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Abstract: An adsorption refrigeration system can be driven by low grade heat and uses natural refrigerant with 

the advantage of reducing the greenhouse gases emission. However, one of the weaknesses is its low efficiency 

and more importantly its high cost. The recovery of internal waste heat becomes therefore very important in order 

to improve the coefficient of performance (COP). Analysis based on pinch technology can be helpful to optimal 

heat recovery operation. In this paper, temperature-heat diagrams and problem tables for adsorption refrigeration 

systems are proposed and analyzed using Pinch Technology. The results show that pinch point is located between 

beds and the main waste heat needs to be recovered between beds. Dynamic characteristic (time factor) of 

adsorption refrigeration system is the main resistance for heat recovery. The effect of pinch point temperature 

difference on the system COP is not distinct. Furthermore, when the driving temperature is 90°C, the COP of 

adsorption refrigeration via optimization of pinch analysis is 0.73 which is fairly comparable to LiBr-water 

absorption refrigeration system. Pinch Technology can be adopted in different types of adsorption refrigeration 

systems (two-bed, four-bed, mass recovery, et al.). 

Keywords: heat recovery, adsorption refrigeration, pinch point, pinch technology, silica gel-water 

1. Introduction 

The growth of cooling demand, for both domestic and 
industrial applications, is mainly driven by the global 
economic growth as well as the population growth. 
Continuously rising demand for cooling is putting 
enormous strain on electricity supply. According to a 
report of International Energy Agency, total electricity 
use for cooling worldwide is about 10% of global 
electricity use in 2016 [1]. In the cooling market, the 
dominating units are electrically driven mechanical 
compression refrigeration systems. Besides, refrigerant 
discharge of mechanical compression refrigeration 

system brings about ozone depletion issue. In the severe 
situation of energy and environment, the call for green 
refrigeration technology is urgent. 

Adsorption refrigeration, one of the green refrigeration 
technologies, can be driven by low-grade heat and use 
natural refrigerants, so that it is a perfect solution to meet 
the increasingly strict requirements of energy saving and 
environmental protection [2]. Absorption refrigeration is 
another thermally driven refrigeration technology, but the 
use of solution pump brings about 5% electricity 
consumption and vibration [3]. Adsorption refrigeration 
system does not have any moving components and 
enjoys the advantages of no vibration and noise. The 
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Nomenclature   

a coefficient ad adsorbent 

b coefficient bed bed 

C specific heat capacity/kJ·kg–1·K–1 c condensation 

COP coefficient of performance CS cold stream 

H heat load/kJ d desorption 

L latent heat of vaporization/kJ·kg–1 e evaporation 

M mass/kg HS hot stream 

Q heat/kJ in input driving heat 

r reaction heat/kJ·kg–1 j, k number 

R723 
ammonia blend refrigerant (40 wt% Dimethyl 
ether, 60 wt% Ammonia) 

l liquid 

T temperature/K ou output cooling capacity 

t temperature/°C p pinch point 

X refrigerant uptake/kg·kg–1 r recovered 

X0 maximum refrigerant uptake/kg·kg–1 s saturation 

Subscripts v vapor 

a adsorption   

 
disadvantages of adsorption refrigeration, like low 
efficiency, however, limit its applications and product 
development.  

The common refrigerants for adsorption refrigeration 
system are natural substances, like water, methanol and 
ammonia. The most common adsorbents are silica gel, 
activated carbon, zeolite, calcium chloride and metal 
organic framework (MOF). Among them, silica gel-water 
working pair is most used and developed because of its 
extremely low driving temperature [4] and low cost. A 
new class of zeolites, namely aluminophosphate base 
AQSOA (AQSOA-Z01, Z02 and Z05), also have similar 
low driving temperature but much larger adsorption 
capacity on water than silica gel because of its S-shaped 
adsorption isotherms [5]. So the commercial adsorption 
refrigeration units [6–10] adopt either silica gel-water or 
AQSOA zeolite-water with packed or coated beds. 
Besides, the adsorption refrigeration prototype with 
combined use of packed silica gel and coated AQSOA 
zeolite was built and investigated by Sapienza et al. [11]. 
MOF is a very promising adsorbent. Various types of 
MOFs have been developed, such as MOF-801 [12], 
MIL-100 [13], CAU-10 [14] and MIP-200 [15]. MIP-200 
is reported to be the best MOF for adsorption 
refrigeration and its coefficient of performance (COP) 
was predicted to be over 0.6 at 60°C [15]. 

