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Foreword

In this second part of the proceedings to the International Sorption Heat Pump Conference 2021 all accepted
contributions of the second call for papers in the year 2021 are collected. The previously accepted contributions
of our first call for papers in 2020 have already been published in the first part of the proceedings in 2020. All the
contributions have been peer-reviewed by the scientific committee and other invited sorption scientists.

Again, a rather general scheme is applied to sort the articles by five primary research categories:

1. Heat & Mass Transfer
2. Working Media

3. Sorption Cycles

4. Components

5. Technical Applications

In this second part of the proceedings, all papers of chapters 1 and 3 are summarized in one combined chapter due
to the smaller number of submitted papers in these categories.

The ISHPC 2021 virtual conference aims to display the competitiveness of sorption heat pumps and to find ways
to introduce this technology to the market as one major topic. The current transition to an energy system based on
renewables changes the boundary conditions. Sorption heat pumps will have an indispensable place in this context,
especially due to their potential to make use of waste heat.

We want to look at the future of sorption heat pumping devices including the newest research developments, as
well as reports about pilots and mature technology.

The dissemination of insights and progress in sorption technology has been one of the major aspects of the
International Sorption Heat Pump Conference. Therefore, the editorial board decided to publish this work as open
access articles.

Unfortunately, the worldwide COVID-19 pandemic still prevents a safe and responsible realization of an on-site
conference. For that reason, the conference is conducted completely virtually from August 22™ to August 25%
2021.

A virtual instead of an on-site conference also comes with some great opportunities. Probably, one of the most
striking of these opportunities is the vast amount of greenhouse gases which are avoided by not flying around the
world to attend the on-site conference in Berlin.

And we try to counteract the lack of personal contact in a virtual conference by some virtual networking lunch and
coffee breaks as well as virtual social events.

We hope that despite these limitations in personal contact it will be a fruitful and enlightened ISHPC 2021 virtual
conference.

We would like to thank all authors for their contributions, the reviewers for their effort, and wish all participants
a lively discussion during ISHPC2021!

Berlin, August 3%, 2021
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Development of a numerical model of a liquid desiccant air-conditioning
system
Mandow, Wael; Miitzel, Martin; Volker, Lisa; Fleig, Daniel; Jordan, Ulrike

Institute of Thermal Engineering, University of Kassel, Kurt-Wolters-Str.3, 34125-Kassel, Germany

E-Mail: solar@uni-kassel.de

Abstract:

A TRNSYS model of a liquid desiccant air-conditioning system (LDAC system) is developed and validated with
laboratory measurements. The absorber and regenerator of the investigated LDAC system are designed as tube
bundle heat and mass exchangers with corrugated media as wicking fins. They are described with an e-NTU model.
The air and desiccant are in cross flow configuration. The desiccant sump of the LDAC system is modeled as two
connected one-node individual tanks for the concentrated and diluted desiccant solution, respectively. An aqueous
solution of lithium chloride (LiCI-H20) is used as desiccant. Temperatures and the mass fractions of the desiccant,
the moisture removal rate of the air in the absorber and the water removal rate of the desiccant in the regenerator,
as well as temperatures of the air and of the heating and cooling water are evaluated for steady-state and transient
conditions of the system. The percentage average absolute deviation of the measured and simulated results of the
absorbed moisture and regenerated water removal rates yield 4 % and 6 %, respectively.

1 Introduction

Liquid desiccant air conditioning (LDAC) systems are used for air dehumidification. The systems reach a low
humidity ratio of the supply air and they are aimed to reduce electrical energy consumption if they replace vapor
compression systems. In the recent years, LDAC systems are drawing more and more attention. The systems are
composed essentially of an absorber, a regenerator, as well as an intermediate heat exchanger for the liquid
desiccant and a desiccant sump. Whereas research focusses on the modeling of solely the absorber or the
regenerator of LDAC systems, as shown e.g. in [1, 2], there are few studies about modeling and validation of the
entire system. Crofoot [3] and Bouzenada et al. [4], for example, developed and validated a system model with
laboratory and field measurements. The models of the absorber and the regenerator are based on efficiency
correlations for the absorption and the regeneration processes. The correlations are derived from fitted curves of
their own experimental data of the components. The desiccant sump is modeled as a fully mixed tank. Mohaisen
et al., Zhang et al. and Yang et al. [5—7] developed different system models, however without taking into account
desiccant tanks. Yang et al. [7] does not use correlations implemented into the model to describe the number of
transfer units (NTU) for heat and mass transfer and the Lewis number (Le). Instead, the parameters must be
provided by the user which does not allow to describe transient conditions. The e-NTU model of the absorber and
regenerator by Mohaisen et al. [5] contains efficiency correlations of the heat and mass transfer derived from fitted
curves of experimental data from other studies. Kozubal et al. [8] describes a model of a desiccant sump as two
individual tanks with mixing under specific conditions for system simulations. The absorber and the regenerator
are described as simple fitted-curve models based on simulation data of a physical model for the absorption process
and own experimental data for regeneration process. However, in [5—8] the validation of the developed system
models is provided just for the absorber and/or regenerator model, not for a system model.

Other than in the LDAC models reported in literature, in this study the desiccant sump is modeled as two individual
tanks with mixing under specific conditions. The NTU and therewith the efficiencies of heat and mass transfer in
the absorber and regenerator are calculated from correlations according to [9], implemented into the model. The
system model is validated for steady-state and transient conditions with laboratory measurements. In the following
section, the investigated LDAC system is described, followed by a brief description of the e-NTU and the sump
model. Finally, the LDAC system model and its validation with experimental data is presented.

2 Experimental Set-up

The LDAC system developed by AIL Research is shown in Figure 1. It consists of an absorber, a regenerator, a
desiccant sump and an intermediate heat exchanger of the concentrated and diluted desiccant solution. In the
internally cooled absorber and heated regenerator, air passes along a liquid desiccant film in cross flow
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configuration. In the absorber, water vapor is absorbed by the concentrated aqueous LiCl-solution due to its lower
water vapor pressure above the solution compared to that in the air. Enthalpy of absorption (evaporation and
dilution) is released during the process and transferred to the air and liquid desiccant, as well as to the cooling
water inside the absorber. The diluted desiccant solution is regenerated afterwards. The absorber and regenerator
are made of corrugated fiber glass sheets as wicking fins attached to cupronickel tube bundles, Figure 2. The
desiccant sump is composed of two individual tanks for diluted and concentrated desiccant. If the mean desiccant
flow rate in the absorber is higher than the one in the regenerator, diluted desiccant solution is flowing into the
tank with the concentrated solution. In addition, in an intermediate heat exchanger sensible heat is transferred from
the concentrated to the diluted desiccant streams. Corrosion of the tube bundles is a general problem of the set up.
Entrainment of the desiccant into the air is not investigated.

Regenerator =1
5 E
< N
«
zo Air ) Air > E E
£ 3
E £z
Absorber V—@_ E
. ] ] Q
2 Figure 2: Heat and mass exchanger design
%‘) Air [Process Air with corrugated wicking material (fiberglass)
£ Vi
Lg) Table 1: Specific data of the AIL- LDAC System
@ Fluid Absorber | Regenerator
Heat Recovery -
: | Air 2000 m*h | 600 m*h
Set flow rate | Desiccant 330 kg/h 230 kg/h
Diluted | e Water 2000 kg/h 1000 kg/h
Des\ivccant Sump Temperature Water 25°C 60 °C
Figure 1: AIL-LDAC System, schematic Transfer Fiberglass 60 m? 27 m?
diagram area Tube bundle 2 m? 1 m?

3  Component models

3.1 Model of the absorber and the regenerator

The model of the absorber and regenerator is a single-node e-NTU model based on efficiency correlations. The
temperature and the mass fraction of the desiccant are calculated iteratively at the phase boundary. The heat of
dilution and vapor pressure are implemented as nonlinear correlations of temperature and mass fraction. The heat
transfer coefficients and the efficiency of the heat transfer are calculated with correlations according to [9]. The
Lewis number is calculated from air properties. Finally, the mass transfer coefficient and the efficiency of the mass
transfer is calculated in analogy of the heat transfer.

3.2 Component model validation

The model is validated with laboratory measurements for a wide range variation of the inlet parameters for the
absorption and regeneration process. The heating and cooling water temperature and mass flow rate, the humidity
ratio of the air, the air mass flow rate at absorber inlet, and the desiccant mass flow rate are varied.

Table 2: Average absolute deviations (AAD) of the outlet temperatures and percentage average absolute
deviation (AAD%) of the moisture removal as well as water removal rates (component investigations)

Absorption process Regeneration process
Moisture removal rate iy 4% Water removal rate mw 6 %
Air 03K Air 1.3K
Tout Cooling water 03K Tout Heating water 04K
Desiccant 0.9K Desiccant” 0.9K

"The AAD of desiccant outlet temperature of the regeneration process was evaluated for five measurements
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Since the density of the liquid desiccant is only measured at the inlet of the components, the moisture and water
removal rates are only evaluated at the air side. Both, the moisture and water removal rates, iy and rhw (in g/s),
respectively, are calculated from the humidity ratio o of the air, as described by equation (1):

mu/w =My " |(wout - (‘)in)l (1)

With thda: mass flow rate of the dry air (in g/s). The average absolute deviation (AAD) and the percentage average
absolute deviation (AAD%) for variable P between the experimental and the numerical results, are defined as:

AAD(P) = (1/n) - X.(Psim — Pexp ) and AAD%(P) = (1/n) * (X (Psim — Prxp)/ X Prxp). The AAD% of the
moisture and water removal rates and the AAD for outlet temperatures for 33 nearly steady-state conditions are
shown in Table 2. It yields that the simulated and experimental values for the absorption and regeneration processes
agree very well. The deviations are mostly within the measurement uncertainty. The average measurement
uncertainty of the moisture and water removal rates are about 13 and 12 %, respectively, for both components and
system evaluations. The conditions are considered to be steady-state as soon as the deviations between the moisture
and water removal rates of absorber and regenerator are below about 1 % for the simulations and about below
10 % for the measurements.

3.3  Model of the desiccant sump and heat exchanger

Each tank of the desiccant sump is described as single-node model, i.e. with homogeneous temperature and mass
fraction. If the desiccant flow rate in the absorber is higher than the one in the regenerator, then part of the diluted
desiccant solution flows into the other tank and is mixed with the concentrated solution. The intermediate solution
counter flow heat exchanger model is a standard TRNSY'S type. The overall heat transfer coefficient-area product
(UA) of the intermediate heat exchanger was calculated from the experimental data and it was assumed to be equal
for all simulations (UA=500 W/(m?*K)).

