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ABSTRACT 

Absorption heat pumps (AHPs) operate by refrigeration 

techniques that use heat without requiring a compressor. In this 

study, an innovative AHP system is proposed that uses waste 

heat at 80 °C to produce hot air (at least 120 °C), which can be 

used for applications such as drying, and to simultaneously 

generate steam of 100–115 °C. Air is heated directly by heat 

exchange in the absorber working in the heating mode of a 

LiBr/H2O AHP system. Steam is then produced by heat 

exchange with the absorption solution, which is still at high 

temperature. The performance of a bench-scale AHP was 

evaluated by examination of running in a continuous mode. The 

tested AHP achieved a hot air temperature of more than 120 °C 

at the outlet of the absorber, and steam up to 115 °C was 

simultaneously generated by recovering heat from 80 °C hot 

water. The coefficient of performance, which is defined as the 

ratio of heat generated to the power consumed for pumping fluid, 

exceeded 20. The heat transfer rate in the absorber was 

dominated by an air stream through a bundle of tubes, but 

temperature in the evaporator was a significantly sensitive factor 

for the increasing temperature in this proposed AHP system. 

INTRODUCTION 

 

The petrochemical and steel industries are the most energy-
intensive manufacturing industries by a significant margin. 

Waste heat at a temperature level of 60–90 °C is generated by 

the industrial processes of these industries in large quantity. 

Research and development of the recovery of such waste 
energy is essential and important for effective utilization of 

energy. Absorption heat pumps (AHPs) operate by refrigeration 

techniques that use heat without requiring a compressor [1–4]. 

AHPs have been recently applied to steam generation and 
increasing heat levels of hot water by recovering waste heat [5-

9]. However, the need for steam with pressures as low as 0.2 
MPa is not strong in industry.  

NOMENCLATURE 

 

A [m
2
] Heat transfer surface area 

COP [-] Coefficient of performance 

Cp [J/(kg·K)] Specific heat 

Do [m] Outside diameter of tube 

Gc [kg/s] Mass flow rate of air 

H [J/kg] Specific enthalpy 
&M  [kg/s] Mass flow rate 

&m  [kg-

H20/(m
2
·s)] 

Rate of absorption or evaporation 

&Q  [W] Heat transfer rate 

ReA [-] Reynolds number 

T [K] Temperature 

UA [W/m
2
·K] Overall heat transfer coefficient 

w [W] Input power for pumps 

∆T [K] Temperature difference 

z [m] Cartesian axis direction  

 

Special characters 

ρ [wt%] Concentration of LiBr in solution 

µA [Pa·s] Viscosity of air 

 

Subscripts 

1  Inlet of fluid 

2  Outlet of fluid 

A  Absorber or air 

C  Condenser 

E  Evaporator 1 

E2  Evaporator 2 

G  Generator 

2056



    

g  Gas phase (air or steam) 

h  Input heat base 

i  Inside of tube 

o  Outside of tube 

p  Input pump power base 

S  Absorption solution 

W  Water 

 

A novel steam generation system has been proposed to 

recover waste hot water (80 °C) and to yield steam hotter than 

150 °C by using a water-zeolite adsorption heat pump [10]. The 

performance of that system has been evaluated for a bench-
scale system [11]. The system introduces direct contact of water 

to zeolite to yield high temperature compressed steam in the 

steam generation step as well as direct drying of zeolite by a hot 
air stream in the bed to reduce the desorption time by means of 

efficient heating in the regeneration step. This requires dry air 

hotter than 120 °C to sufficiently regenerate zeolite saturated 

with water. In recent years, CO2 hot blast heat pump which 

generates 120℃ air was developed. Compared with an oil-fired 
boiler, this new heat pump can reduce CO2 emissions and 

running costs by about 41% each year. 