Advanced cycles are often proposed to enhance the 
adsorption refrigeration system performance. Heat and 
mass recovery cycle is considered to be an efficient way 
to recover the internal waste heat and enlarge the cyclic 
adsorption capacity, so that it is commonly used in 
practical systems [16]. Thermal wave cycle can make the 

most of the internal waste heat but it is hardly realized in 
practical systems while it requires suited heat and mass 
transfer properties of adsorbing/desorbing beds [17]. The 
reported experimental COP of active carbon-methanol 
thermal wave system is only 0.13 [18]. The adjustment of 
ads-/desorption times via three beds can also provide 
optimal operation of the adsorption refrigeration system 
due to the fact that the adsorption process requires more 
time than desorption process [19, 20]. Optimal cycle time 
is another factor to ensure the adsorption refrigeration 
system in good running state. Iguchi et al. [21] provided 
a method for estimating optimum cycle time based on 
adsorption chiller parameters, for example, hot water and 
chilled water temperature, heat transfer coefficient and 
heat capacities of beds. Performance optimization of 
solar adsorption cooling systems with adaptive cycle 
time was investigated [22, 23]. Pan et al. [24] proposed 
an operation strategy with varied cycle time based on 
solar hot water temperature and system performance was 
significantly improved.  

Overall, the recovery of system internal waste heat is 
the best way to improve the system performance. 
Optimal heat recovery operation needs appropriate 
arrangement of heat exchanger networks which can be 
optimized by Pinch Technology [25]. Pinch Technology 
was proposed by Linhoff and Boland [26] and now has 
been widely applied in chemical engineering and 
absorption refrigeration areas [27]. Compared to 
simulation or experiment methods, pinch technology is a 
convenient and efficient method which is suitable for  
new heat exchanger networks design or existing heat 
exchanger networks optimization. Atuonwu et al. [28] 
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used Pinch Technology to optimize energy efficiency for 
a zeolite adsorption drying system but the internal heat 
exchanger network was not analyzed. Xu et al. [29] 
developed a temperature-heat (t-Q) diagram analysis 
method for the heat recovery adsorption cycle. Though 
this method uses t-Q diagram as what pinch technology 
uses, it is only suitable for evaluation on the heat 
exchanger network in existing systems. Pinch technology 
used in analysis or optimizing of heat exchanger network 
for adsorption refrigeration and heat pump system has 
not yet been reported in the literature. The main objective 
of this paper is therefore to adapt the method of pinch 
analysis to adsorption refrigeration and heat pump 
systems. In order to evaluate the proposed method, the 
t-Q diagram of a silica gel-water adsorption refrigeration 
system is analyzed using Pinch Technology and predicted 
performance are also given. 

2. Mathematical Modeling 

A conventional two-bed adsorption refrigeration 
system including the associated thermodynamic cycle, 
illustrated in Fig. 1, is taken as an example (in the figure, 
V means valve.). This system has four working processes: 
precooling, adsorption, preheating and desorption (Fig. 
1(b)). These working processes can be described as 
follows. 

(1) Bed1 in precooling & Bed2 in preheating 
V1–V4 are closed and V5 is the throttle valve. Bed1 is 

cooled and Bed2 is heated.  
(2) Bed1 in adsorption & Bed2 in desorption 
V1 and V4 are closed and V2 and V3 are open. Bed1 

 

 
 

Fig. 1  Two-bed adsorption refrigeration system 

is cooled and adsorbs the refrigerant vapor from 
evaporator. Bed2 is heated and desorbs the refrigerant 
vapor which flows into condenser. 