4  System model

4.1 TRNSYS model and inlet conditions

The TRNSYS system model consists of user defined and TRNSY'S standard component models. The absorber and
regenerator model (same model for both components) and the model of the desiccant sump were developed in this
study. TRNSYS standard component models are used for modelling the pumps and the heat exchanger. The system
model was validated for both, nearly steady-state and transient conditions. In this paper, the results of the nearly
steady-state conditions are presented. The set-point inlet variables of the LDAC system measurements are shown
in Table 3 The inlet variables are nearly constant for each process.

Table 3: Inlet conditions for 33 LDAC system measurements, ri: mass flow rate, T: Temperature and w:
humidity ratio. Index w: water and da: dry air

Air Desiccant Water

m T 0 m m T

kg/h °C gw/kgda kg/h kg/h °C

Reference 1200 25 12 330 2000 25

Absorber o
Variation 1100-2350 0-2000 15-30
. 20-30 5-22 188-480

R ‘ Variation 350 500-2000 50-80

CENCrator M p eference 25 12 230 1000 60

4.2  System model validation and results

Figures 5 and 6 show results of the moisture and the water removal rates for the absorption and regeneration
processes, respectively, at steady-state conditions calculated with the system model.

The average absolute deviation of the air outlet temperature in the absorber and regenerator is 0.3 and 0.6 K,
respectively. The values for ADD% and AAD, as defined for the component evaluations, are shown for the system
model in Table 4. The deviations are mostly within the measurement uncertainty.
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Moisture removal rate, absorber Water removal rate, regenerator
10 10
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Figure 3: System model: Moisture removal rate of the  Figure 4: System model: Water removal rate of the
air in the absorber. Experimental and simulated  desiccant in the regenerator. Experimental and simulated
values values

Table 4: Average absolute deviations (AAD) of the inlet and outlet temperatures and percentage average
absolute deviation (AAD%) of the moisture and water removal rates and of the inlet mass fraction of the
desiccant(C) (system investigations)

Absorption process Regeneration process
Moisture removal rate my 6 % Water removal rate mw 9%
Tou Air 03K Tou Air 0.6 K
Cooling water 02K Heating water 02K
Tin 0.8 K Tin 2K
&in Desiccant 1.3 % Ein Desiccant 1.3 %
Tout 0.7K Tout™ 14K

"The AAD of desiccant outlet temperature of the regeneration process was evaluated for five measurements

5  Conclusions

A single-node efficiency model to describe the heat and mass transfer for both, absorption and regeneration
processes, as well as a single-node model of the desiccant sump is developed, validated with experimental data
and implemented into TRNSYS. Correlations from literature for model parameters, like U-values and efficiencies
are implemented into the model. The areas for heat transfer between cooling/heating water and the desiccant and
the area for heat and mass transfer between the air and the desiccant are chosen according to the tube bundle and
corrugated plate areas, respectively. The desiccant sump is modeled as two desiccant tanks, with mixing of
concentrated and diluted solution in case of different mean flow rates in the absorber and regenerator. The system
model is validated with laboratory measurements for a wide range variation of the constant inlet conditions, as
well as for transient conditions. This paper focusses on the evaluation of steady-state conditions. Taking into
account that the system model is based solely on independently evaluated parameters and on inlet conditions (of
the air, as well as the heating and cooling water), the evaluation of 33 nearly steady-state conditions is in excellent
agreement with the experimental results. The deviations are mostly within the measurement uncertainty.
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Abstract:

Although the addition of surfactant additives is a customary practice for a more compact design and higher
efficiency of absorption chillers, heat amplifiers, and heat transformers, investigations conducted at high solution
temperature are lacking in literature. The beneficial effect of these substances is particularly significant in terms
of improved wetting and intensified absorption rate due to the triggering of the interfacial turbulence known-as
Marangoni convection. However, the characterization of the latter phenomenon remains unresolved and the little
knowledge available in literature is limited to low temperatures typical of chiller operation only. This study
presents a preliminary experimental investigation to characterize the intensity of high-temperature Marangoni
convection. Surface tension of aqueous lithium-bromide solution is measured in a temperature range of 30 to 80
°C with different mass fractions of n-octanol. The difference in the surface tension between pure aqueous lithium-
bromide solution versus lithium-bromide solution containing surfactant additive decreases as the solution
temperature increases. Accordingly, as the local differences in surface tension are directly related to the driving
force of Marangoni convection, a lower intensity of the phenomenon is assumed at the high-temperature range of
absorption heat transformers and heat amplifiers. A first visualization of the phenomenon with fluorescent uranine
clearly confirms this hypothesis by showing a correspondingly lower intensity of the interfacial turbulence due to
the weakened Marangoni convection at higher solution temperatures.

1 Introduction

Absorption systems present a strategic opportunity for energy recovery from low-exergy sources even though
relatively bulkier and requiring higher investment costs than vapor compression systems. Within these systems,
the transfer capability of the absorber is recognized as the bottleneck of their performance [1]. In fact, a particularly
effective method of enhancing the internal transfer performance of absorption systems and consequently reducing
size and cost is the addition of small fractions of surfactant additives. The beneficial effect of these substances is
particularly obvious in terms of improved wetting and intensified absorption rate due to the triggering of the
interfacial turbulence known-as Marangoni convection. Even though these additives have been known and used
for decades, given the complexity of Marangoni convection, a conclusive characterization of the phenomenon
remains unresolved [2]. Furthermore, the related data available in literature are limited to low temperatures typical
of chiller operation only [3-4].

As temperature variations drastically affect the thermophysical properties of the absorbing solution, thus affecting
the hydrodynamic and wetting behavior of the film, a comprehensive characterization should cover the whole
operating range of absorption systems. Additionally, it is expected that the driving force of surfactant-induced
Marangoni convection will vary along such broad range of solution temperature. Therefore, the purpose of this
study is to assess the effect of Marangoni convection on the absorption phenomenon in a wide temperature range.
To address this goal, a preliminary experimental investigation to characterize the intensity of high-temperature
Marangoni convection is presented. Surface tension of aqueous lithium-bromide solution is measured in a
temperature range of 30 to 80 °C, for two representative values (55 and 60 weight %) of the solution mass fraction,
with different mass fractions of n-octanol. These data provide a first estimation of the constitutive gradients of the
surface tension as a function of concentration and temperature, which are required to close numerical models for
simulating Marangoni convection [5]. It is found that the difference in the surface tension between pure aqueous
lithium-bromide solution versus lithium-bromide (LiBr) solution containing n-octanol decreases as the solution
temperature increases. As the local differences in surface tension are directly related to the driving force of
Marangoni convection, a lower intensity of the phenomenon is assumed at the high-temperature range of
absorption heat transformers and heat amplifiers.

Experiments are conducted on a static liquid film for increasing temperatures of the solution. A Petri dish
containing the 20 K-subcooled absorptive solution is placed in an airtight container and vapor absorption is
induced by the inflow of temperature-controlled water vapor into the container. For visualization of interfacial
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turbulences, a fixed mass fraction of fluorescent uranine (Fluorescein disodium, C20H10Na2Os) is added to the
absorptive solution.

2 Experimental Set-up

The experimental test sections are designed for measuring the surface tension and the constitutive relations to
characterize the surface tension gradients as functions of concentration and temperature, as well as for recreating
and visualizing Marangoni convection under controlled-temperature conditions.

2.1  Surface tension measurement

A solution sample of 200 ml is firstly adjusted to the desired mass fraction of lithium bromide using a densitometer.
Consequently, the desired surfactant mass fraction and fluorescent uranine (1000 ppm) for fluid visualization are
added using a precision micropipette. The mixture is then stirred using a magnetic stirrer before each experiment.
The surface tension measurements are conducted in accordance with the pendant drop method. The solution is
gradually delivered at the tip of the injection needle (placed vertically), as shown in Fig. 1, and the shape of the
largest pendant drop before falling is recorded and related to the value of surface tension extracted [6]. The
procedure is repeated with different mass fractions of n-octanol (0, 20, 80 ppm) and LiBr (55, 60 %) for a
temperature range of 30 to 80 °C by heating and controlling the piping and the atmosphere to an arbitrary
temperature using a syringe heater and a stage heater, respectively (as in Fig. 1).

Light
source 7

7
W/

Do
Controlled |f
Solution /|
container

heater

Figure 1 — Schematic diagram of the pendant drop setup (left) Photograph of pendant droplet (right).

2.2 Visualization of Marangoni convection

In order to obtain a first phenomenological characterization of the interfacial turbulence due to Marangoni
convection in the target temperature range, the phenomenon is recreated and visualized in a temperature-controlled
environment. The schematic diagram of the experimental setup and a photo of the solution fluorescence when
irradiated with UV lights are shown in Fig. 2. The absorptive solution is prepared according to the same procedure
as for the surface tension measurement.

Thermostatic
bath

Figure 2 - Schematic diagram of the experimental setup (left-hand side) - Liquid film with fluorescent uranine
(right-hand side)
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As aqueous lithium-bromide solution is colorless and transparent, fluorescent uranine is added in the same mass
fraction (1000 ppm) as during the surface tension measurement to enable the visualization of the interfacial
turbulence triggered by Marangoni convection. Uranine is a fluorescent dye soluble in water, which isotropically
emits green light when irradiated with UV light. Assuming a homogeneous distribution of the fluorescent uranine
in the bulk liquid phase, this property enables a clear visualization of the film thickness variations due to
Marangoni convection.

As shown in Fig. 2, a petri dish containing the lithium bromide solution is placed inside an airtight vessel, and the
water vapor generated in a separate tank is delivered into the vessel. In order to commence absorption, the solution
and the tank are controlled to a predetermined temperature using a thermostatic bath and a heater, respectively.
Opening the vapor valve (Fig. 2) from the heated water tank initiates the experiment. In parallel, visualization of
the gas-liquid interface is conducted.

