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A B S T R A C T   

The adsorption heat pumps are a promising technology suitable for the industrial waste heat recovery. In 
particular, the direct contact configuration can be used to generate high pressure steam for industrial applica
tions limiting the design complexities. In this paper, a numerical simulation of the adsorption phase of an original 
configuration of a direct contact water/zeolite heat pump is presented and discussed. Two different models have 
been developed and compared using experimental data. Different sensitivity analyses were carried out with the 
aim of understanding the process of steam generation. The mass flow inlet results to be one of the most relevant 
parameters of the process and, consequently, an innovative process configuration is proposed. A descendent inlet 
water flow is implemented and compared with the classical ascendent process. The simulations on this config
uration demonstrated that it is possible to obtain higher steam production and better process performances 
doubling the generated steam mass flow.   

Introduction 

Background 

The world primary energy consumption reached 588 GJ in 2018 and 
more of 80% is due to fossil fuels [1]. The IPCC reports about the ne
cessity to mitigate the climate change highlighting the relevance of the 
energy efficiency to reduce the fossil fuel consumption [2]. From this 
point of view, the industrial sector represents a major user of primary 
energy [3]. The waste heat recovery, together with several strategies 
(such as: electrification, carbon capture, energy storage, etc.), is an 
effective tool which can be implemented in order to reduce the indus
trial greenhouse gas emissions [4]. 

In the last years, many studies were performed with the aim to 
investigate different technologies suitable for the industrial waste heat 
recycle and exploitation. In [5], Ciganda and Cudok presented a now 
approach to model the absorption heat transformer. The results are 
validated using a large experimental map obtaining coefficient of per
formance higher than 0.4 in according with temperature lifts of 55 K. In 
[6], Cheng et al. investigated the application of several granular mate
rials in the high-temperature waste heat recovery finding various tech
nological issues and research gap. In [7], Simeoni et al. developed a 

numerical model to simulate the adoption of the waste heat of a steel 
casting facility for the district heating. They identify a possible win–win 
solution for both the industry and the citizen. A novel Heat Pipe Ther
moelectric Generator (HPTEG) for high temperature waste heat recov
ery is proposed by Wang et al. in [8]. The pipe performances are 
investigated for particular conditions obtaining a thermal conductivity 
100 times higher than that of copper. 

One of the most promising option is to increase the temperature level 
of the industrial outlet streams using heat pumps in order to recover this 
large amount of low-enthalpy heat at suitable temperature levels for the 
industrial applications. 

The high-temperature heat pumps are one of the most considered 
applications in literature for their promising effectiveness for the pro
duction of value heat cascades. Mateu-Royo et al. in [9] modelled eight 
advanced high-temperature heat pump configurations and nine low 
global warming potential refrigerant fluids to obtain the most optimum 
solution. In [10], Kosmadakis assessed the waste heat potential in the EU 
industries underlying the role of the high-temperature industrial heat 
pumps. Hu et al. in [11] studied an innovative high-efficient industrial 
waste heat pump capable to reach coefficient of performance close to 5. 
The heat pumps can be classified into three main groups: vapour 
compression, absorption and adsorption heat pumps. 

The vapour compression is probably the most studied typology of 
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heat pump. In [12], Pak and Ri adopted a genetic algorithm to maximize 
the thermoeconomic effectiveness of steam heat pumps. In [13] 
Bamigbetan et al. realised a compressive review of the high temperature 
vapor compression heat pumps. This technology exhibits limits in terms 
of efficiency and electricity consumption for very high temperature 
applications [14–15]. 

The absorption heat pumps reduce the utilisation of electricity, 
although the low coefficient of performance represents a relevant issue. 
Moreover, ammonia is usually adopted as working fluid and its toxicity 
could be important from a safety point of view [16]. 

The adsorption heat pumps (AHPs) allow to reach high temperature 
(e.g., 200 ◦C) using water as working fluid and zeolite as adsorbent bed 
material [17]. Therefore, the AHPs could be implemented in several 
industrial processes. 

In conclusion, the main advantages and disadvantages of AHPs are 
summarised below. 

Advantages:  

- Absence of a compressor.  
- Low electricity consumption.  
- Adoption of water as working fluid.  
- Capability to reach high temperature. 

Disadvantages:  

- Low overall heat transfer coefficient.  
- High heat exchanger complexity.  
- Low coefficient of performance. 

The AHPs represent a suitable technology for the industrial processes 
requiring steam water temperature higher than 200 ◦C, but the research 

is actually focusing on the low heat exchange performances of these 
systems. 

Literature review 

The main challenge about adsorption heat pumps is related to the 
low heat transfer between the solid adsorbent bed and the working fluid, 
which has to transfer/collect heat to/from the bed. This is due to the low 
conductivity of the granular zeolite, which is considered the most suit
able material for this kind of application [18]. For this reason, many bed 
configurations and heat exchanger geometries were proposed and ana
lysed in literature to improve the heat transfer [19–20]. Typically, the 
solutions are very complex and challenging from the technological point 
of view. 