(3) Bed1 in preheating & Bed2 in precooling 
After above processes, cooling and heating operation 

of Bed1 and Bed2 is switched. V1–V4 are closed. Bed1 
is heated and Bed2 is cooled.  

(4) Bed1 in desorption & Bed2 in adsorption 
V1 and V4 are open and V2 and V3 are closed. Bed1 

is heated and desorbs the refrigerant vapor which flows 
into condenser. Bed2 is cooled and adsorbs the 
refrigerant vapor from evaporator. 

Though beds are fixed, their temperatures change 
periodically and a large number of heat streams are 
transferred within the system. In the prospect of using 
Pinch Technique, the beds are regarded as “stream”. 
Adsorbing bed, refrigerant from desorbing bed to 
condenser, refrigerant in condensation process and 
refrigerant from condenser to evaporator are considered 
as hot streams which can be marked by HS1, HS2, HS3 
and HS4, respectively. Desorbing bed, refrigerant from 
evaporator to adsorbing bed and refrigerant in 
condensation process are cold streams which can be 
marked by CS1, CS2 and CS3, respectively. The hot and 
cold streams are summarized in Table 1. The working 
processes of adsorption refrigeration system switch 
periodically and they are transient. The energy equations 
of all streams are based on the full working period and 
then time factor is considered. 
 
Table 1  Hot and cold streams of two-bed system 

Category Name Label 

Hot stream 

Adsorbing bed HS1 

Refrigerant flow from desorbing bed 
to condenser 

HS2 

Condensing refrigerant HS3 

Refrigerant flow from condenser to 
evaporator 

HS4 

Cold stream

Desorbing bed CS1 

Refrigerant flow from evaporator to 
adsorbing bed 

CS2 

Evaporating refrigerant CS3 

 
Energy equation of HS1 and CS1 is expressed by the 

following equation: 

1 bed bed ad ad ad l

ad

( )j j j j

j

H H M C M C M X C T

M r X

    

 
 (1) 

where H is the heat load (kJ). Mbed and Mad are the mass 
of the bed metal and adsorbent (kg), respectively. Cbed, 
Cad and Cl are the specific heat of the bed metal, 
adsorbent and refrigerant liquid (kJ·kg–1·K–1), 
respectively. ΔT and ΔX are the difference of temperature 
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(K) and refrigerant uptake (kg·kg–1), respectively; r is the 
adsorption/desorption reaction heat (kJ·kg–1). 

Energy equation of HS2 and CS2 is expressed by the 
following equation: 

 
1

1 ad v 1
1

n j

j j j k k
k j

H H M C T X X
 

 
 

         (2) 

where Cv is the specific heat capacity of refrigerant vapor, 
kJ·kg–1·K–1. X is the refrigerant uptake, kg·kg–1.  

Energy equations of HS3, HS4 and CS3 can be 
expressed by Eqs. (3)–(5), respectively. 

   c ad d1 c d2 c, ,Q M X T T X T T L           (3) 

     ad d1 c d2 c 1 c e, ,    M X T T X T T C T T  (4) 

   e ad a2 e a1 e, ,Q M X T T X T T L          (5) 

where, Q is heat exchange capacity, kJ. L is the latent 
heat of vaporization, kJ·kg–1. Td1 and Td2 are initial and 
final temperature of desorption process, K. Ta1 and Ta2 
are initial and final temperature of adsorption process, K. 
Tc and Te are condensation and evaporation temperature, 
K. 

Silica gel-water is the working pair of the adsorption 
refrigeration system. Its adsorption equilibrium is 
expressed by a modified Dubinin-Astakhov (D-A) 
equation [30] as: 

ad
0

s

exp 1
b

T
X X a

T

  
    
   

          (6) 

where, Ts is saturation temperature of refrigerant, K. The 
value of D-A coefficient is: X0=0.346 kg (Water)·kg–1 
(Silica gel); a=5.6 and b=1.6. 

