concentration is
10%. The typical working concentration range of the LiCl solution is about 25–35%. Within
this range, the highest COP of the system is about 0.3 in the solar steam mode. It is much
lower than that of the vapor compression system. Nevertheless, if the vapor compression
system is also driven by solar energy, like the PV power, the COP is about 0.3 with the
low conversion efficiency of solar illumination to electric power. With this in mind, the
absorption system with the solar steam mode could be a competitive alternative.
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4. Conclusions

Local heating regeneration methods are proposed in this paper for the purpose of
improving the performance of the absorption system. The idea of the local heating regener-
ation is to make the heating liquid body as small as possible in order to reduce the energy
consumption on liquid temperature rising and energy loss to the environment. Two modes
are introduced. One reduces the amount of the liquid sent to regeneration and the other is
the solar steam mode, which adopts a material with a specific double layer configuration.
Both methods are promising in improving the system efficiency.

With the energy balance equations, analysis has been made on the local heating
regeneration idea. The models expose the influence of some parameters, including the con-
centrations and solution temperature change, which are closely related to the performance
of the system adopting this idea. One third of the energy can be saved at most with the
minimum volume of the liquid taking part in the regeneration process.

Experiments have been made testing the local heating regeneration idea. For the non-
solar steam mode, the size of the liquid body has very little influence on the performance
when the surface is directly under the illumination of the solar simulator. The reason for
this is because all of these situations can be considered as local heating in the vertical
direction. For the solar steam mode, the specific structure of the material brings the local
heating effect in both the vertical direction and lateral direction. Therefore, the evaporate
rates doubled with pure water as the liquid subject and tripled with LiCl solution as the
subject.

The newest research shows the highest efficiency with the solar steam mode can
attain 0.8 or more. Xiao et al. studied an efficient solar steam generation of carbon
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black incorporated hyper-cross-linked polymer composites [32]. Chen et al. studied the
highly anisotropic corncob as an efficient solar steam-generation device [33]. Behera
et al. proposed an ultra-broadband absorption method for higher efficiency [34]. Yang
et al. studied a wood-based solar interface evaporation device for efficient solar steam
generation [35]. Zhang et al. proposed an MoS2 nanosheet–carbon foam composite for
solar steam generation [36]. However, the highest COP in our experiments reached 0.6
with 10% LiCl solution. The major reason is the difference of the adopted solution subjects.
In the newest research, pure water or low concentration NaCl solution is adopted, while
LiCl solution with higher concentration was adopted in our experiments. The solution
in our experiments had larger capacity of absorbing water vapor, which leads to lower
evaporation rate and lower efficiency. The efficiency goes lower with higher concentration.

Though impeded by the solution absorption capability, the local heating regeneration
method could improve the COP of the absorption system by 40% in reducing the energy
consumption. This COP will be tripled with the solar steam mode. It shows the local
heating regeneration methods may have great potential in practical application.

Future work will focus on the optimization of the local heating regeneration mode,
like better configuration and better design or more favorable material for the solar steam
mode. Theoretical and experimental research is also needed to reveal the mechanism of
heat and mass transfer in the local heating regeneration process.
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Abbreviations

Con mass concentration (%)
cps specific heat of the solution (kJ kg−1 K−1)
cpw specific heat of the water vapor (kJ kg−1 K−1)
COP coefficient of performance (dimensionless)
G energy input (kJ)
H enthalpy (kJ)
l latent heat of water vaporization (kJ kg−1)
mw amount of evaporated water vapor (kg)
ms solution mass (kg)
P power input (kW)
Qi input energy (kJ)
Ql energy loss (kJ)
Q0 cooling capacity (kJ)
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S area (m2)
t temperature (◦C)
Greek letters
ζ solar thermal conversion efficiency (%)
Subscripts
1 before regeneration
2 after regeneration
i in
o out
r regenerator
s solution
w water
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