In this study, an innovative LiBr/water AHP system is 

suggested for heating waste heat from 80 °C and 

simultaneously producing hot air at temperatures over 120 °C, 
which would then be available for the zeolite regeneration, and 

steam of 100–115 °C for preheating the bed of zeolite due to its 

adsorption prior to the steam generation step. Air is heated 

directly by heat exchange in the absorber working in the heating 

mode of an AHP. Steam is then generated by recovering heat in 
the absorption solution which is still at a high temperature. 
This system can be driven by thermal energy, consuming only a 

little electricity for pumping fluid. However, heat transfer 

between air and a heating surface is generally much lower than 

heating or boiling water streaming on the surface. To address 

this, a LiBr/water solution is supplied so that it flows down and 
forms a film along the inside wall of spiral tubes set vertically 

while air flows among the bundle of tubes in the absorber. This 
structure can enlarge the heat transfer surface area and allows 

directly enhancing the heat transfer rate by increasing the 

number of tubes and introducing a turbulence promotion effect 

on the surface of the spiral tubes. The present work examines 

the performance of a bench-scale AHP system to determine the 

heat transfer parameters necessary to design a larger-scale 

system. In the case which generated only 120℃  air by the 

innovative AHP system, compared with an oil-fired boiler, this 
new heat pump can reduce CO2 emissions and running costs by 

about 98% each year. 

EXPERIMENT 

 

Figure 1 shows a schematic diagram of flow in the 
experimental apparatus. The main structure of the present AHP 

system was composed of an evaporator (evaporator 1), an 
absorber, a regenerator, a condenser, an evaporator(evaporator 

2),a solution heat exchanger, solution pumps, and water pumps. 

Tubes of the heat exchanger employed in the AHP system are 
of spiral and bare types (Figure 2); the specifications are listed 
in Table 1. The absorbent used in the AHP was an aqueous 

solution of lithium bromide (LiBr). All operational processes 
took place in a closed system under sealed evacuated 
atmosphere. The absorbent solution condensed in the 

regenerator was fed to the absorber by a pump through the 
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Figure 1Schematic diagram of flow in experimental apparatus 
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(a) Spiral tubes 

Figure 2Heat transfer tubes used in AHP system 

Table 1Tubes of heat exchanger of AHP 

Element Evaporator 1 Absorber Generator Condenser Evaporator 2 

Material Copper Copper Copper Copper Copper 

Number of tubes 74 46 42 91 4 

Length (mm) 4848 4940 4352 5500 3200 

Inner diameter (mm) 23 23 23 16.6 16.6 

Shape 
Vertical spiral 

tubes 

Vertical spiral 

tubes 

Vertical spiral 

tubes 

U-shaped 

bare tubes 

Vertical bare 

tubes 

 

Water 

vapor
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(b) Bare tubes 
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solution heat exchanger. A film of the solution flowing down 

the inside wall of the vertical tubes was formed in the absorber 

to absorb water vapor from the evaporator. In the evaporator, 
vapor was evaporated on a pure water film flowing on the inside 

wall of the tubes heated by hot water at 80 °C, which flowed 

around the tubes. The detailed structures are shown in Figure 3. 

Then, the solution was heated during downward flow due to an 

increase of exothermic dilution heat in the solution and the 
latent heat by water vapor absorption. Air streamed in a counter 
flow around the tubes in the absorber, and heat exchange took 

place to heat the air through the tubes from the solution.  

The absorbent solution diluted by absorbing water vapor was 

passing through the solution heat exchanger and an evaporator 

(evaporator 2) for heat recovery prior to returning into the 
generator. In evaporator 2, steam was then produced from a 
film of pure water flowing on the outside wall of the tubes 

heated by absorption liquid, which still had a high temperature. 
In the generator, the absorbent solution flowed down, forming a 

film on the inside wall of the tubes, and was heated by hot water 

(80 °C), which flowed around the tubes. The solution was 

condensed during downward flow by evaporation of water 

vapor. The evaporated water vapor transferred into the 

condenser, and was condensed on the surface of the tubes, 

which were cooled by water fed into the inside. The water in 
the condenser was returned to the evaporator. The performance 

of the AHP was monitored continuously during its operation. 

When it was confirmed that the operation achieved a sufficiently 

steady state, the temperatures of the fluids were measured at the 

inlet and outlet of each device. The absorbent solution was 

sampled at the inlet and outlet of the absorber to determine the 

concentration of LiBr by using an infrared moisture analyzer 
(Shimadzu MOC-120H). 