Preheating and precooling processes are isochoric so 
that the refrigerant uptake of adsorbent is constant. The 
refrigerant uptake of adsorbent in heating (preheating and 
desorption) and cooling (precooling and adsorption) 
processes are given by the following equations: 

For heating process, 

 
   

1 d ad c 1

d c d ad c 1

, < , 

, , , 

 



 


j j

j

j

X T T T X
X

X T T T T T X
      (7) 

For cooling process, 

 
   

1 a ad e 1

a e a ad e 1

, , 

, , , 

 



 


j j

j

j

X T > T T X
X

X T T T T T X
      (8) 

The main performance index is the coefficient of 
performance (COP): 

ou inCOP Q Q                  (9) 

where, Qin and Qou are input driving heat and output 
cooling capacity, respectively, kJ. 

The value of parameters in the mathematical model 
are listed in Table 2. The heat capacity of bed metal, 
mass of adsorbent, specific heat capacity of adsorbent, 
adsorption/desorption reaction heat and latent heat of 

vaporization of refrigerant are referred by previous study 
[24]. In order to solve the above equations, a program is 
written in MATLAB. For the calculations, the 
temperature increment used is 0.25 K. The operating 
temperatures of hot and cold streams are listed in Table 3. 
 

Table 2  Value of parameters in the mathematical model of 
two-bed system 

Parameters Value Unit 

MbedCbed 77 720 kJ·K–1 

Mad 47 kg 

Cad 0.92 kJ·kg–1·K–1 

Cl 4.18 kJ·kg–1·K–1 

Cv 1.9 kJ·kg–1·K–1 

Hr 2550 kJ·kg–1 

L 2520 kJ·kg–1 

Td2, Ta1 85+273.15 K 

Td1, Ta2 30+273.15 K 

Tc 30+273.15 K 

Te 5+273.15 K 

 
Table 3  Operating temperatures of streams 

Label 
Supply 

temperature/°C 
Target 

temperature/°C 

HS1 85 30 

HS2 85 30 

HS3 30 30 

HS4 30 5 

CS1 30 85 

CS2 5 85 

CS3 5 5 

3. Analysis 

3.1 t-Q diagram  

t-Q diagram is one of the most used methods in pinch 
analysis to analyze the heat exchanger network. t-Q 
diagram of the adsorption refrigeration system is shown 
in Fig. 2. All the stream curves are displayed in the 
figures. Red color represents hot stream and blue color 
represents cold stream. All the hot stream curves are 
located on upper left of the figure and all the cold stream 
curves are located on the lower right of the figure. HS2, 
HS4 and CS2 curves are almost vertical because their 
heat capacities are very small. HS3 and CS3 curves are 
horizontal because they are the isothermal condensation 
and evaporation processes of refrigerant, respectively. 
HS1 and CS1 curves are polylines and their slopes 
change obviously at about median of medium 
temperature and driving temperature because they 
include precooling (or preheating) and adsorption (or 
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desorption) processes. Heat load difference of both ends 
of HS1 and CS1 curves are the biggest, which indicates 
that the beds have the biggest heat exchange capacity. 

For the original figure, CS2 curve is between HS1 and 
CS1 curves so the CS2 must be processed to demonstrate 
the pinch point. CS2 stream represents refrigerant flow 
from evaporator to adsorbing bed. In the adsorption 
refrigeration system, adsorbent of bed directly adsorbs 
the refrigerant vapor from the evaporator. So the CS2 
curve segment from the medium temperature to the 
driving temperature is integrated in HS1 curve and the 

 

 
 

Fig. 2  t-Q diagram of the adsorption refrigeration system 

new t-Q diagram is shown in Fig. 2(b). The pinch point is 
located between HS1 and CS1 curves, so that heat 
exchanger should be placed between adsorbing and 
desorbing beds to recover the heat. This is the reason 
why heat recovery cycle is adopted. 