In order to reduce the project costs and design complexity, in the 
recent years several experimental and numerical studies were performed 
considering a direct contact AHP where the adsorbate works also as 
thermal fluid. In [21], Fukai and Wijayanta evaluated the variation of 
heat adsorption of the zeolite 13X adsorbent material adopting a cy
lindrical and spherical shape, while Nakagawa et al. in [22] investigated 
the combination of a direct contact AHP together with a thermal solar 
plant at low solar radiation. In [23] and [24], Nakaso et al. analysed in 
detail the thermodynamic performances of the generation phase from a 
numerical point of view. 

The main difference between an indirect and a direct contact AHP is 
that the heat exchanger between the solid bed and the working fluid is 
removed in the direct contact configuration and water (i.e. the industrial 
thermal cascade) operates at the same time as adsorbate and as thermal 
fluid to be transformed into steam, which is widely used in industrial 
process applications as thermal vector. This solution appears quite 
promising in terms of constructive and operative simplicity and good 

Nomenclature 

A Heat exchange surface, m2 

c Specific heat, J/kg K 
Deff Effective diffusivity, m2/s 
D Reactor diameter, m 
h Specific enthalpy, J/kg 
ḣ Specific enthalpy flow, W/kg 
H Adsorption heat, J/kg 
K Bed permeability, 1/m2 

KLDF Mass transfer coefficient, 1/s 
L Reactor height, m 
m Mass, kg 
ṁ Mass flow, kg/s 
p Pressure, Pa 
Qout External heat exchange, J 
R Specific gas universal constant, Pa∙K∙m3/kg 
Rp Zeolite particle radius, m 
R̃ Gas universal constant, J/(mol∙K) 
s Reactor thickness, m 
Sp Specific surface area, m2 

t Time, s 
T Temperature, K 
u Mixture axial velocity, m/s 
U Overall heat exchange coefficient, W/m2 K 
v Specific Volume, m3/kg 
V Volume, m3 

x Uptake, kgwater/kg dry zeolite 
xeq Equilibrium uptake, - 

xmax Maximum uptake, - 
z Axial reactor axis, m 

Greek symbols 
ε Bed void coefficient, - 
εp Zeolite particle void coefficient, - 
λ Latent heat of evaporation, J/kg 
μ Dynamic viscosity, Pa∙s 
ρ Density, kg/m3 

Subscripts 
case Reactor structure 
evap Evaporation 
i Generic reactor component 
in Inlet 
j Generic reactor component 
liq Liquid phase 
mix Steam-air mixture 
n Number of reactor components 
out Outlet 
p Constant pressure transformation 
steam Steam phase 
sat Saturation point 
sat-liq Liquid phase saturation point 
v Constant volume transformation 
vap Vapour phase 
zeo Zeolite 
zeo,dry Dry zeolite  
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performances of waste heat exploitation. Up today, the investigation 
about this novel configuration is quite rare and focused on modelling 
and testing lab-scale test rig with very small size. In [25], Oktariani et al. 
demonstrated the feasibility of high-temperature steam production 
using a direct contact zeolite-water AHP for many experimental condi
tions. In [26], Xue et al. investigated experimentally the effects of 
regeneration time on the cyclic steam production. In [27], Xue et al. 
compared numerical and experimental steam production of the direct 
contact AHP for different reactor pressures. In [28], Ye et al. examined 
the benefits of adopting low-enthalpy steam, instead of liquid water, in 
the first phase of the generation process. Finally, in [29], Xue et al. tested 
a new composite material as adsorbent bed showing good thermody
namics performances. The numerical analysis of the direct contact AHPs 
both for generation and regeneration phases were performed by Xue 
et al. in [30]. A comprehensive explanation of the two-dimensional 
simulation of the AHP reactors is performed by Oktariani et al. in 
[31]. The results presented in these works demonstrated the good 
capability of the AHPs to generate high-temperature steam using simple 
facilities. The main issue is due to the slow dynamic of generation and 
regeneration processes. 

In the present paper, a numerical analysis of the direct zeolite AHP 
was carried out with the purpose of examining an innovative configu
ration of water injection in order to increase the steam production. In 
particular, according to the work performed by Oktariani et al. in [32], a 
downdraft water inlet was studied and compared to the updraft 
configuration. 

The innovative feature of this research topic limits the presence of 
dedicated material in literature. For this reason, the totality of the works 
performed on this argument are due to a single research group, as can be 
seen in the references of this article [23–32]. 

Aims and novel contributions 

From the authors’ point of view, the advantages due to the adoption 
of the downdraft configuration were not sufficiently demonstrated and 
analysed in literature and this paper is focused on this important aspect. 
Based on authors’ knowledge, the Oktariani et al. paper [32] is the only 
one article published in literature focusing on a direct contact AHP 
adopting a descendent water inlet flow. The results reported in [32] 
emphasize the benefits of the adoption of a descent flow reporting an 
increment of the generated steam of 40% compared to the ascendent 
flow. Oktariani et al investigated this configuration only from an 
experimental point of view and not from a numerical one and a limited 
number of tests are carried out adopting a not uniform radial water 
injection. 