3 Results

3.1 Surface tension measurement

The measured surface tension values are plotted in Fig. 3 along with the results of Iyoki and Uemura (1977) [7]
for aqueous LiBr solution without additive. Fair agreement is found between these corresponding data, although
larger deviations are shown at higher temperature values. It is demonstrated that the surface tension decreases at
higher temperature and slightly decreases at lower LiBr mass fractions. Contrarily, measurements with n-octanol
result into the opposite trend. Higher mass fractions of surfactants and higher LiBr mass fractions give a lower
surface tension. When no surfactant is added, the surface tension decreases slightly with decreasing salt mass
fraction and with increasing temperature. Contrarily, when the surfactant is added to the solution, the surface
tension increases with decreasing salt mass fractions and decreasing temperature. This is related to the solubility
of the additive. The solubility of the surfactant in the solution is reduced by increased salt mass fraction and lower
temperatures, consequently the amount of surfactant concentrated at the interface is increased leading to decreased
values of surface tension. The measurements carried out in this study are obtained in surfactant mass fraction
conditions globally lower than the solubility limit of n-octanol in aqueous solutions [8].
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Figure 3 — Evolution of surface tension of aqueous LiBr solution with temperature
for varying mass fractions of n-octanol
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The relation between the absorbent surface tension gradient established at the liquid-vapor interface and induced
convection onset is among the little well-established understanding of Marangoni convection. Nonetheless, [9]
pointed out that the lack of data for representing the surface tension behaviour in the presence of surfactant
additives hindered the full understanding of the phenomenon. Intense surface tension gradients are arising by the
local differences in the surface tension between interface areas having different surfactant additive concentration.
The measured data in Fig. 3 highlight that adding n-octanol to highly concentrated LiBr solution leads to a drastic
decrease of surface tension at low temperatures, around 30 to 40 °C. This surface tension variation for the solution
with additives decreases as the solution temperature increases, reaching the values for the solution without
surfactant at approx. 80 °C. Accordingly, as the local differences in surface tension are directly related to the
driving force of Marangoni convection, a lower intensity of the phenomenon is suggested at the high-temperature
range of absorption heat transformers and heat amplifiers.

The measured values result from the application of Laplace equation to the pendant droplet, which is characterized
in its shape (de and ds, in Fig. 1) with a given digital resolution. The calculation requires the value of the
gravitational acceleration g and the density difference between the liquid solution and the air within the test section
as input quantities. The density of the solution is measured with a Coriolis densimeter having a sensor accuracy of
+10.0 kg/m>. The combination of the sensor uncertainty (+0.01 mN/m, in relation to the digital resolution of the
pendant droplet test section [6], and a maximum value of £0.5 mN/m due to the sensor accuracy of the Coriolis

3
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densimeter) and the experimental uncertainty, calculated as the standard deviation of the repeated measurements
from the mean value, is in the range of 1 mN/m? (Fig. 3). A noticeably larger standard deviation of the measurement
repetitions was encountered for a 60 % mass fraction solution at 80 °C, which resulted in a maximal value of the
experimental uncertainty of approx. £5.7 mN/m.

3.2 Phenomenon visualization

The experimental observation of the phenomenon has been preliminarily conducted at a LiBr mass fraction of 55
% and additive concentration of 80 ppm, for a range of solution temperature between 30 and 60 °C. Meanwhile,
the vapor temperature is set at a value 20 K higher than the equilibrium temperature determined by the
concentration and temperature of the solution, specifically resulting in the temperature range from 21 to 51.7 °C
corresponding to the vapor pressure range 2.48~13.4 kPa. The thickness of the liquid film is set to 1 mm.

A first qualitative comparison between the captured visual recordings of the phenomenon at 30 °C and 60 °C
demonstrates less intense interfacial fluctuations as the solution temperature increases (Fig. 4). Brighter green
shades are associated to a thicker film, whereas the thinnest film areas are approaching the blue colour of the UV
light reflection of the backgound. This is thought to be due to the stronger Marangoni convection that occurs at
lower temperatures, in agreement with the hypothesis formulated in section 3.1. Image processing techniques and
calibration cells [10] may be investigated in conjunction with this first qualitative analysis of the visual data.

30°C

- < e o . -
0s 10s 20s 30s
Figure 4 - Visualization results (30 C) - Visualization results (60 C)

4  Conclusions

In this study, experiments were conducted to characterize Marangoni convection in a wider range of solution
temperature covering the high temperature values encountered in absorption heat amplifiers and heat transformers,
which has not been assessed in previous literature. Surface tension of aqueous lithium-bromide solution was
measured in a temperature range of 30 to 80 °C with different mass fractions of n-octanol. These data provide a
first estimation of the constitutive relations of the surface tension as a function of concentration and temperature,
which are required to close numerical models for simulating Marangoni convection.

It was found that the difference of the surface tension between pure aqueous lithium-bromide solution versus
lithium-bromide solution containing surfactant additive decreases as the solution temperature increases. As the
local differences in surface tension are directly related to the driving force of Marangoni convection, a lower
intensity of the phenomenon is assumed at the high-temperature range of absorption heat transformers and heat
amplifiers.

A first visualization of the phenomenon with fluorescent uranine clearly demonstrated that the fluctuations of the
film thickness due to Marangoni convection are more intense in the low temperature range, and that this fluctuation
weakened at higher solution temperatures, thus confirming this hypothesis.

Additional experimental measurements of the absorbed mass and numerical simulations are being performed to
support, argue and quantify the suggested conclusions.
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Abstract:

When an adsorbent bed (with the length to diameter ratio much larger than one), is pressurized and depressurized
with gas in quick succession, a temperature differential is created across the length of the column. This new
compressor-driven pulsed solid sorption cooling process facilitates connecting the hot and cold ends permanently
to heat sink and source respectively. This technique not only eliminates the operational difficulties of connecting
a desorbing bed to a heat source and an adsorbing bed to a heat sink in alternate cycles, but it also renders an added
benefit of combining multiple stages easily in a single unit. This work is about an investigation of the feasibility
of multi-staging in solid sorption cooling. As proof of the concept, a dual-stage pulsed solid sorption cooler is
conceptualized and fabricated. Few test runs are performed with activated carbon and nitrogen as the adsorbent
adsorbate pair. The results indicate the feasibility of multi-staging in pulsed solid sorption cooling.

1 Introduction

Processes based on ‘pressure swing adsorption’ (PSA) and ‘temperature swing adsorption’ (TSA) are prevalent in
chemical engineering technologies. The applications of similar concepts are also seen in the solid sorption cooling
systems [1-2]. While an equivalent to PSA type in the sorption cooling is known as the ‘mechanical compressor
driven’ sorption cooler [3], the TSA-based counterpart is called the ‘thermal compressor driven’ system [4]. In a
thermal compressor-driven solid sorption cooler, alternative high and low pressures are created by the desorbing
and adsorbing beds respectively. Similarly, in a mechanical compressor-driven system, the pressure waves are
generated by the compressor, while the sorbent beds are analogous to the evaporator/condenser. The concept of
solid sorption cooling has long since emerged as a potential alternative due to the benign nature of the constituents
and the unique ability of the process to be effective over a wide range of temperatures [5-6]. However, in recent
times, the thought of solid sorption cooling has become more meaningful in the context of global warming and
growing concern about the environment [7].

While the sorption coolers are known for their environment-friendly feature, those are also tagged with low thermal
performance devices. Moreover, the complex sequential operations of multiple adsorbent beds are usually done
by numerous valves to thermally link them to the heat sink or the source in alternative cycles [8]. A special valve
arrangement is often needed to connect the sorbent beds periodically to the heat sink/source [9].

As an alternative to this inherently intermittent process, one can take advantage of a recent development linked to
quick pressurization and depressurization of a single adsorbent bed with suitable gas (as adsorbate) [10-11]. The
new process and the subsequently modified forms [12-13] are essentially PSA-type systems where a mechanical
compressor generates the pressure swing. The typical operating frequency being of the order of a few milli-Hertz,
the process is called the pulsed solid sorption cooling [14]. In the pulsed sorption cooling process, a temperature
differential is eventually created across the length of the adsorbent column which renders double benefits. Firstly,
it enables connecting the hot end to the heat sink and the cold end to the heat source permanently, making the
operational aspect very simple. Secondly, it facilitates combining multiple stages in a single unit. This manuscript
describes an experimental proof of the concept towards the multi staging of pulsed solid sorption cooling.

2 Background

A brief description of a single-stage pulsed solid sorption process is presented in the following section to maintain
a continuity of reading [10, 13]. Figure 1 shows the schematic of a regenerative, pulsed solid sorption cooler
capable of producing continuous cooling. An adsorbent bed (1) and a regenerator (2) are placed inline with a valve
assembly. During the pressurization cycle, the inlet valve (4) is kept open while the exit valve (7) remains closed.
Under this condition, the compressed gas from the mechanical compressor (3) is allowed to enter the adsorbent
column via the regenerator. Since the orifice valve (5) always remains open, the compressed gas, during this half
of the cycle, finds an escape to the buffer vessel (6). At the end of the pressurization cycle, the inlet valve (4)
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closes and the exit valve (7) opens. The gas retracts the path followed during adsorption to leave the adsorbent
bed. Desorption occurs simultaneously through the exit solenoid (7) and the orifice valve (5). The depressurization
cycle ends with the closure of the exit valve. Although the proposed sorption cooler looks similar to the pulse tube
cryocooler in terms of operation and appearance, they are fundamentally different in terms of the constituents,
operating frequency, and the genesis of the cooling [13].

Rapid pressurization and depressurization of the adsorbent column create temperature-differential across the
length of the tube. It enables combining multiple stages in a single unit.

&
Cold End
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2 Regenerator 6 Buller Volume
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3 Compressor
8 Pressure Regulator

4 Inlet Solenoid Valve

Figure I - Schematic of compressor-driven (single-stage) pulsed solid sorption cooling

3 Experimental Set-up
The schematic of the experimental test set up for a two-stage pulsed solid sorption cooler is shown in Figure 2.