3.2 Problem table 

The most used method in pinch analysis is problem 
table. The pinch point temperature difference is chosen as 
5°C. The operating temperature of hot streams should 
minus half of pinch point temperature difference and the 
operating temperature of cold streams should plus half of 
pinch point temperature difference. In the actual 
adsorption refrigeration system, the heat of HS4 is 
dissipated by CS3. As a result, HS4 is integrated into 
CS3. The problem table of the adsorption refrigeration 
system is shown in Table 4. The pinch point is located at 
32.5°C with zero input and output heat flux, which is 
consistent with the result of t-Q diagram. If the 
adsorption system is steady, about (82.39+1.59) MJ 
internal waste heat can be recovered in one adsorption 
refrigeration cycle. In this case, the output capacity is 
55.41 MJ and input driving heat is 17.52 MJ. The 
potential COP of adsorption refrigeration system is 3.16. 

But the actual adsorption refrigeration system is 
unsteady and the time factor should be considered. The 
pinch technology should be modified when it is used for 
adsorption refrigeration. The temperatures of HS1 and 
HS2 rise up from the bottom to top but the temperature 
of CS1 changes in opposite way, from top to bottom. So 
the recovered heat (exchanged heat between HS1-HS2 
and CS1) can be given by the following equations while 
considering the time factor and pinch point temperature 
difference. Eqs. (10)–(12) are the modified pinch 
technology expressions for two-bed adsorption 
refrigeration system. 

   
       

r CS1 1 CS1 d1

HS1 a1 HS1 2 HS2 d2 HS2 2

min ,Q H T H T

H T H T H T H T

 

  
(10) 

 
Table 4  Problem table of adsorption refrigeration system 

Temperature/ 
°C 

Streams 
HS1/
MJ 

HS2/ 
MJ 

HS3/ 
MJ 

CS1/
MJ 

CS2/
MJ 

CS3/
MJ 

Deficient
heat/MJ 

Accumulated heat/MJ Heat flux/MJ 

Input Output Input Output 

87.5 

 

   14.64   14.64 0 –14.64 17.52 2.87 

82.5 82.39 1.59  86.86   2.87 –14.64 –17.52 2.87 0 

32.5 14.59 0.22   0.22  –14.59 –17.52 –2.93 0 14.59 

27.5   57.81    –57.81 –2.93 54.88 14.59 72.40 

27.5     0.87  0.87 54.88 54.01 72.40 71.53 

7.5      55.41 55.41 54.01 –1.40 71.53 16.11 

7.5       
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a1 a2 p
1 a1 2

T T T
T T

 
           (11) 

a1 a2 p
2 a2 +

2

T T T
T T

 
          (12) 

Comparison of cases with and without time factor is 
shown in Table 5. When considering the time factor, the 
recovered heat is much less than that of case without time 
factor. Hence, more input driving heat is required and the 
COP reduces from 3.16 to 0.66. The COP drop is the 
result of unsteady characteristics of adsorption 
refrigeration system. The effect of unsteady 
characteristics on the system should be reduced for 
enlarging the recovered heat and improving the system 
performance. 
 
Table 5  Comparison of cases with and without time factor 

 
Recovered 

heat/ 
MJ 

Input 
driving heat/ 

MJ 

Cooling
capacity/

MJ 
COP

Without time 
factor 

83.98 17.52 55.41 3.16

With time factor 18.04 83.46 55.41 0.66

3.3 Effect of pinch point temperature difference 

Fig. 3 shows the effect of pinch point temperature 
difference on COP of adsorption refrigeration system. 
When the adsorption refrigeration system is assumed to 
be steady (without time factor), pinch point temperature 
difference has a significant impact on COP. COP reduces 
significantly from 3.16 to 0.66 when pinch point 
temperature difference increases from 5°C to 30°C, 
because recyclable internal heat of HS1 is concentrated 
in the low temperature area (generally lower than 60°C 
for this specific adsorbent). When the pinch point 
temperature difference increases, recovered heat from the 
low temperature area becomes less so the COP decreases 
greatly. When the time factor is taken into account, pinch 
point temperature difference has little impact on COP. 
The COP slightly drops down with increasing pinch point 
temperature difference. Internal heat of HS1 in the low 
temperature area becomes unrecyclable when time factor 
is taken into account. So recovered heat amount is 
without significant change when the pinch point 
temperature difference increases. When the pinch point 
temperature difference is 30°C, the COPs of two cases 
are very close. Therefore, internal heat of HS1 in the low 
temperature area is unrecyclable at 30°C pinch point 
temperature difference. 