In the present research work, the first numerical analysis on a direct 
contact AHP with descendent inlet flow is realised, while a uniform 
radial water injection is implemented investigating the thermodynamic 
performances. The aim of this article is to fill the literature gap about the 
descendent inlet flow configuration and to realise a first approach to the 
numerical simulation of this innovative configuration. In particular, the 
enhanced heat transfer between the adsorbent bed and the adsorbate is 
highlighted underlying the consequences in terms of higher steam pro
duction and faster generation dynamics when compared with the up
draft option. In fact, the descendent flow allows to wet the adsorbent bed 
more effectively compared to the ascendent configuration requiring a 
lower amount of feedwater per unit of generated steam. So, considering 
the large relevance of the application of the zeolite heat pumps for the 
exploitation of waste heat and direct generation of high value steam for 
industrial end-users, the aim of this paper is to fill the gap which is 
present in literature highlighting for the first time the key points and 
critical aspects of the process thanks a numerical model specifically 
developed. 

The descendent configuration has two main advantages compared to 
the ascendent one:  

1) The overall time of the process is faster thanks to the lower feedwater 
required.  

2) The steam production is higher due to the lower amount of liquid 
water required for the generation phase. Thus, the medium- 
temperature liquid water left inside the reactor at the end of the 
process which contains a large amount of wasted energy is 
minimized. 

From the authors’ point of view, the downward flow should be 
considered as the primary configuration in order to design the direct 
contact adsorption heat pumps. 

The present work is structured in five sections: the second reports a 
brief description of the process and of the experimental facility pre
sented in [29]. The third explains the numerical models adopted and the 
assumptions implemented in the simulations. The fourth shows the ob
tained results while the last chapter reports the conclusions and future 
remarks. 

Description of the direct contact heat pump 

The layout of the water/zeolite heat pump for the direct steam 
generation is reported in Fig. 1. The process is characterised by two 
phases: steam generation and bed regeneration. In the first one, low 
temperature water (e.g., 80 ◦C) is pumped into the reactor from the 
bottom. The reactor is a stainless-steel cylindrical vessel filled with the 
adsorbent bed, which is composed by zeolite 13X spherical particles. 
The contact between the adsorbent bed and the water leads to the 
occurrence of the adsorption phenomenon. The water adsorption gen
erates the heat of adsorption causing zeolite temperature increase and 
generation of steam due to the direct contact between the bed and water. 
Superheated steam exits at the top of the reactor while the zeolite 
temperature increases due to water adsorption. Finally, the steam mass 
flow is measured using a flow meter. 

In the second phase, hot and dry air is used to regenerate the 
adsorbent bed. The amount of adsorbed water per unit of mass of dry 
zeolite is a fundamental parameter of the process defined as water 
uptake. 

The thermodynamic diagram of a typical adsorption cycle is reported 
in Fig. 2a together with the corresponding simplified reactor scheme 
(Fig. 2b). The dependence of the adsorbed water per unit of dry zeolite 
(water uptake) as a function of the zeolite temperature is shown. 

A step-by-step description of the cycle process is listed below. 
Generation phase:  

• Low temperature water (waste heat) enters the reactor (A).  
• Water adsorption occurs leading to adsorption heat releases and 

therefore increasing adsorbent (zeolite 13X) temperature (A-B).  
• Water adsorption decreases leading to zeolite temperature reduction 

(B-C). 
• Water uptake reaches the maximum value causing the zeolite tem

perature decreases (C-D).  
• End of the steam generation phase (D). 

Regeneration phase:  

• Liquid water is drained from the bottom of the reactor (D).  
• Ambient pressure hot dry air enters the top of the reactor (D).  
• Zeolite adsorbent bed warms up and releases adsorbed water (D-A).  
• End of the adsorbent bed regeneration phase (A). 

In Fig. 3, the comparison between the simplified scheme of the direct 
and indirect adsorption heat pump is reported. It can be clearly noted 
the simpler configuration of the direct design due especially to the 
absence of the heat exchanger between the operative thermal fluid and 
the adsorbent bed. 

In this work, the experimental results obtained by Xue et al. in [29] 
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were considered to validate the numerical models here developed and to 
compare experiments and simulations. In particular, a downward water 
flow inside the reactor was implemented in order to obtain higher steam 
production compared to the upward flow used in [29]. In fact, the work 
performed by Oktariani et al. in [32] suggested the possibility to get 
higher thermodynamic performances adopting a descending flow during 

the generation phase. 
Zeolite is characterised by very low thermal conductivity (e.g., 0.15 

W/m K) and for this reason it is suggested to increase the contact surface 
during the thermal exchange in order to increase the heat transfer. From 
this point of view, the downward flow allows to achieve a good contact 
between the adsorbent bed and the adsorbate limiting the effects of low 

Fig. 1. Simplified scheme of the direct-contact adsorption heat pump and contents/construction of the reactor.  