The same figure also includes a photographic view of the setup as inset.
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Figure 2 - Schematic of two-stage pulsed solid sorption cooling process (with a pictorial view as inset
) 8 )

Although the proposed sorption cooling process should be operated ideally in a closed-loop condition taking the
help of a mechanical compressor, test runs have been performed with compressed gas taken from a gas cylinder.
The test setup comprises of two major arrangements, namely, (7) valve assembly with gas supply from high-
pressure cylinder creating necessary pressure swing, and (i7) dual adsorbent columns which are interlinked through
a metallic regenerator. The entire flow control of adsorbate (gas) is taken care of by the valve assembly comprising
of a pair of solenoid-operated valves and a regulating valve. On the other hand, the adsorbent beds are essentially
two tubular columns of different diameters such that the thinner one is positioned inside the thicker one. Both the
tubes including the annular space between them are filled in with activated carbon (as shown in Figure 2). The
adsorbent-adsorbate combination being critically important in any solid sorption cooling, activated carbon-
nitrogen pair has been chosen due to practical aspects like ease of handling in the laboratory scale.
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The supply of pressurized gas comes from a high-pressure cylinder (1). The gas pressure is adjusted in a regulator
(2) before it enters the adsorbent beds through the entry valve (3) and subsequently through the regenerator (4).
The regenerator is made of thin, porous copper screen cut into circular shape and dimension equal to the inner
diameter of the tube used as holder. The pieces are stacked together in a single unit called the regenerator. Two
pressure sensors (5), one to be found near the entry/exit side of the columns (6) and the other being located near
the orifice end, dynamically monitor the system pressure. During pressurization, the inlet valve (3) is kept open,
while the exit valve (7) remains closed. However, the orifice opening (8) which is essentially a regulating valve,
remains open all the time. In the desorption cycle, depressurization of the adsorbent beds happens with the closure
and opening of the inlet valve and exit valves, respectively. It may be highlighted that whenever pressurization or
depressurization occurs, it takes place simultaneously in both the adsorbent columns. While the column with a
bigger diameter tube is named the first stage, the smaller diameter bed is termed the second stage. The second
stage is partly inserted within the first one. The upper part of the first stage is connected to an integral finned heat
exchanger (9) exposed to ambient, whereas the lower end of the tube is housed within an enclosure, usually called
‘cold box’ (10). However, the cold box has not been maintained in a vacuum as done ordinarily. The flow of gas
(in both halves of the cycle) as it passes through the regenerator gets distributed to each stage (as shown in Figure
2). The gas flow to the second stage occurs through the end of the regenerator, while the entry (exit) to (from) the
first stage happens nearly at the middle of the regenerator.

Six resistance type (Pt-100) sensors have been used to measure temperatures at various locations schematically
shown in Figure 2. While three of the temperature sensors are mounted at the exterior of the regenerator tube, the
remaining temperature sensors are all located inside the activated carbon columns. While two of those three sensors
measured the temperature at the top and bottom of the second stage, one sensor has been dedicated to measuring
the cold-end temperature of the first stage.

A Labview program is written to open and close the solenoid valves at a pre-set interval of time. The program is
duly assisted by the digital outputs of the data acquisition system and the solid-state relays (SSRs). An online data
logger has been used additionally to acquire the recorded temperature-pressure data.

4  Results & Discussions

Figure 3 shows the time-temperature-pressure records of the adsorbent column. While the total cycle time is 15 s,
the duration of pressurization is 5 s and that of desorption is 10 s. It may be noted that the sensors (T1, T2, T3)
mounted on the exterior of the regenerator surface show comparatively less temperature variations compared to
those (T4, TS, T6) located within the column filled with activated carbon. The coolest section of the adsorbent
column, as anticipated, is at the lower part of the second stage (T4). The sensor T5 being colder than sensor T6
signifies that the cooling produced at the lower end of the first stage (indicated by T5) has been utilized to remove
the heat generated at the top end of the second stage. The pressure variations in Figure 3 show that an expansion
of the gas from charging pressure 2.2 MPa to 0.8 MPa at the orifice end takes place.
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Figure 3-Time-temperature-pressure variation for 5s Adsorption - 10s Desorption cycle
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Another experimental run is carried out with a different cycle time of 8 s adsorption followed by 12 s desorption.
The time-temperature-pressure variations of the experimental study are shown in Figure 4. Due to the wrong
adjustment of the orifice opening, initially, the difference between the charging pressure and the orifice side
pressure is negligibly small. However, at the end of the test run, with the appropriate opening of the orifice valve,
the charging pressure 2.1MPa could be reduced to 0.8 MPa. A quick response to this modification is discernible
from the change in temperature profiles of the adsorbent beds. It is relevant to mention that the ambient temperature
during both the test runs remains at 300 K +1 K. As a whole, the temperature variations on the regenerator surface
and adsorbent column interior are qualitatively similar to the earlier test run. Nevertheless, the effect of multi-
staging is evident from both the experimental data.

When compared to the cold end temperature of a single-stage pulsed solid sorption cooler, tested under similar
conditions (reported in Ref. [13]), the effect of multi-staging is evident. In the dual-stage cooler, the cold end of
the second stage remains colder (by 3-5K) than that of a single-stage under similar operating conditions.
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Figure 4 - Time-temperature-pressure variation for 8s Adsorption - 12s Desorption cycle

5  Conclusions
The following major conclusions are drawn from the experimental study on a pulsed solid sorption cooler:

e Differential temperature created along the length of an adsorbent column enables easy unification of
multiple stages into a single unit. Stages are integrated such that the cooling produced at the cold end of
the first stage is utilized to remove the heat generated at the hot end of the second stage.

e It has been observed that the hot end of the first stage initially remains warmer than the ambient and
subsequently becomes colder.

e The cold end of the second stage in a two-stage cooler remains colder than that of a single-stage unit.

e  The total cycle-time vis-a-vis adsorption and desorption cycle-times have prominent effect on two-stage
solid sorption cooling.

e The pressure drop occurring between the two ends of the sorption bed is another important parameter
governing the cooling production.
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Abstract

A hybrid liquid desiccant air conditioning system consisting of a vapor compression system and a liquid desiccant
system is investigated in a simulation study. The condenser and the regenerator are coupled by a water circuit. A
control strategy is implemented to provide a set supply air temperature and humidity. Capacity matching of the
cooling load of the air and the evaporator is reached by a stepless power control of the compressor whereas capacity
matching of regenerator and condenser is realized by an auxiliary heater or cooler. In total 36 operating points
with different outdoor temperatures and humidity are investigated. The evaluations yield a significant decrease of
the COP of the systems as soon as auxiliary heating is necessary. For the considered operating points the COP of
the system is in a range of 1.2 to 4.3.

1 Introduction

To realize dehumidification in air conditioning systems, usually the air is cooled below the dewpoint and reheated
afterwards to supply air conditions. To avoid the dew point cooling for air dehumidification it is possible to use a
liquid desiccant system. The combination of a liquid desiccant system and a vapor compression system (VCS) is
often referred to as hybrid liquid desiccant air conditioning system (H-LDAC system). Various system
configurations have been studied to combine the two systems so that cooling and heating capacity of the VCS can
be used.

Abdel-Salam et al. [1] integrated a VCS into a liquid desiccant system to cool and heat the solution before entering
the dehumidifier and regenerator in a numerical study. No additional sensible cooling system is used to cool the
air to specified supply air conditions. The parameter study is focused on the capacity matching of evaporator and
cooling load of the solution, as well as condenser and heating load for the regeneration. Abdel-Salem et al.
conclude that besides an additional auxiliary condenser, at low ambient air temperatures an additional auxiliary
evaporator could be necessary to achieve capacity matching. They reveal a COP in the range of 2.3-3.4. The system
investigated by Dai et al. [2] numerically dissipates the latent load by only 40% by the absorber whereas the
remaining latent load is handled by the evaporator. They reveal a COP of about 3.3 for defined values of the supply
air and two different outdoor conditions. The possibility to use condenser heat for the regeneration is mentioned
but not evaluated in detail. Thus, capacity matching is not considered. Chen et al. [3] carried out a numerical
parameter study of an H-LDAC system for very hot and humid outdoor conditions. The evaporator cools the air
and solution whereas the condenser heat is used to heat the solution and the air before entering the regenerator.
They conclude that the energy efficiency of the systems decreases in latent load dominated conditions and reveal
a COP of the system in the range of 2-4.2

The system models described in [1] to [3] evaluate stationary conditions. A system control to reach defined values
of the supply air temperature and humidity and thus to realize capacity matching for various outdoor air conditions
is not implemented.

This paper describes a transient simulation study of an H-LDAC system using condenser heat for an internally
heated regeneration process and using an internally cooled dehumidification process. The air is dehumidified
solely in the dehumidifier. The simulation tools TRNSY'S and Dymola are used. A control strategy is implemented
to achieve capacity matching and the defined supply air conditions. In total 36 operating points are investigated.

2  System description and Modelling

2.1 System description
Figure 1 shows the H-LDAC system which consists of a liquid desiccant system on the left and a VCS on the
righthand side. A water circuit is used to transfer the condenser heat to the regenerator. Outdoor air is passed
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through a dehumidifier where it gets in contact with the liquid desiccant which is a LiCIl-H20 solution in this study.
In the corrugated-plate dehumidifier the air is dehumidified to the defined supply air humidity ratio (Xsup).
Afterwards the air passes through a fin and tube evaporator (direct expansion) where it is cooled to the set supply
air temperature (Tsup). To enhance the absorption-process the dehumidifier is cooled internally. In this study it is
assumed that the cooling water temperature is provided by a cooling tower. The diluted liquid desiccant solution
leaving the dehumidifier flows into a tank, also referred to as sump. From here it is pumped to the regenerator
where it is concentrated again by heat from the condenser and (if necessary) auxiliary heater. Before entering the
regenerator, the diluted solution is pre heated in an internal heat exchanger by the solution leaving the regenerator.
The water cycle transfers heat to the regeneration process and cools the condenser of the liquid desiccant system.
For capacity matching of the condenser and regenerator an auxiliary heater or cooler is necessary in the water
circuit after the condenser. The outdoor air flowing through the regenerator is preheated by the air leaving the
regenerator in an air to air heat recovery unit.
scavenger air

outdoor air @ --=-- Vapor compression system
------ Liquid desiccant system

heat
recovery

dehumidfier regenerator aux. condenser
heater/
cooling cooler
water é

Desiccant Sump

@

1
evaporator

supply air

Tsup; Xsup

Figure 1 — Schematic diagram of H-LDAC system

2.2 Modelling of H-LDAC systems

An NTU-effectiveness model was developed in TRNSY'S to describe the heat and mass transfer of the dehumidifier
and regenerator [4]. The model is based on semi empirical approaches to determine the heat and mass transfer
coefficients at the phase boundary of air and liquid desiccant. The overall liquid desiccant system model consists
of a dehumidifier and regenerator connected to pumps and a liquid desiccant tank [5]. In this study the dehumidifier
and regenerator have the same size (exchange area: 60 m?) and both components are operated with a constant air
volume flow rate of 1000 m*h and a constant solution mass flow rate of 200 kg/h. The temperature and the
concentration of the solution at the dehumidifier and regenerator inlet are calculated by the model, i.e., they not
given as input parameters. The water flow rate of the cooling water is constantly 0.5 kg/s.