 

 

RESULTS AND DISCUSSION 

 

Heating Behavior of Hot Air in Absorber 

Figure 4 shows the time behavior of the outlet temperature 

of hot air heated in the absorber of the AHP. The mass flow 

rates of hot water supplied to the evaporator and cooling water 

to the condenser were fixed at 9.9 kg/s and 7.2 kg/s, respectively. 

Inlet temperatures of the hot water and the cooling water are 

also marked in the figure. The outlet temperature of the air in 
the absorber was heated more than 120 °C without significantly 

influencing the mass flow rate of air, which was fed in the range 

of 0.08 to 0.5 kg/s. The air temperature was influenced, rather, 

by hot water temperature in the evaporator; the air temperature 
reached 130 °C when the hot water temperature had risen by 

only 5 °C. 

The overall heat transfer coefficient UA in the absorber was 

estimated from the experimental results by 

U
A

= &Q
A

∆T
A
A( ) , (1) 

where the heat transfer rate &Q
A
 and mean temperature 

difference ∆T
A
 are determined as shown in Table 2. Specific 

enthalpy of the solution can be found as a function of 

temperature and the concentration by consulting the references 

[2, 3].  

Figure 5 shows the overall heat transfer coefficient in the 

absorber against the Reynolds number for the air stream flowing 

through the bundle of tubes, which is given by 

Re
A

= D
o
G
c
/µ

A

, (2) 

where Do is the outside diameter of the tubes, Gc is the 
maximum mass flow rate of air through a bundle of tubes, and 

µA is air viscosity. 
The symbols (a), (b), (c), and (d) in Figure 5 correspond to 

the conditions labeled in Figure 4. The overall heat transfer 

coefficient rose with an increase in Re or the air flow rate. This 

Figure 4Time variation of temperature in absorber of AHP 
Hot water mass flow rate: 9.9 kg/s 

Cooling water mass flow rate: 7.2 kg/s 
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implies that the heat transfer between the LiBr aqueous solution 

and air may be dominated by convective heat transfer into air on 

the outside walls of the tubes in the absorber. The overall heat 

transfer coefficient was compared with heat transfer coefficients 

predicted for both sides of the tubes by previously reported 

empirical correlations to verify the heat transfer mechanism. 

Heat transfer in a liquid film flowing down a vertical tube wall 

occurs according to a formula of Wilke [12]. The convective 

heat transfer coefficient for air flowing through a bundle of 
tubes was predicted by Bell [13]. 

The predicted convective heat transfer coefficient between 

air and the outside walls of the tubes and the overall heat 

transfer coefficient, determined from conduction through tube 

walls and convection on both sides of the tubes, are also plotted 

in Figure5. The overall heat transfer coefficient was almost the 

same as the convective heat transfer coefficient on the outside of 

the tubes. These results reveal that convective heat transfer 

between the air and the tubes dominates the overall heat transfer, 

as noted above. The dependency of the Reynolds number on the 

overall heat transfer coefficient obtained by examination was 

somewhat different than the predicted dependency because the 
heat transfer mechanism through spiral tubes in the absorber is 

more complicated than the analogous problem for bare tubes, 
which can ignore the exothermic reaction in the solution. 
However, the magnitudes became reasonably close at Re=4000 

with respect to the average temperature difference, defined by 

∆TA in Table 2. 

The coefficients of performance, COPp and COPh, of the 
AHP, which were calculated by the equation in Table 2, are 
plotted in Figure 6. COPp based on the electric power used to 
pump fluid was enhanced by increasing Re and was greater 
than 20 when ReA was greater than 3000. COPh corresponds to 

thermal efficiency, and is based on the total input energy. COPh 
reached as high as 30% for ReA above 3000.  