Fig. 2. Thermodynamic diagram of the adsorption cycle (a) and corresponding simplified reactor scheme (b).  
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zeolite thermal conductivity. 
Two models of different complexity were implemented in the code in 

order to analyse the process. The model description is reported in the 
next section. 

Mathematical models of the absorption process 

In this paper two different mathematical models of the adsorption 
process between water and zeolite are presented in the following. 

Lumped-parameter model 

The lumped model is characterized by parameters that are time- 
dependent without any spatial dependence. The lumped model is a 
common and well-known simulation approach usually implemented in 
literature. Its simplicity and reliability assure high confidence and low 
computational cost. In particular, this paper adopts the same numerical 
model presented in the previous work on AHP [20]. The expressions of 
the time-derivative balance equations are reported below. 

Mass balances: 

∂(ρ∙V)liq

∂t
= ṁin − ṁevap −

(
∂x
∂t

)

liq∙mzeo,dry (liquid water) (1)  

∂(ρ∙V)mixture

∂t
= ṁevap − ṁout −

(
∂x
∂t

)

steam∙mzeo,dry (air-steam mixture) (2) 

Energy balances: 

if Tliq < Tsat− liq  

⎧
⎪⎪⎨

⎪⎪⎩

∂(ρ∙cv∙V∙T)liq

∂t
=ṁin∙hin −

(
∂x
∂t

)

liq∙mzeo,dry∙hliq+
∑n

i
Ui− j∙Ai− j∙

(
Ti − Tj

)

_mevap=0
(3) 

if Tliq = Tsat− liq 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ṁevap =

∑n

i
Ui− j∙Ai− j∙

(
Ti − Tj

)
− ṁin

(
hliq − hin

)

λ
∂Tliq

∂t
= 0

(liquid water) (4) 

Fig. 3. Comparison between the simplified scheme of the direct and indirect adsorption heat pump.  
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∂(ρ∙cv∙V∙T)case

∂t
=

∑n

i
Ui− j∙Ai− j∙

(
Ti − Tj

)
(case) (7) 

Ideal gas law: 

p∙v = R∙T (8) 

The heat exchange between the reactor components (i.e., zeolite, 
liquid water, air–steam mixture and case) is considered adopting an 
overall heat exchange coefficient Ui-j and the heat exchange contact area 
Ai-j. 

Kinetic of adsorption 

The zeolite kinetic of both liquid and steam adsorption was analysed 
in detail in several research articles [33–35]. In fact, the linear driving 
force (LDF) model was deeply studied and applied in literature thanks to 
its simplicity and numerical consistence. Results obtained using LDF 
model were usually in good agreement with experimental ones. The LDF 
model allows to calculate the uptake time variation as a function of three 
parameters, as can be seen in the following equation: 

∂x
∂t

= KLDF∙
(
xeq − x

)
(11) 

The mass transfer coefficient KLDF of the model was calculated using 
the expression in [35] and reported below: 

KLDF =
15∙εp∙Deff ∙pvap

Rp
2∙ρzeo∙R∙Tzeo∙xeq

(12) 

The coefficients of this equation were reported in Table 1 according 
to [34]. The equilibrium uptake was calculated considering the results 
presented in [34]. In particular, the Sips model was implemented in the 
code together with the Aranovich-Donohue correction. The equations of 
the model are reported below, and the coefficients are presented in 
Table 1. 

xeq = xmax∙

(
b∙pvap

)
f0

1 +
(

b∙pvap

)f0
∙

1
(

1 −
pvap
psat

)
d

(13)  

b = b0∙e

(

E
R∙Tzeo

)

(14) 

The equilibrium uptake was imposed equal to the maximum uptake 
for the simulation of the liquid adsorption in according to [27]. 

Solving procedure of the lumped mathematical model 

The software Matlab R2020a was used to simulate the reactor during 
the generation phase. The balance equations were implemented in the 
code using a finite difference approach together with the numerical 
explicit method. This is a system of ordinary derivative equations where 
temperature and mass values are calculated step by step. The ideal gas 
equation is used to calculate the reactor pressure while a supplementary 
derivative equation is required for the kinetic of adsorption. 

Some simplified assumptions were applied to this model:  

- the heat transfer between the adsorbent bed and the internal walls of 
the reactor was neglected considering the punctiform contact area 
due to the supposed ideal spherical geometry of the zeolite particles.  

- The air–steam mixture was considered as an ideal gas mixture.  
- The heat losses into the external ambient were neglected because the 

reactor is very well insulated.  
- The pressure inside the reactor is uniform and equal to 1 bar at the 

start of the process. This ambient pressure inside the reactor is ob
tained imposing an outlet mixture flow calculated applying the ideal 
gas law to the mixture inside the reactor. In particular, steam gen
eration and temperature increase lead to the increment of the reactor 
pressure and to generation of the outlet flow. The simulation is 
characterized by the balance between the internal pressure and the 
outlet flow: as the pressure rises, the outlet flow increases bringing 
the pressure back to the ambient value. 