3.4 Effect of pinch point temperature difference 

Fig. 4 shows the effect of different working 
temperature conditions on COP of adsorption 
refrigeration system. COP increases with the increasing  

 
 

Fig. 3  Effect of pinch point temperature difference on COP 
 

 
 

Fig. 4  Effect of different working temperature conditions on 
COP 

 
driving temperature, increasing evaporation temperature 
and decreasing medium temperature (adsorption and 
condensation temperature). The gradient of the COP 
surface is relatively large and it indicates that the driving 
temperature and medium temperature have remarkable 
effect on COP. In the case of 5°C evaporation 
temperature, COP can be as high as 0.83 (90°C driving 
temperature and 25°C medium temperature) and as low 
as 0.28 (65°C driving temperature and 32°C medium 
temperature). Gradient of the COP surface has obvious 
change between two areas: (1) high driving temperature 
and low medium temperature area (Area 1); (2) low 
driving temperature and high medium temperature area 
(Area 2). In the case of 5°C evaporation temperature, 
separation line between two areas starts on 73.5°C/25°C 
driving/medium temperatures and ends on 89.5°C/30°C 
driving/medium temperatures. Gradient of the COP 
surface in Area 1 is generally larger than that in Area 2. 
Hence, driving temperature and medium temperature 
have greater effect on COP in Area 1 than Area 2. Shape 
of COP surfaces at three evaporation temperatures (5°C, 
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7°C and 10°C) are similar so that the effect of driving 
temperature and medium temperature on COP is not 
affected by the evaporation temperature. 

3.5 Comparison between pinch analysis and other 
methods 

Simulation and experiment methods are widely used 
in adsorption refrigeration study. The comparison 
between pinch analysis and other methods (simulation 
and experiment) has been investigated and the results are 
shown in Fig. 5. The experimental data used are from the 
previous studies [24, 31]. The evaporation temperature 
and medium temperature are set to be 7°C and 30°C, 
respectively. In Fig. 5, the COP via optimization of pinch 
analysis is higher than the other two methods. For 
simulation and experiment of adsorption chiller, the heat 
and mass transfer performance and heat exchanger 
effectiveness have significant influence on system COP. 
However, these factors are not considered for pinch 
analysis, and they, of course, contribute to higher COP. 

 

 
 

Fig. 5  Comparison between pinch analysis and other methods 
(simulation and experiment) 

 

When the driving temperature is 90°C, the COP of 
adsorption refrigeration via optimization of pinch 
analysis is 0.73 which is comparable to LiBr-water 
absorption refrigeration system [32]. The COPs via 
optimization of pinch analysis and simulation are very 
close at low driving temperature but the gap grows when 
the driving temperature increases. So the performance of 
previous adsorption refrigeration unit is close to its upper 
limit and there is few potential in performance 
improvement under the low driving temperature condition. 
However, under the relatively high driving temperature 
conditions, the previous adsorption refrigeration still has 
sufficient performance potential and more improvement 
should be taken in adsorption/desorption reaction and 
heat and mass transfer. Besides, adsorption refrigeration 
system performance prediction by pinch analysis is 
feasible with the advantages of quick response. 