 
Figure 5 Effect of the mass flow rate of air on heat transfer 

coefficient (for the case shown in Figure 4) 
 

Simultaneous    Hot Air Heating and Steam Generation 

The simultaneous heating of air and generation of steam was 

evaluated. Figure 7 shows the time behaviors of temperatures in 

the absorber and evaporator 2 of the AHP. Hot air (80 °Cat 

inlet) was heated to 125 °C in the absorber and saturated steam 

at 100 °C was simultaneously generated at a rate of0.0047 kg/s 

under atmospheric pressure in evaporator 1. When steam 

generation is regulated to0.0025 kg/s, the steam temperature 

reached 115 °C and the hot air temperature remained at 125 °C. 
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Figure 6Effect of the mass flow rate of air on COP 

 

Figure 8 shows the influence of steam generation 

temperature on the total COP. COPp for only hot air obtained 

without steam generation was 17; under the same operating 
conditions in combination with steam generation, this 

improved COPp to over 20 although, the magnitude was reduced 

at increasing steam temperatures. 

CONCLUSION  

 

An innovative LiBr/water AHP system was developed to use 

waste heat at 80 °C to simultaneously produce air hotter 

than120 °C and steam. The results obtained by examination of a 

bench-scale system and the numerical analysis can be 
summarized as by the following points: 

1. Air was successfully heated to over 120 °C by direct heat 
exchange in the absorber. The hot air temperature was 

significantly influenced by temperature in the evaporator, rather 

than by the mass flow rate of air. 

2. The coefficient of performance, defined as the ratio of hot air 

energy to power consumed for pumping fluid, improved with an 

increase in air flow rate or Reynolds number and exceeded 15 

for Re more than 10000. 

3. Simultaneous hot air over 120 °C and steam up to 115 °C 

were obtained, as desired, and the coefficient of performance 

was greater than 20.Higher steam temperatures reduced the 

performance. 
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 Table 2List of equations for AHP 

Enthalpy change 

Evaporator 1 )TT(MCQ WEWEWEPwE 21 −= &&  )HH(MQ gCgEgEE −= &&  

Absorber )TT(MCQ AAAAAAPAA 12 −= &&  )HH(M)HH(MQ SASASASAgEgEA 2112 −−−= &&&  

Generator )TT(MCQ WGWGWGPwG 21 −= &&  )HH(M)HH(MQ SGSGSGSGGggGG 1221 −+−= &&&  

Condenser )TT(MCQ WCWCWCPwC 12 −= &&  )HH(MQ gCgGgGC −= &&  

Evaporator 2 )HH(MQ WEgEgEE 2222
−= &&  

1121122 SGSGSESEE HMHMQ &&& −=  

)QQ/()QQ(COP GEEAh
&&&& ++= 2  

Heat pump w/)QQ(COP EAP 2
&& +=  

w: Input power for pump 

Mass balance  

Flow rate 12 SASAgE MMM &&& −=  
EggG MM && =  

21 SASG MM && =  2122 SESASG MMM &&& ==  

Concentration 
2112 SESGSA

ρ=ρ=ρ  
21 SGSA

ρ=ρ  
12 12 SGSG SGSG MM ρ⋅=ρ⋅ &&  

Heat driving force 

Evaporator 1 )}*T)/(T*T)/Ln{(TT(T = T gEWE2gEWE1WE2WE1E －－－∆  

Absorber  )}T))/(TT/Ln{(T )}T(T)T{(T = T AA1SA2AA2SAkAA1SA2AA2SAkA －－－－－∆  

Generator } )T)/(TT/Ln{(T  )}T(T)T{(T = T SGkWG2SG2WG1SGkWG2SG2WG1G －－－－－∆  

Condenser })T*)/(TT*)/Ln{(TT(T = T WC2gCWC1gCWC1WC2C 　－－－∆  

Evaporator 2 })TT)/(TT{(Ln/)TT(T gE2SGgE2SESGSEE 　－－ 1211212 −=∆  

 

Figure 7Time behaviors of temperature in absorber and evaporator 2 of AHP. 

Inlet hot water temp.: 80 °C    Hot water mass flow rate: 9.9 kg/s 

Inlet cooling water temp.: 15 °C   Cooling water mass flow rate: 7.2 kg/s 
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Figure 7Time behaviors of temperature in absorber and evaporator 2 of AHP. 

Inlet hot water temp.: 80 °C    Hot water mass flow rate: 9.9 kg/s 

Inlet cooling water temp.: 15 °C   Cooling water mass flow rate: 7.2 kg/s 
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Figure 8 Effect of the generated steam temperature on COP 

(air flow rate: 0.25 kg/s) 
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