The geometry parameters adopted in the simulations are reported in 
Table 2. 

The iterative procedure for the solution of the model can be repre
sented as follows: 

Table 1 
Simulation parameters implemented in the software for the solving of the kinetic 
of adsorption.  

Parameter Value SI unit 

εp  0.582 – 
Deff  7 ∙ 10-7  m2/s 
f0 0.288 – 
b0 1.353 ∙ 10-10  kPa− 1 

R  8.314 J/(mol ∙ K)  

E 8150 J/mol 
xmax 0.29 kgwater / kgzeolite 

d 0.02772 – 
Hliq 1100 kJ/kg 
Hsteam 3500 kJ/kg  

Table 2 
Geometrical parameters implemented in the simulations.  

Parameter Value SI unit 

L 0.13 m 
D 0.1 m 
Rp 0.0011 m 
ρzeo,dry 1047 kg/m3 

ε 0.36 – 
s 0.002 m  

∂(ρ∙cv∙V∙T)mix

∂t
= ṁevap∙hevap − _mout∙hout −

(
∂x
∂t

)

steam∙mzeo,dry∙hsteam +
∑n

i
Ui− j∙Ai− j∙

(
Ti − Tj

)
(air-steam mixture) (5)  

∂(ρ∙cv∙V∙T)zeo

∂t
=

(
∂x
∂t

)

liq∙mzeo,dry∙Hliq +

(
∂x
∂t

)

steam∙mzeo,dry∙Hsteam +
∑n

i
Ui− j∙Ai− j∙

(
Ti − Tj

)
(zeolite) (6)   
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1. The initial and boundary conditions are used in the balances to 
obtain the temperature and mass values at the end of the first 
iteration.  

2. The temperature and mass values are applied to the ideal gas law 
equation to obtain the new reactor pressure.  

3. The difference between the pressures at the time steps 0 and 1 is used 
to calculate the outlet mixture mass.  

4. The outlet flow lowers the reactor pressure to the ambient value.  
5. The values at the end of the time step 1 are used to calculate the ones 

at the time step 2. The iterative procedure is closed. 

The initial conditions of the simulation and the boundary conditions 
are reported in Table 3 according to [29]. 

Bidimensional model 

The bidimensional model can be considered as an evolution of the 
lumped model. The main advantage is the possibility to calculate the 
parameters variations as a function of the reactor height (i.e. a spatial 
coordinate). The axial discretisation was obtained dividing the reactor 
into several smaller reactors which communicate thanks to the heat and 
mass transfer. The axial thermal conductivity inside the zeolite was 
neglected considering the punctiform contact area and the very low 
zeolite thermal conductivity (i.e., 0.15 W/m K). 

The balance equations implemented were in according to the lumped 
model ones and the main difference is due to the mixture axial flow. The 
flow axial velocity was calculated in according to the work presented by 
Oktariani et al. in [26]. In particular, the Darcy equation was applied as 
reported below. 

u = −
K
μ∙

∂p
∂z

(9) 

The bed permeability K was obtained using the Kozeny-Carman 
equation [26]. 

K =
1
5

∙
ε3

(1 − ε)2

1
Sp

2 (10) 

The specific surface area Sp depends on the particle shape and is 3/Rp 

Table 3 
Initial and boundary conditions adopted in the simulations.  

Parameter Value SI unit 

Tzeo(t=0) 130 ◦C 
Tmix(t=0) 130 ◦C 
Tcase(t=0) 130 ◦C 
x(t=0) 0.063 – 
p 1 bar 
Tliq(t=0) 80 ◦C 
min 0.001 kg/s 
Qout 0 kJ  

Fig. 4. Computational domain of the two-dimensional model.  

Fig. 5. Temperature trends of the lumped and bidimensional models compared 
with the experimental measurements. 
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for spherical particles, where Rp is the mean radius of the particle. The 
number of the axial layers can be varied easily in the code, but it is 
important to adopt a suitable layer thickness. In fact, a low layer height 
could generate convergence problems and, considering a reactor with an 
axial size of 0.13 m, a number of layers in the range of 3–7 is suggested. 

The iterative procedure is similar to lumped model one, but the 
outlet mass flow is calculated for the higher layer. The Darcy equation 
guarantees the axial flow inside the reactor which allows to keep almost 
constant the pressure inside each layer. The parameters adopted in the 
bidimensional model equations are reported in Table 3 and the 
computational domain of the two-dimensional model both for genera
tion and regeneration phase is shown in Fig. 4. 