4. Other Kinds of Adsorption Refrigeration 
System 

4.1 Four-bed system 

The proposed modified pinch technology can also be 
used in other configurations of adsorption refrigeration 
system. A four-bed system is shown in Fig. 6. Compared 
to two-bed adsorption refrigeration system, the four-bed 
system has two more beds and two more valves. When 
one desorbing bed is connected with condenser and one 
adsorbing bed is connected with evaporator, the other 
two (desorbing and adsorbing) beds are connected with 
each other. The desorbed refrigerant vapor in the 
desorbing bed is directly adsorbed by the adsorbent in the 
adsorbing bed, which are named as medium desorption 
and adsorption processes. The benefit of four-bed system 
is to expand the operating temperature boundary 
conditions and improve the system performance under 
the extremely poor working conditions [33]. The detailed 
working processes can be described as follows: 

(1) Bed1 & Bed4 in desorption and Bed2 & Bed3 in 
adsorption 

V1, V3 and V7 are open while V2, V3 and V6 are 
closed. V5 is the throttle valve. Bed1 is heated and 
desorbs the refrigerant vapor which flows into Condenser. 
Bed2 is cooled and adsorbs the refrigerant vapor from 
Evaporator. Bed3 is also cooled and adsorbs the 
refrigerant vapor which is desorbed by Bed4 while Bed4 
is heated. 

(2) Bed2 & Bed3 in desorption and Bed1 & Bed4 in 
adsorption 

V2, V3 and V6 are open while V1, V3 and V7 are 
closed. Bed1 is also cooled and adsorbs the refrigerant 
vapor which is desorbed by Bed4 while Bed2 is heated. 
Bed3 is heated and desorbs the refrigerant vapor which 
flows into Condenser. Bed4 is cooled and adsorbs the 
refrigerant vapor from Evaporator. 

 

 
 

Fig. 6  Schematic of the four-bed adsorption refrigeration 
system 

 

All streams of the four-bed systems are shown in 
Table 6. Compared to the two-bed system, four-bed 
system has two more hot streams and one more cold 
stream. The stream equations of HS5, HS6 and CS4 can 
be referred by the equations of HS1, HS2 and CS1, 
respectively. The adsorption equilibrium of medium 
desorption and adsorption processes is expressed by Eq. 
(6) where the saturation temperature is replaced by the 
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other bed temperature. The parameters of all the 
equations and operating temperature adopt the same 
value in Table 2 and Table 3, respectively. 

 

Table 6  Hot and cold streams of the four-bed system 

Category Name Label 

Hot stream 

Adsorbing bed HS1 

Refrigerant flow from desorbing bed 
to condenser 

HS2 

Condensing refrigerant HS3 

Refrigerant flow from condenser 
to evaporator 

HS4 

Medium adsorbing bed HS5 

Refrigerant flow from medium desorbing 
bed to medium adsorbing bed 

HS6 

Cold stream 

Desorbing bed CS1 

Refrigerant flow from evaporator 
to adsorbing bed 

CS2 

Evaporating refrigerant CS3 

Medium desorbing bed CS4 

 

 
 

Fig. 7  t-Q diagram of the four-bed adsorption refrigeration 
system 

 
All the stream equations of four-bed system have been 

solved in MATLAB and all stream curves are illustrated 
in Fig. 7. HS2 and HS6 are very closed because the mass 

of desorbed refrigerant vapor from the different 
desorbing beds are almost the same. Two adsorption 
processes curves (HS1 and HS5) are polynomial-lines 
but their inflection points are different which indicates 
the adsorption process starts at higher temperature in 
adsorbing bed than medium adsorbing bed. Though 
adsorbing bed has lower corresponding saturation 
temperature (condensation temperature) than medium 
adsorbing bed (medium desorbing bed temperature), its 
initial refrigerant uptake is much lower, so that its 
adsorption process starts at relatively higher temperature. 
Despite this, the starting and ending points heat load 
difference of HS1 and HS5 are almost the same. This 
proves that the mass of adsorbed refrigerant vapor of the 
different adsorbing beds are equivalent. Two desorption 
processes (CS1 and CS4) are in the same situation. 
Similar with the two-bed system, the pinch point of 
four-bed system is located between adsorbing beds and 
desorbing beds. 