The VCS including the control strategy is modelled in Dymola using the TIL-Suite, a library focusing on thermal
components and systems. A one-stage vapor compression cycle is modelled consisting of a direct expansion
evaporator (fin and tube heat exchanger), a water-cooled condenser (plate heat exchanger), a compressor, an ideal
separator after the condenser and an expansion valve. R134a is used as refrigerant. Both described systems are
coupled by a water circuit which serves as cooling water for the condenser and as heating water for the regenerator.
The water mass flow is constantly 0.3 kg/s. Since two different simulation programs are used, the two models are
linked by a co-simulation using FMI. Further components for the H-LDAC system like pumps and fans are also
considered for the performance evaluation. The energy recovery coefficient of the heat recovery unit is assumed
to be 0.65. The transient H-LDAC system simulations stop when a steady state condition is reached. The outdoor
air temperature (Toa) is varied between 24 °C and 34°C and the humidity ratio (Xo0a) between 11 gu2o/kgary,ir and
16 gu20/kgdry,air.

A control strategy is implemented whereas a supply air temperature of 18°C and a humidity ratio of 8 gmo/kgary.air
are defined as the set supply conditions in this study. The air is dehumidified down to the set supply air humidity
ratio by the dehumidifier of the liquid desiccant system. The difference of outdoor and supply air humidity ratio
is defined as Ax. The hot water temperature in the regenerator serves as the essential control regulating variable




TU Berlin August 22 to 25% ISHPC 2021 #98

for controlling the humidity in that system configuration. If the ratio of available condenser capacity Q. and needed
heating capacity for the regeneration process Qe is lower unity auxiliary heating mode is necessary. For the case
that this ratio is greater unity additional cooling is essential to reach capacity matching. Additional heating is
assumed to be provided by electrical energy whereas auxiliary cooling is can be realized by the cooling tower. A
simplified model for the cooling tower is used assuming that the outlet water temperature is always 3 K above the
wet bulb temperature of the outdoor air. In the VCS a superheat control and a stepless power control of the
compressor are implemented to reach the supply air temperature. The frequency of the compressor is the control
regulating variable.

2.3  Performance evaluation
The coefficient of performance (COP) of the H-LDAC system is calculated by equation 1
ma,in,deh(ha,in,deh - ha,out,evap)

COP,,, = 1
i Pel,total ( )

where My, ;, 4en, is the mass flow rate and /1a.inden the enthalpy of the air at the inlet of the dehumidifier and Aaoutevap
the enthalpy at the outlet of the evaporator which corresponds to that of the supply air. Pejsorar is the sum of the
electrical power of the compressor, the electrical heater (if necessary) and all pumps and fans. The VCS can be
evaluated using the energy efficiency ratio (EER)
Qo
EER = — )
P el

where QO is the cooling capacity of the evaporator and Fesis the electrical power of the compressor.

3  Results
3.1 Performance of the H-LDAC system
Hot water temperature in °C EERvcs
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Figure 2 — Hot water temperature for the set supply Figure 3 — EER of the VCS depending on Toa
air condition depending on Toa and Ax and Ax

Figure 2 shows the needed hot water temperature of the regenerator to reach a humidity ratio of the supplied air
of 8 g/kg for the 36 operating points. The necessary hot water temperature increases with increasing Ax. This is
because the concentration of the solution in the dehumidifier is higher for a higher outdoor humidity ratio to reach
a sufficient partial water vapor pressure difference at the phase boundary between the air and the solution.
Moreover, the hot water temperature level rises with increasing outdoor air temperature 7,a. Further the cooling
water temperature of the dehumidifier increases as well with increasing outdoor air temperature and humidity,
again with an impact on the partial water vapor pressure. Concluding, an increase of the hot water temperature by
3-4 K yields to an increase of the dehumidification by about 1 gn2o/kgdry,.air for the considered outdoor air
temperatures.

Figure 3 shows the EER of the VCS of the H-LDAC system. With increasing outdoor humidity ratio and thus
increasing Ax the EER decreases. Since higher water temperatures for the regeneration are necessary the condenser
temperature increases as well, whereas the evaporation temperature keeps almost constant. This leads to a higher
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pressure ratio and thus, more compressor power is needed. Furthermore, the cooling capacity of the evaporator
increases with higher outdoor humidity ratio because more heat is released during the absorption process.

Oc/oreg COPsys, HiDAC
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il =34g/Kg
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0.501 @ " ]
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Figure 4 — Auxiliary heating and cooling capacity Figure 5 - COPsys depending on Toa and Ax

depending on Toa and Ax

For the capacity matching of the regenerator and the condenser an auxiliary heater or cooler is necessary. Figure
4 shows the ratio of available condenser capacity Q. and needed heating capacity for the regeneration process Q eg.
If Qc /Qree < 1 auxiliary heating after the condenser is necessary because the condenser capacity is not sufficient
to fulfill the requirements and if Q. /Qreg > 1 auxiliary cooling is needed. It yields that with increasing outdoor air
temperature the ratio increases because more cooling capacity and thus more condenser capacity is provided by
the VCS. The impact of the additional electrical heating on the COP of the system is shown in Figure 5. For the
outdoor air conditions which do not require additional heating after the condenser (Qc /Qreg > 1) the COPsys is in a
range of 4.0-4.2. As soon as auxiliary heating is mandatory, the COPsys drops significantly and decreases further.
With increasing Ax the COPsys decreases because of the increasing electrical power of the reheater and the
compressor (because higher temperatures for the regeneration process are necessary). The electrical power of the
fans and pumps stays constant because the mass flows are constant.

Comparing the H-LDAC system to a conventional VCS (conv) with dew point cooling, the evaporator temperature
of the H-LDAC-system (To, mrpac=11...15 °C) is significantly higher than for the conventional VCS
(To,conv=6...8°C) because no dehumidification takes place in the evaporator. However, with rising outdoor
humidity ratio the condenser temperature for the H-LDAC system increases significantly more than for the
conventional VCS. Further depending on the outdoor air conditions the ratio of EERu.Lpbac and EERcony is in a
range of 0.75 to 1.5. Comparing the total electrical power of both systems it was found that the H-LDAC system
shows only energy saving potential for climatic conditions for which the ratio Qc /Qreg is higher 0.75. The electrical
savings are in a range of 5 to 40 % depending on the operating point. Detailed investigations on the comparison
of the H-LDAC to a conventional VCS reference system are being carried out in further research.

4  Conclusions

An H-LDAC system model which couples the condenser of a VCS and the regenerator of a liquid desiccant system
is developed and 36 operating points with different outdoor temperatures and humidity are investigated. A control
strategy is implemented in the model to reach a defined supply air temperature and humidity. The air is
dehumidified by the liquid desiccant system and afterwards it is cooled by the evaporator. The hot water
temperature for the regeneration and the compressor frequency are identified as essential control variables for this
system. Furthermore, the auxiliary cooling and heating capacity for capacity matching of the regenerator and
condenser is evaluated. The COP of the system for specified outdoor air humidity ratio and temperature is
quantified. The evaluations yield a significant decrease of the COP of the systems as soon as auxiliary heating is
necessary. Moreover, the evaluations yield a COP of the system in a range of 1.2—4.3 for all studied operating
points.
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Abstract:

In this work, a gray-box model of a gas driven absorption heat pump previously used to describe the performances
of'a 40kW commercial unit is adapted to characterize the steady-state behavior of a new low-capacity gas driven
heat pump prototype. The results show that the model is still very accurate, although the two heat pumps differ in
terms of capacity and thermodynamic cycle. After modifying a few parameters, the deviation between the
performances calculated by the model and the experimental ones are lower than 3%.

1 Introduction

The physical phenomena that take place in absorption heat pumps are difficult to describe with a mathematical
model. In fact, an existing model that sets conservation equations on each component provides a system of non-
linear equation to solve [1]. However, to perform year-round energy simulation of the building system, simplified
models easier to solve are convenient. For this reason, several empirical and semi-empirical models of absorption
heat pumps have been developed. A comparison of different models is shown in [2]. It concludes that the models
shown in [3] and in [4] can be used to obtain relative errors between the calculated quantities and the experimental
ones lower than 10%. The first one [3] calculates the COP as function of the Carnot efficiency and a set of
parameters to identify experimentally. The second one [4] calculates the thermal power as a linear function
dependent on AAT’ that is the so called characteristic temperature function. An additional very accurate model is
shown in [5]. The gas-driven absorption heat pump (GHP) model consists in a gray-box model of the combustion
chamber, a lumped parameter model of the flue gas heat exchanger and an entropy-based model of the ammonia-
water GAX cycle. It was calibrated on a 40kW commercial unit with a gas burner nominal capacity of 28.2 kW.
In this work, this model is calibrated on experimental data provided by an air-water gas driven heat pump prototype
with a nominal capacity of the gas burner of 6.69 kW. In addition, the original model is based on a commercial
unit designed with a different heat generator technology and a slightly different thermodynamic cycle with respect
to the prototype. To do that, the model has been slightly modified with an additional parameter to identify, in order
to obtain a more general model. The main goal of this work is to evaluate the accuracy of the entropy-based model
also for low capacity GHP. In the following chapters, a brief presentation of the original gray-box model and the
difficulties met to calibrate the model on a different GHP are described. To conclude, the results obtained by the
recalibration process are shown.

2 Gray-box model description

2.1  General description of the model

The original model [5] divides the GHP in three main parts, as shown in Figure 1:

- Combustion chamber (CC): in this component
and in the generator, a complex mass transfer and

Q a radiative-convective heat transfer take place.
Thus, a simple integral model of the gas furnace
and generator calculates the heat input to the

: generator (Qg), the mass flow rate on dry gas basis

gas

(g gry), and the temperature of the gases leaving
the chamber (Tg). The inputs are the gas input
(Qgas), the combustion efficiency (1¢mp) and the
thermal efficiency (ny,). The efficiencies are

Figure 1: GHP thermodynamic cycle assumed constant and equal to 0.82 and 0.80

respectively [5].

- Flue gas heat exchanger (FHX): The model is based on the approach used for condensing coils [6]. It calculates
the heat recovered from flue gases (Qgx) to heat up the inlet water. The inputs are g, and Ty, calculated by

1 21
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the combustion chamber model, and the heat exchanger UA-value in condensation (UA,ye) that is identified with
experimental data.