Results 

Validation of mathematical models 

The experimental results reported in [29] were adopted to validate 
the present models. The temperature measurements as a function of the 
time were obtained using a thermocouple placed at one third of the 
reactor height (accuracy ± 1.5 ◦C [29]). Fig. 5 shows the comparison 
between numerical and experimental results 

The lumped model exhibits relevant differences compared to the 
measurements trend. The temperature increase occurs simultaneously to 
the beginning of the water inlet. This is due to the absence of the axial 
discretisation; the water adsorption leads to the release of the zeolite 
adsorption heat and consequently to the uniform bed temperature 
increment. The temperature peak is achieved before compared to 
experimental one because the adsorption kinetic is not slowed by the 
axial distribution. The lumped model is a sort of perfect-contact adsor
bent-adsorbate where the adsorption heat is uniformly distributed to the 
whole zeolite bed which fully participates to the process. In fact, the 
maximum temperature value is lower compared to experimental one 
and the general trend is smoother and characterised by slower dynamics. 

On the other hand, the bidimensional model shows different results, 
which are in good agreement with the experimental measurements. In 
fact, the largest error between numerical and experimental results is in 
the order of 5%. The initial temperature raise delay is due to the absence 
of the evaporation in the very first phase of the process. Water enters the 
reactor at 80 ◦C and until temperature saturation is not achieved steam 
generation does not occur. The adsorption heat leads to the increment of 
the zeolite temperature at the bottom of the reactor, but due to the very 
low thermal conductivity of zeolite, the temperature in the upper part of 
the reactor does not increase. As evaporation occurs, the water vapour 
moves up through the adsorbent bed leading the temperature to sharply 

raise up. The peak is achieved when the local uptake reaches the 
maximum value (i.e., wet zeolite). The maximum value is about 230 ◦C 
and the total temperature increment during the process is about 100 ◦C. 
As the “cold” liquid water arrives in contact with the wet zeolite, the bed 
temperature dramatically decreases. 

It is interesting to note that the temperature of the case changes 
slightly during the generation process, as can be seen in Fig. 6. This is 
due to the high steel thermal conductivity and to the absence of contact 
area with zeolite particles. It can be argued that the structure of the 
reactor does not contribute to the steam generation. 

Sensitivity analyses 

The bidimensional model was used to investigate the influence of 
three parameters on the process performances: inlet water temperature, 
initial zeolite temperature and water mass flow inlet. These parameters 
are particularly relevant for the process performances and the assess
ment of their effects is fundamental for the understanding of the heat 
pump behaviour. 

The lumped model was not considered in these sensitivity analyses 
due to its low accuracy, according to the results shown in the previous 
section. 

The results obtained were compared with the “standard” test 
examining the differences in term of steam production. Also the work 
performed by Xue et al. in [29] is mainly focused on the variation of 
steam generation for different experimental conditions. Typical heat 
pump performance indicators, such as the Coefficient Of Performance 
(COP) or the Gross Temperature Lift (GTL), are not deeply analysed. 
Considering the novelty of this technology it useful to consider a “con
crete” parameter as steam generation in order to optimize the process 
design. 

From the authors’ point of view, it is interesting to realise a com
parison between the effect due to zeolite temperature and inlet water 
temperature in order to estimate which is the most relevant. For this 
reason, four simulations were performed both increasing and decreasing 
of 10 ◦C the initial zeolite temperature and the inlet water temperature, 
respectively. The steam production for each case is compared with the 
value of the standard test which is about 0.035 kg [29]. 

The steam production increments for the different simulations are 
reported in Fig. 7. 

It can be noted that increasing the zeolite and inlet water tempera
tures obviously lead to a positive increment of the generated steam 
compared to the standard case. On the opposite, as the temperatures 
decrease, the steam generation drops. It is important to underline that 
the influence of the inlet water temperature on the process is higher. The 

Fig. 6. Zeolite and case temperature trends calculated using the bidimen
sional model. 

Fig. 7. Steam production increments adopting different zeolite and inlet liquid 
water temperatures. 
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liquid water specific heat is six time higher than zeolite one and at the 
end of the generation phase the reactor is full of water. For this reason, 
increasing the inlet water temperature means higher energy fluxes 
during the process and consequently larger steam production 
increments. 

It can be argued that the bottom reactor water inlet configuration 
represents a big issue to deal with. In fact, adopting an ascendent flow 
requires to fill the reactor of water in order to utilise completely the 
adsorbent bed. Adopting a higher mass flow inlet can limit this problem 
increasing the steam production. In Fig. 8, the results of the mass flow 
inlet sensitivity analysis are reported. The steam production increment 
compared to the standard case for three different mass flow values is 
reported. The simulations were realised using a mass flow 10%, 20% and 
30% respectively higher than the standard case. It can be noted that this 
parameter has a huge influence on the process performances underlying 
the relevance of the inlet flow design. 