4.2 Adsorption refrigeration system with mass 
recovery 

Fig. 8 shows an adsorption refrigeration system with 
mass recovery. Compared to two-bed adsorption 
refrigeration system, the mass recovery system has one 
more valve connecting two beds. Therefore, the mass 
recovery process can be implemented when the mass 
recovery valve (Valve V6) is opened before the 
adsorption and desorption switch. In this case, the 
adsorbing bed directly adsorbs the refrigerant vapor from 
the desorbing bed when the system is in mass recovery 
process. The application of mass recovery process can 
enhance the cyclic adsorption uptake of refrigerant and 
improve the system performance [34]. 

 

 
 

Fig. 8  Schematic of the mass recovery adsorption 
refrigeration system 

 

Mass recovery system has the same streams and 
stream equations with two-bed system. But the saturation 
temperature of adsorption equilibrium equation should be 
replaced by the other bed temperature once the system is 
in mass recovery process. The working pair of mass 
recovery system is activated carbon 208C-R723. The 
constants in adsorption equilibrium equation of this 
working pair are: X0=0.354; a=3.7342; b=1.187 [35]. The 
bed details and physical properties of activated carbon 
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are referred to the previous studies [36, 37]. The physical 
properties of R723 are referred to the database of 
REFPROP software. Values of parameters in the 
mathematical model of mass recovery system are shown 
in Table 7. 

 

Table 7  Values of parameters in the mathematical model of 
the mass recovery system 

Parameters Value Unit 

MbedCbed 0.15 kJ·K–1 

Mad 1 kg 

Cad 0.923 kJ·kg–1·K–1 

Cl 4.131 kJ·kg–1·K–1 

Cv 3.164 kJ·kg–1·K–1 

Hr 1100 kJ·kg–1 

L 880 kJ·kg–1 

Td2, Ta1 80+273.15 K 

Td1, Ta2 30+273.15 K 

Tc 30+273.15 K 

Te 5+273.15 K 

 

 
 

Fig. 9  t-Q diagram of the mass recovery adsorption 
refrigeration system 

 

All the stream equations of mass recovery system have 
been solved in MATLAB software and all the stream 
curves have been illustrated in Fig. 9. The stream curves 

of mass recovery are similar to those of four-bed system 
except adsorbing and desorbing beds (HS1 and CS1 
curves). For the adsorbing bed, there are three stages 
which are precooling, adsorption and mass recovery, 
respectively. The curve’s slope is quite different at each 
stage. The mass recovery stage has the minimum slope 
and the precooling stage has the maximum slope. The 
heat load difference is larger at very narrow temperature 
interval. This phenomenon reveals the adsorption 
reaction rate is very large because the corresponding 
saturation temperature (another bed’s temperature) is 
high. The desorbing bed has the same situation with the 
adsorbing bed. Similar with the previous systems, the 
pinch point of mass recovery system is located between 
adsorbing and desorbing beds. 

5. Conclusions 

In this paper, heat recovery of adsorption refrigeration 
systems is analyzed by the means of Pinch Technology. 
Mathematical model including all stream equations is 
elaborated for pinch analysis. Problem tables and t-Q 
diagrams of the adsorption refrigeration systems are 
constructed. Through analysis on the problem tables and 
the t-Q diagrams of the different adsorption refrigeration 
systems, some of the key conclusions are obtained: 

(1) Pinch point is located between beds and the main 
waste heat needs to be recovered between beds. Dynamic 
characteristics of adsorption refrigeration system are the 
main resistance for heat recovery.  

(2) The effect of pinch point temperature difference on 
the system COP is not distinct when pinch point 
temperature difference increases from 5°C to 30°C.  

(3) When the driving temperature is 90°C, COP of 
adsorption refrigeration via optimization of pinch 
analysis is 0.73 which is comparable to LiBr-water 
absorption refrigeration system. 

(4) Pinch Technology can be adopted in different 
adsorption refrigeration system types. 
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