- Absorption cycle (ABS): The qualitative representation of the absorption cycle is shown in Figure 2. The diagram
is specific to the heat input (Qg), provided by the combustion of the natural gas. In fact, a is defined as the ratio
between the heat leaving the absorber (Q,) and the input heat at the generator (Qg). Then, the heat input at the
evaporator divided by the heat input at the generator is (COP-1), thus the energy balance of the system, neglecting
the work input at the solution pump and the heat losses, gives the heat leaving the condenser (COP-a).
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Figure 2: Absorption cycle in a P-T-x diagram — (4) Figure 3: GHP scheme - gas burner (BRN), solution

rich solution leaving the absorber, (B) bubble point
generator feed, (G) poor solution at the base of the
generator, (M) mixing point between refrigerant vapor
and solution leaving the Solution cooler absorber
(SC4)

heated desorber (SHD),flue gas heat exchanger (FHX),
distillation column (DC), rectifier (REC), solution
cooled absorber (SCA), water cooler absorber(WCA),
condenser (COND), evaporator (EVAP), refrigerant
heat exchanger (RHE), restrictor (RES)

2.2 How the model works

The model is based on the entropy balance shown in (1). The goal is to calculate the outputs of the GHP using as
input the inlet water mass flow rate (rhy,,,) and temperature (Ty;), the inlet brine mass flow rate (., ) and
temperature (Tey;), and the heat input (Qg).

T, Tz T, T¢

Writing the balance per unit of heat input at the generator and solving for COP, the equation (2) is obtained. COP
is defined as the ratio between the heat output of the absorption cycle (Q, + Qc) and the heat input (Qg). iy is
the ratio between AS\gg and the heat input at the generator (Qg).

T T, — T, T Te — T, Ty T,
COP:_Cg E _EC a_5INT E ‘C
ToTe —Tg Te —Tg

Ty Te — Tg @

Being an entropy-based model, the computation of the internal entropic average temperature is needed. The heat
input provided by the natural gas combustion occurs at an intermediate temperature (Ty) between (B) and (G),
while the Q, heat output occurs at (T,), between (A) and (M). It is assumed, on experimental basis, that the heat
leaving the condenser (Q¢) occurs at temperature (T ) that is equal to the water leaving the condenser (T, ). The
temperature (Tg), correspondent to the heat input at the evaporator (Qg), should be calculated considering the
refrigerant mass fraction (x,) and the pressure (P,,,). However, temperatures and pressure are unknown, thus an
iterative process that involves several pre-set parameters takes place. First, the output water temperatures of the
condenser (Tj,) and the evaporator (T.,,,) are calculated as in (3) and (4), showing the need for an iterative
solver. Then, the temperatures of the absorption cycle Tg and T, are calculated as in (5) and (6). Experiments show
that Tz can be assumed close to T, [7]. However, below a critical value of the temperature difference Tp,,,; —
Tewo, the difference between Ty and T,,,, changes rapidly. For this reason, a piecewise linear interpolant has been
used, as shown by equation (5). ¢y and ¢, ¢, are assumed constant and equal to 4.186 kJ K-'kg'and 3.6 kJ K-
kg! respectively.

__ (cop - 1)Q, -
cwo — Lewi ™ .
MewCp,ew
COP Qg + Qpnx
T, =T .4 —
hwo hwi mhwcp,hw (4)
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T. = {Tcwo ) (Thwi - Tcwo) (Thwi - Tcwo) <eg 5
£ Tcwo — € — € (62 - 63) — €3 (Thwi - Tcwo) (Thwi - Tcwo) = €o ( )
Ty = Thwi + ao (6)

Assuming the ammonia concentration (X,) constant and equal to 0.98 [5], the pressure Py, and Pyjgn can be
calculated as bubble point pressures at Ty and T respectively. Then, x4 is calculated as the equilibrium mass
fraction of the liquid phase at T, and P4, which is equal to Py, minus the pressure drop through the absorber (20
kPa) [5]. At this point, Tg is calculated as the bubble point temperature at P,jg;, and x5. To conclude, Ty, Tg, and
Oin are calculated as in (7), (8) and (9). Solving the system with the secant method, letting varying COP within
1 and 2, the outputs of the thermodynamic cycle can be calculated. To conclude, the Gas Utilization Efficiency
(GUE) is calculated as in (10).

TM = mO + mlTE + szA + TH3TB (7)
Te = 9o+ 91T + 92T4 + 93T (8)
Q |
Oint = (So +51Tu + $:Tp) (1 + | fi(Ts — Ta) + f * ©
gnom
+Qc +
GUE = M (10)

ans

2.3  Parameters identification

The model uses several parameters that have to be defined (UAyet, €9, €1, €2, €3, My, My, M,, M3, o, L1,

g2, £3,S0,51,S2, 1,2, ag, ®). ap and o are predefined parameters equal to 7°C and 0.95 respectively, in

accordance with experimental data [7]. The other parameters are set using the following identification procedures.

All the parameters, except for f; and f,, are identified using seven experimental test measurements at nominal gas

input and constant ATy, and AT,,,. f; and f, are identified using two additional tests at partial loads.

- UA et is calculated by means of an identification process, which minimises the root mean square error (RMSE)
of the energy balance (11) , where the heat pump useful effect (O}, ), the natural gas input (ans), and the heat
exchanged at the evaporator (Q,) are experimental values. The only unknown is the heat recovered by the flue
gas heat exchanger (Qp,) , which depends on UA,,, as in the model in [6].

@e = (Q~hw - thx) — Ntn @gas (11)

- ey, €1, €5, €3 are calculated minimizing the RMSE between the Tg, calculated with the equation (5) and the Tg
indirectly measured using the refrigerant concentration (x,) and the experimental value of Pg,,.

- my,m;, m,, my are calculated minimizing the RMSE between Ty calculated by the equation (7) and Ty
calculated using the energy balance of the absorber, as shown by the equation (12). T, is calculated by equation
(6), while 1,; and m,. are calculated by equation (13) and (14). ¢, s, is the average equivalent specific heat of
the two-phase mixture. It is assumed constant and equal to 17 kJ K-'kg™! for the typical range of concentrations,
pressures and qualities at the inlet of the absorber [S]. Ah, is the enthalpy increase of the refrigerant in the
evaporator that can be considered nearly constant and equal to 1050 kJ kg™! [5]. pj is the density evaluated at Tg.

a Qg = (mps + mr)cp,sol(TM —Ty) (12)

mps =k ’pB(Phigh = Pyow) (13)
_ Qg(COP -1

iy = (14)

-80, 81, 82,83 are calculated minimizing the RMSE between the T; calculated by equation (8) and the Tg
calculated as the bubble point temperature at P,jo, and xg. The latter is obtained from the mass and species

balance equation of the desorber system, as shown by equation (15).
i,

xg = x4 — (X — X4) (15)
ps

- So, S1, Sy, f1, 5 are calculated minimizing the RMSE between the COP calculated by equation (2) and the COP
calculated with the experimental data.

The original model is based on a water-water commercial heat pump with a nominal capacity of the generator of

28.2 kW. In this work, the same model is used to calculate the performances of an air-water GHP prototype with

a nominal heat capacity of the generator of 6.69 kW. Despite they use different heat sources (air and water) they

are comparable because the prototype has a secondary loop that heats up the brine flow with outdoor air. Therefore,

3 23
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to complete the model of the air-water heat pump, the air-water heat exchanger has to be added (not considered in

this paper). Moreover, the absorption cycle and the generator of the prototype are slightly different from the ones

showed in figure 3. In fact, the prototype has an additional solution heat exchanger between the SCA and the SHD.

Then, the commercial heat pump has a cross-tube generator, while the prototype has a fire-tube generator, which

has the advantage of lower heat losses and better heat distribution. To perform the identification phase, a set of

experimental data similar to the one used in [5] was measured. Moreover, two small changes among the predefined
parameters, defined in the previous chapters (x., ¢p o1, AR, €tc.), have been done. Qgygp 15 6.69 kW instead of

28.8 kW. Then, the value of k, used by equation (13), in the original model [5] was set having a deep knowledge

of the restrictor RES3, shown in figure 3. However, the restrictor used in the 40 kW commercial unit is quite

different from the restrictor used by the prototype. To solve this issue, two ways are available:

- Simplified k method: It is assumed that the k varies linearly with Q445 ,,. For the prototype, it is equal to 0.154.

- Advanced k method: An additional parameter (k_k) is defined and the new value of k is calculated dividing the
k obtained with the simplified method by the additional parameter k_k. To define the value of k_k a minimization
process of the RMSE between the experimental GUE and the GUE calculated by the model is performed,
obtaining a value of k_k equal to 1.64.

Table 1 — Identified parameters for the prototype, simplified method (valuel) and advanced method (value 2)

Parameter Value 1 Value 2 Unit Parameter Value 1 Value 2 Unit
UAyet 3.374E-3 3.600E-3 kg s'! g0 201.595 423.996 °C
€ 32.405 32.575 °C g1 0.999 3.872 -
e, 22.501 24.187 °C g, -1.707 -6.732 -
e, -0.572 -0.638 - g3 0.623 1.299 -
e 0.035 0.032 - So 2.099E-4 7.715E-4 K!
m, 35.186 29.666 °C S1 7.725E-6  -8.109E-6 K?
m, -0.858 -1.202 - S, 3.946E-6  7.541E-9 K?
m, 1.743 2.015 - f 0.023 0.016 K!
ms -0.290 -0.231 - f, -2.163 -1.589 -
3  Results
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Figure 4 — Model accuracy, simplified method (k_k=1) Figure 5—Model accuracy, advanced method (k_k=1.64)

Figure 4 and figure 5 show the comparison between the GUESs calculated by the model in different conditions and
the experimental GUEs in the same conditions. Figure 4 shows the results obtained using the simplified approach,
while figure 5 shows the results obtained using the advanced method to define k. In both cases, several working
conditions are taken into account, such as different inlet water temperatures (Ty,;), different outlet temperature
set points (Ty,), partial load, and different inlet temperatures at the evaporator (Tgy;).

4  Conclusions

The results show that the proposed model describes accurately the performances of the prototype, although it has
a different generator, thermodynamic cycle and nominal capacity with respect to the commercial unit. The
difference between the GUEs calculated by the model and the experimental ones are always lower than 3%, except
for one case. Furthermore, using the advanced method, the accuracy of the model increases reaching a deviation
between the experimental values and the calculated ones, usually lower than 2%.
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Abstract:

In this work a conventional trigeneration system combined with an additional organic Rankine cycle (ORC) was
simulated and its thermodynamic performance was evaluated considering different operating conditions and
working fluids. This system was defined to meet cooling, heating and power demands of a medium-sized hospital.
Two configurations were considered in the analysis: P1 with the ORC place between the HRSG and the absorption
chiller and P2, after the absorption chiller. Energetic analysis showed that the ORC operating with R141b after the
absorption chiller produces 42% more power.