Downward flow 

The main limitation of the adsorption heat pump is due to low 
thermal heat exchange between the adsorbent bed and the operation 
fluid. In [19], Pinheiro et al. reported many options useful to increment 
the heat exchange, such as: complex heat exchangers geometries, 
different adsorbent-adsorbate pairs, and several bed configurations. The 
direct contact between zeolite and water allows to reduce the thermal 

resistances, but the upward flow represents a relevant limitation. The 
low thermal conductivity and the negligible contact area are the main 
issues. The spherical geometry of the bed particles is the cause of the 
pseudo-punctiform contacts between the particles. For this reason, the 
axial temperature gradient inside the bed adsorbent is very high. In 
Fig. 9 the temperature trends for the “standard” test for two different 
axial positions during the generation process are reported. 

The lower temperature is calculated at the reactor inlet, while the 
other one is located two centimetres upper. It can be noted that in the 
very first phase of the process, the temperature difference is very high 
and until adsorption occurs at the upper layer, the temperature does not 
significatively increase. Similar results were found experimentally in 
many research works, as can be seen in [29]. From this point of view, the 
axial heat exchange inside the adsorbent bed can be considered negli
gible. Consequently, it is necessary to fill the reactor with liquid water in 
order to put in contact the adsorbent with the adsorbate. Steam gener
ation allows to activate the upper part of the reactor, but liquid water 
must reach the top of the bed in order to exploit the complete adsorption 
capacity of the adsorbent. In fact, in the experimental applications 
previous mentioned, the reactor is completely full of liquid water at the 
end of the generation phase. The experimental facilities presented in 
literature are characterised by very small reactor, with the total volume 
of about one litre. In many industrial applications it is necessary to 
generate high thermal powers and for this reason a larger volume is 
required. In order to avoid this problem, the work realised by Oktariani 
et al. in [32] was considered and a downward inlet water flow was 
tested. The water injection at the top of the reactor allows to easily wet 
all the adsorbent bed. The experimental test considered is the same re
ported in the previous paragraph. The initial and boundary conditions 
were not changed, and the only difference is due to the downward water 
injection with uniform distribution of water over the transversal section. 

In Fig. 10 the temperature trends for the “standard” test for three 
different reactor positions are reported: bottom, medium and top of the 
reactor. 

It can be noted that there are not sensible differences for the three 
curves, and this is a relevant issue. The very low reactor height (i.e., 
0.13 m) guarantees the immediate drop of the water through the 
adsorbent bed and consequently the temperature increments occur 
simultaneously. The reactor peak is lower compared to the upward 
configuration and this is due to the presence of low temperature liquid 
water in each layer. On the other side, the steam production is sensible 
higher compared to upward condition. In Fig. 11, the steam production 
as a function of time for both upward and downward configuration for 
the “standard” test and the difference between the two results are 
reported. 

Fig. 8. Steam production increments adopting different inlet mass flow rates.  

Fig. 9. Temperature trends for two different reactor positions adopting the 
water inlet upward configuration. 

Fig. 10. Temperature trends for three different reactor positions adopting the 
water inlet downward configuration. 
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The steam production increment is higher compared to the steam 
generated by upward configuration. This means that the steam pro
duction is more than double adopting the downward configurations in 
the first six minutes. After 350 s the steam production tends to zero for 
the downward configuration, which means that all the adsorption heat is 
released; this concept is clarified below according to Fig. 12. Otherwise, 
the upward design is characterised by a longer generation which finishes 
approximatively after 10 min. This is due to the time required by the 
water to reach the top of the reactor. According to Fig. 7 and Fig. 8, also 
for the descendent configuration, similar steam production trends are 
expected varying inlet water temperature, initial zeolite temperature 
and inlet water mass flow. 

In Fig. 12, the trends of the water uptake for the two analysed con
figurations for the “standard” test are reported. 

The curves are obtained for a layer placed at one third of the reactor 
height. It can be noted that the water adsorption occurs immediately for 
the downward configuration, while the upward one shows two different 
regions. In the first one the adsorption is due to the steam generation 
from the lower layers. The amount of generated vapour is low and 
consequently the uptake increase is limited. During this phase, the 
temperature of the layer increases sharply because the absence of cold 
liquid water. The second region is characterised by the contact between 
the liquid and the zeolite: the slope of the water curve is higher and 
consequently also the heat of adsorption and the steam generation. On 
the opposite, the zeolite temperature is characterised by a rapid drop as 
reported in Fig. 5. At the end of the generation phase, the total amount of 
steam generated is 80% higher for the downward configuration and the 
generation time is about 40% lower. The time reduction is due to the 
immediate contact between zeolite and water guaranteed by the 
downward flow. The steam increment is mainly caused by the reduction 
of the total amount of liquid water fed into the reactor during the gen
eration process. In fact, reducing the generation time allows to propor
tionally reduce the inlet water resulting in a lower quantitative of liquid 
at the end of the process. The purpose of this heat pump is to generate 
steam and from this point of view, the liquid water represents a sort of 
parasite effect. The overall heat of adsorption which is available from 
the zeolite is a finite quantitative and the hot water inside the reactor 
represents a loss from the thermodynamic point of view. Therefore, the 
top water injection assures simultaneously two benefits: time generation 
reduction and higher steam generation. 

In Table 4 the comparison between upward and downward steam 
production for several cases are reported. The boundary conditions 
adopted are the same of the previous paragraph and the results agree 
with the ones shown in Fig. 11: the downward configuration exhibits 
double steam production. 

Industrial application 

The direct contact adsorption heat pump can be considered as a 
prototype technology. As a consequence, the AHPs presented in litera
ture are characterised by very small dimension in terms of volume and 
thermal power. The typical size of the reactor is about one litre and the 
generated steam mass flow rate is in the order of magnitude of few tens 
of grams per hour. The industrial applications require steam mass flow 
hundreds or thousands time higher and consequently larger reactor size 
[19]. As a drawback, the more the volume increases, the more the water 
distribution inside the reactor in not uniform. In fact, considering a 100 
L cylindrical reactor with a height of 0.8 m, the diameter should be at 
less 0.4 m, which is four time higher compared to the geometry 
considered in this paper. The adoption of many reactors working in 
parallel could reduce this problem also limiting the steam generation 
intermittence due to the presence of the regeneration phase. Neverthe
less, some industrial applications, which involve very high thermal 
power, need relevant AHPs volumes. For this reason, it is necessary to 
investigate the thermodynamics behaviour of large reactor, but the 
absence of experimental data represents a big issue to deal with. The 
purpose of the authors is to devote the future works related to this 
technology to the experimental and numerical analyses of industrial 
applications. On the other hand, this technology could be associated to 
many industrial sectors such as: paper production, agri-food, chemical, 
heating, etc. In general, all the processes accountable of low- 
temperature waste heat generation and steam production could be a 
potential application for this AHP. From this point of view, the size of the 
AHP is not a relevant issue adopting an integrated operation with a 
conventional boiler. The main purpose is to reduce the utilisation of 
fossil fuel assuring an economical benefit compared to conventional 
technologies such as heat exchangers and other typologies of heat 
pumps. Further analyses and several studies are required in the future in 

Fig. 11. Steam production and steam production difference of the downward 
and upward configurations. 

Fig. 12. Water uptake trends adopting the upward and downward 
configurations. 

Table 4 
Steam production of the downward and upward configurations after 350 s for 
different boundary conditions.   

Upward Downward 

T_liq = 70 ◦C 0.034 kg 0.068 kg 
T_liq = 90 ◦C 0.042 kg 0.085 kg 
T_zeo = 120 ◦C 0.035 kg 0.071 kg 
T_zeo = 140 ◦C 0.041 kg 0.081 kg 
Inlet mass flow rate 10% higher than standard case 0.040 kg 0.080 kg 
Inlet mass flow rate 20% higher than standard case 0.044 kg 0.089 kg 
Inlet mass flow rate 30% higher than standard case 0.050 kg 0.101 kg  
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order to investigate the potential of this AHP. 

Conclusions 

This paper presents a deep investigation about a novel direct contact 
adsorption heat pump using lumped and bidimensional models. 

The comparison between numerical and experimental results shows 
good agreement for the bidimensional model. On the other hand, the 
lumped model tends to estimate lower temperature peaks and slower 
temperature increases. For this reason, the lumped model was not used 
to perform the other simulations. 

A sensitivity analyses was realised in order to investigate the influ
ence of three relevant parameters on the process performances. The 
obtained results show that the influence of the inlet water temperature 
on the steam production is higher compared to the initial zeolite tem
perature one. Otherwise, the mass flow inlet is the most relevant 
parameter suggesting the importance of the water inlet design. For this 
reason, a different inlet water flow configuration was tested. 

A descendent water flow was simulated and compared to the 
ascendent one. The downward flow facilitates the contact between the 
adsorbent and the adsorbate realising a faster generation process. The 
obtained results clearly demonstrated that the downdraft flow of water 
is the most effective way to obtain a relevant increase of steam pro
duction making the direct water/zeolite heat pump very interesting for 
the industrial applications. 

The present article represents the first study focusing on the nu
merical simulation of a direct contact AHP with an inlet flow descent 
configuration. An experimental work realised by Oktariani et al. in [32] 
demonstrated the potential of this design compared do the ascendent 
flow. The results reported in this paper confirm this trend showing up to 
a double steam production. It is authors’ opinion that the descent flow 
should be considered as the preferable configuration in the design of 
direct-contact adsorption heat pumps, which are characterized by 
promising performances.. 

The main limitation of the present model is the absence of the radial 
and circumferential parameter dependences. Indeed, the water/steam 
velocity could have a radial component in correspondence of the inlet 
and outlet. In order to investigate in detail the actual distribution of the 
working fluid within the zeolite bed and the thermo-fluid-dynamics 
behaviours of the analysed process, it is necessary to develop further 
works using a three-dimensional time-dependent simulation approach. 
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