1 Introduction

A trigeneration system is a technology that uses a single primary energy source to generate power, heat and cooling
more efficiently compared with conventional plants [1,2]. Al-Sulaiman et al. [3] presented an energetic and
exergetic analyses of a biomass trigeneration system using an organic Rankine cycle (ORC). Their study
demonstrated that the overall efficiency increased from 12% for electrical power to 88%. A lot of attention has
been directed to the utilization of low-temperature heat sources like geothermal, solar, and waste heat energy in
cogeneration and trigeneration systems [4]. ORC is a potential subsystem to be integrated into a trigeneration
system to produce mechanical power because it is considered to be an effective solution for low and medium
temperature heat recovery for power production [5].

In a conventional trigeneration system, power is obtained through a Brayton cycle; heating is provided by a boiler
or a heat recovery steam generator (HRSG), while the cooling system uses a single-effect absorption chiller. A
literature review has shown that despite this technology has been extensively studied, there are still some gaps,
especially for applications involving commercial and residential sectors. In most cases, the focus has been on
investigating its performance by a thermodynamics analysis or reducing cost and environmental impact. However,
there are not so many studies regarding the influence of different configurations of a trigeneration system, for
example, considering the inclusion of a second power plant cycle to increase its efficiency and the best location of
this additional cycle.

In this paper, two different configurations of a trigeneration system are investigated, considering the inclusion of
an ORC and its position in the cycle in order to improve thermodynamic efficiency:

» Configuration 1: ORC operating with R601, placed between the HRSG and the absorption chiller (P1);

» Configuration 2: ORC operating with R141b, placed after the absorption chiller (P2).

The aim of this study is to evaluate the feasibility of using a trigeneration system to meet the demands of medium-
scale hospital by a thermodynamic approach considering the energetic efficiency of this system.

2 Background/Fundamentals/Experimental Set-up

2.1 System description

The trigeneration system examined in this study consists of a conventional trigeneration system, i.e., an open-type
Brayton cycle, followed by a heat recovery steam generator (HRSG), a single-effect absorption chiller and a second
power cycle (an ORC) located before or after the absorption cycle. The choice of an ORC is justified by: (1) the
largest utility demand mapped in the hospital was electricity; (2) ORC is widely used in literature to produce power
when a low or medium temperature source is available.

Organic fluids (R601 and R141b) were selected based on [6], in which they have pointed out that the best organic
fluid are the ones that present a critical temperature 30-50 K above the hot source. Ammonia-water was select as
the working pair refrigerant/absorbent in absorption chiller considering that this pair has been widely used in many
studies as well in industrial plants. Natural gas, essentially methane, was selected as the primary energy source to
be used in the Brayton cycle due to its availability, low cost, and reduced environmental impact [7].
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Table 1 presents the utilities demands of the hospital studied in this work, considering daily averages and two
different groups related to the seasons of the year.

Table 1 — Energy demand daily average.

Group Electricity (kW) Steam (kg-h')) Hot water (kg-h!)  Chiller (kW)
1 (spring/summer) 1400 200 519 200
2 (autumn/winter) 1200 150 1173 150

2.2 Modeling

The following assumptions were considered for the simulation of the trigeneration system: steady-state operation;
variations of potential and kinetic energies are neglected in all control volumes; pressure drops in pipelines and
heat exchangers are neglected; condensers outlet streams are saturated liquid and evaporators outlet streams are
saturated vapor; all equipment are adiabatic; expansion valves are isenthalpic; isentropic efficiency for compressor
and turbines was fixed as 85%; based on recommended values by [8]; minimum temperature approach of 10 °C
was considered in all heat exchangers except in the evaporator where it was adopted to be 5 °C.

The simulations were developed to provide a fixed net power of 194.6 kW (200 kW at ISO conditions) using
software Aspen Hysys ® version 10 from AspenTech. The thermodynamic packages selected for the simulations
were: Peng-Robinson equation of state to model Brayton and ORC cycles; Peng-Robinson-Stryjek-Vera Equation
of State to model the absorption chiller and the ASME steam fluid package, considered for water. The
conventional trigeneration input parameters assumed in the simulations are listed in Table 2.

Table 2 — Input parameters assumed in the simulation.

Parameter Value
Micro turbines
Fuel mass flow rate (kg-h™!) 45.15
Fuel inlet pressure in CC (kPa) 610.4
Gas exhaustion mass flow rate (kg-h™) 4766
Gas turbine outlet pressure (kPa) 110
HRSG
Outlet pressure (kPa) 588
Vapor fraction 1
Absorption refrigeration cycle
Cooling load in spring/summer (kW) 200
Cooling load in autumn/winter (kW) 150
Low pressure in the absorber (kPa) 430
High pressure in the generator (kPa) 1243
Refrigerant mass fraction in strong solution 0.4707
Refrigerant mass fraction in weak solution 0.2607

2.3  Energetic analysis
The energetic performance was computed by means of a coefficient of performance (COP) of the system, which
was defined by the ratio between the sum of all energy outputs and the input as presented in Equation (1).

Wit 0% Oy, + 0,
Qin

CoP = €))

where the outputs are: W,,.; (net power of the system), Q, (heat load rate provided in the heat exchanger
to produce steam), Qp,, (heat load rate provided in the heat exchanger to produce hot water) and Q.
(cooling rate produced by the system); and the input is Q;,, total energy rate input in the system.
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3 Results

3.1 Parametric analysis

Thermodynamic performance of two different configurations of a trigeneration system was evaluated considering
energetic efficiency. COP as defined by Equation (1) was examined through changing the parameters presented in
Table 2. Operating variables studied were: pinch point temperature (Tep) of the ORC heat exchanger (varied from
10 °C to 60 °C); inlet turbine pressures (varied from 1000 kPa to 3000 kPa) and inlet temperature of the ORC
pump (varied from 112 kPa to 323 kPa and from 97 kPa to 282 kPa, when the working fluid used was R141b and
R601 respectively). Figures 1 to 4 present the influence of the parameters studied over the electrical power and
mass flow rate of the working fluid in the ORC. Table 3 presents the codes used in these figures.

Table 3 — Trigeneration code used in each configuration.

- T T T 1 T . .
. 160 . r
240 Y [ R F20
=47 s SN F
3y N
b l-\::_ [ss 140+ ™2 E\\_\
S, S [ o \1\ B :
2. N 204 NSRS L
220 TRR. kS [ \1 B rhe
. s 1004 RO L
i S 5.0 e g
< st 5 = = N =N &
Z R iy, L 2 SN %
= S S £ = 80 Ty R pho=
5 2007 T Sy S E LS IS
= “Rs. R - 2 0 NN s E
-\1._\“: \3»— 4,5 0 \ . &i:g [
RN L NS ‘E\ L
150 SRa . 40 1 g \\E\ [os
GIPL:—a— W, --=-m,, I GIP2: —A— W, --#-m,, \ R
: 2 “lao 20 1 net 22 3 2
GIPL—a— W, --0--my, i G2P2: —A— W, =-D--my, \E'Q B [
e SR oo
160 T T T T 0 T T T T
35 40 45 50 55 60 10 20 30 40 50 60
T, (°C) T, (°C)

Figure 1 - Influence of ORC heat exchange pinch Figure 2 - Influence of ORC heat exchange pinch point
point temperature with R141b on the electrical power temperature with R601 on the electrical power and

and mass flow rate. mass flow rate.
280 —— T T T T T T . 6,6 100 , . . ‘ . )
GIPL —a— W, --8--m,,
G2Pl—a— W, --0-my, e 6.4 - s
21 . O ~a.
oA Les 80 -a I 1.6
A - .
A * . M4
b L 6.0 . “ea. “‘_\ ‘:\\‘\

_ 04 .- ) _ 60 - N AL F12
” . B [y - o A, -
~ A = = . o a =

. A . — - “ =}

z . o A8 i EEPEEEE N - 5 - \‘» ™ =
3 204 Ty ab Fso gt = a0 LS A o ?, Fog
Ta, A - - N \'A - \A )

e Lsa w N e \ o6

a7 B T N S
w0 o wd—mmk ¥ A o, A Fog
- oL 32 GIP2: W -ommy, \ “q
- § k U '
Teeal g - . G2P2:—6— W, -0 my, = 0.2
) ~-0-—p_.g--a--50 —— N
180 — . — =3 a . ; : : W B
1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 1000 1250 1500 1750 2000 2250 2300
P, (kPa) P (kPa)

Figure 3 - Influence of ORC inlet turbine pressure Figure 4 - Influence of ORC inlet turbine pressure with

with RI41b on the electrical power and mass flow — R60] on the electrical power and mass flow rate.
rate.

Regarding the influence of the pinch point temperature on ORC energetic efficiency, as the pinch point
temperature increases, energetic efficiency decreases in all cases. In R601 trigeneration, energetic efficiency is
greater in G2P2 than G1P2. This behavior occurs because the mass flow rate to guarantee the same pinch point is
twice greater in group 2 and when R141b trigeneration was used, the energetic efficiency increases significantly.
The influence of the turbine inlet pressure on ORC energetic efficiency have shown to be insensible when R141b
was used for both G1P1 and G2P1 and that for R601 the increment of pressure decreases COP. Finally, the inlet
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temperature of the ORC pump does not influence the energetic efficiency, this is why the graphisc of the influence
of this variable over the electrical power and mass flow rate were not presented in this work.

4  Conclusions

The main conclusions that can be drawn out from this study are:

* The trigeneration system was able to produce 1374.8 kW power, 200 kW heating, and 200 kW cooling. The
addition of a second power plant produced an additional 307.3 kW power and 1363.1 kW of hot water with
R141b, while with R601, 178.9 kW power and 940 kW of hot water;

* Considering the pinch point temperature (Tep), the best performance of the ORC cycles is attained at the
following operating parameters: for R141b Tep =40 °C, and for R601 Tee = 10 °C. This difference between these
two Tep is due the fact that heat load in the heat exchanger of the ORC is different for each fluid, as well is the
mass flow rate. These values where the minimum attained in each simulation that allowed the simulation to run
properly once the outlet temperature of the exausted gases should be greater than 40 °C;

* The energetic analysis showed that the ORC operating with R141b and positioned after the absorption cycle
allows the production of about 42% more power compared to the other system, but this configuration requires a
mass flow rate around 64% higher.
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Abstract:

Adsorption is one of the most widely applied techniques for environmental remediation. Its application plays a
crucially important role in energy conversion and environmental technologies, especially for gas-solid adsorption
systems. The dynamic performance of an adsorbate/adsorbent pair has significant influences in optimizing the
systems’ speceific power, size as well as the total cost. This paper presents a new kinetics model that perfectly
describes the dynamic behavior of different adsorbate/adsorbent pairs for a gas-solid adsorption system. The new
kinetics model is established based on the theory of the linear driving force model by introducing three new
parameters to this model. The main achievement of this model is that it can predict the dynamics of the system
during the entire cycle thoroughly. Conclusively the modified LDF equation is validated by the experimental data
of adsorption chiller and CCS (carbon dioxide capture and storage) applications of different adsorbate/adsorbent
pairs.

1 Introduction

Adsorption of gases onto solid is widely utilized in different applications like separation and purification of gases,
gas storage systems, adsorption-based heating and cooling systems, and energy storage systems. The basic
fundamental of all these applications is they work as a batch-wise process i.e. adsorption and desorption occur
alternatively and is also time-dependent [1]. So, the adsorption rate or kinetic equations are widely used to describe
adsorption data at non-equilibrium conditions and are significant to investigate the basic understanding of the
adsorption process that ranges from transient to the cyclic steady state.

Numerous models exist to describe the adsorption kinetics of various gasses onto different adsorbents. The main
diffusion equation comes from Fick’s equations [2] along with a very difficult analytical solution under a practical
situation. But, the most popular model for describing the gas-solid adsorption kinetics is the linear driving force
(LDF) model [3]. In the LDF model, the experimental data are fitted with the equation applying some fitting
parameters [4,5]. Though, the LDF model ensures a good description of the breakthrough curves still its
applicability for the adsorption system is under intensive discussion [6]. At constant temperature, the LDF model
underestimates the uptake at short times and overestimates it at long times. Several authors have modified the LDF
model following their needs. Sultan et al. [7] modified the LDF model by introducing a dimensionless power ‘m’
as a variable and this model only represents the water vapor adsorption kinetics of two polymer-based sorbents.
Jribi et al. [8] investigated the kinetics of CO2 adsorption onto AC by modifying the LDF equation with a variable
mass transfer coefficient which is a function of the equilibrium and instantaneous uptakes. Sircar and Hufton
analyzed [1] the relation between the LDF model and the FD (Fickian Diffusion) model, but the detailed
characteristics of the local adsorption kinetic model are neglected during integrations.

Until now, clearly there is no such modification that has been carried out to overcome the drawbacks of the LDF
model which perfectly derives the kinetics of all types of adsorbate/adsorbent pairs. Therefore, the main objective
of this study is to present a modified LDF model with a time-based correction factor that can accurately derive the
dynamic behavior of all types of adsorbate/adsorbent pairs along with the short and long-term phases of adsorption.
Some significant contributions of this study are noted below:
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e A modified LDF kinetics model has been introduced to predict the experimental kinetics data of a wide
range of adsorption pairs.

e The proposed model fits the experimental data accurately for the initial unsaturated phase as well as the
later near saturation phase.

2 Mathematical derivation of modified LDF model
The adsorption rate of the adsorbent/adsorbate pair of the LDF model can be written as:

dw Dt o)
[E}F{,R—j(m ) =W (1)) )

By integrating equation 1, one can obtain the fractional uptake by the following form,

Fo W (t)—W (initial) - exp(—F Dst]

W (o)~ W (initial) "R?
Simplifying the above equation we obtain,
F=1-exp(~t/(R: [F,D,)) = 1-exp(~t/r)
_ 2
where 7=R [F,D,
The LDF model is modified by taking the power of the following form

P at® +bt+c
F= l—exp(——j 2)

T
Where a, b, and c are the fitting parameters. ¢ is a dimensionless fitting parameter, a and b have units, s> and s™!,
respectively, and these two fitting parameters are strongly related to time.
The differential equation form can be written as:

z—‘;} = (—t/‘r)m o (ln(—t/‘r)(2at+b)+((at2 +bt+c)/t))(w(oo)—w(t)) 3)
The modified model can be integrated by using the following boundary conditions to get the instantaneous
adsorption uptake as follows
6] At 1=0; w(t)=w(0)
(ii) At t=t; wt)=w(t)
ow

ool

Finally, we can write,

= Ie[(mhbﬁc)l Hﬂ (ln(—t/z-)(2at+b)+((at2 +bt+c)/t))8t

e[(m2 mﬂ)m[fﬂ +In (w(oo) - w(t)) —In (w(oo) - W(O)) =0
= w(t) = w(0)+ (w(c0) - W(o))(1 ~exp(-/7)" ") @)

From equation (4), we can predict the instantaneous uptake at any time.

3  Applications of modified LDF model
3.1 Adsorption chiller

3.1.1 Activated carbon fiber (A-20)/ethanol pair

Activated carbon fiber (ACF) of type A-20 is a fibrous adsorbent that has the advantages of high porosity, fast
adsorption rate, and ease of handling when compared with powdered or granular adsorbents. Compared to many
popular adsorbents, it has a higher pore volume and surface area. Hence the adsorption capacity of the ACF (A-
20)/ ethanol pair is considerably higher than that of the ACF (A-15)/ethanol pair. El-Sharkawy et al. [9] checked
the adsorption kinetics of ethanol onto ACF (A-20). The authors conducted the measurements of adsorption rates
using a thermogravimetric analyzer (TGA). Experimental measurements were conducted at several adsorption
temperatures within a range from 27 °C to 60 °C. At each adsorption temperature, adsorption uptake was recorded
at 0.5 s intervals until the equilibrium condition was attained. Figure 1 shows the dynamic ethanol vapor adsorption
onto activated carbon fiber fitted with the proposed model and LDF model. Noticeably, the proposed model
provides excellent fitting with the experimental data with an RMSD value of 2.4% at the temperature of 27 °C.
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The obtained diffusion time constant (Ds/Rp?) and the proposed model's fitting parameters are furnished in Table
1

3.1.2 RD Silica gel/water pair

In adsorption refrigeration, dehumidification, or cooling applications, silica gel/water is a widely used adsorption
pair. In this section, the proposed equation is fitted with the experimental data of adsorption dynamics of water
vapor onto different silica gel types, including different configurations (single or multilayers). Authors [10]
measured experimental data employing the LTJ (Large Temperature Jump) method. The details of this pair and
the layering configuration can be found in the reference [10]. Figure 1 shows the experimental data of adsorption
dynamics of RD silica gel/water pair with different layers. The fitted proposed model with the experimental data
is also plotted on the same figure. It is seen that the proposed model perfectly matches with the experimental data
with RMSD values 0.2% to 0.7%. All kinetics parameters of the proposed equation are summarized in Table 1.
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Figure 1 - Adsorption kinetics data of (a) activated carbon fiber/ethanol pair at 27 °C [9), (b) RD silica
gel/water pair [10] (markers represent the experimental data, solid lines represent the proposed model, and
dashed lines represent the LDF model).

3.2 Carbon dioxide capture and storage

3.2.1 Activated carbon/CO; pair

Activated carbon (AC) is a widely used adsorbent for carbon dioxide capture and storage applications due to the
high uptake and faster kinetics. In this section, the kinetics data of a fine commercial AC (DARCO FGD (Norit))
for CO; adsorption [11] has been validated with the proposed model. The breakthrough curves of the AC/COz pair
were measured with a temperature swing adsorption sound assisted fluidized bed rig, and the adsorption
temperature ranges from 25 to 150 °C and partial pressure of COz ranges from 0.05-0.20 atm. The experimental
data for 5 vol% CO:z concentration at intake temperatures of 70 and 130 °C have been fitted with the proposed
model and presented in Figure 2. It can be observed that the proposed model fits well with the experimental data
with an RMSD value of 1.23 and 0.89 % for 70 and 130 °C, respectively. The kinetics parameter values are
presented in Table 1.

3.2.2 CB-FM/CO; pair

To advance our study, we also consider the CO» adsorption [12] in the framework of COz capture and storage
(CCS), whereas the adsorbent material is a composite, namely CB-FM, consists of 50 %wt carbon black (CB) and
50 %wt magnetite (FM). The kinetics of the COz adsorption on CB-FM was measured in a lab-scale fixed bed
reactor at the adsorption temperatures 18, 40, 70, 100, and 150 °C. The experimental data for 15 vol% CO:2
concentration at adsorption temperatures 40 and 150 °C have been presented in Figure 2, along with the proposed
kinetics model. It is evident that the proposed model can accurately fit S-shape adsorption kinetics data. Kinetics
fitting parameters and diffusion time constant values are furnished in Table 1.
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model).

Table 1 — Kinetics fitting parameter of studied adsorption pairs.

Adsorbent/adsorbate  Tags®  Type Dy/Ry* a[s?] b[s] c[-] RMSDP! RMSD
pair [°C] [sh] [%] (m. [%]
LDF) (LDF)
Activated carbon 27 - 1.77E-07 1.72E-07 -3.0E-04 092 2.40 8.34
fiber/ethanol
RD Silica gel/water ~ 29.85  Thin 9.14E-04 7.02E-07 -8.6E-05 096 0.20 3.00
layer
Single 6.40E-04 0.60 3.66
layer
4 layers 3.46E-04 0.70 431
8 layers 1.98E-04 0.60 3.34
Above 8  7.59E-05 0.30 2.05
layers
Activated 70 - 2.69E-04 6.55E-07 -1.6E-03 1.83 1.20 8.44
carbon/CO» 130 9.01E-05 3.05E-07 -8.5E-04 1.69 0.89 5.51
CB-FM/CO:z 40 - 5.56E-05 6.55E-05 -9.6E-02 345 0.84 26.2
150 1.91E-05 5.55E-05 -9.6E-02 275 4.39 27.3

[a] adsorption
[b] modified LDF

4  Conclusions

The linear driving force (LDF) model is frequently and successfully used for the analysis of adsorption kinetics
data of different systems because it is simple, analytic, and physically consistent. Yet, there are some drawbacks
of this model, and based on the drawbacks, this study proposes a new modification of the LDF kinetics model. For
the two most popular gas-solid adsorption systems, like, adsorption chiller and CCS applications, the modified
LDF model has been validated. The proposed modified LDF model successfully predicts the adsorption kinetics
of all the studied pairs better than the other models found in the literature. Moreover, for the initial phase and long-
time approximation, this model is found equally good. From the RMSD value, it is observed that the modified
LDF model gives a better value compared to the original LDF model. The diffusion time constant is also calculated
for all studied pairs. Therefore, the proposed model leads to the accurate determination of the dynamic performance
of gas-solid adsorption systems in the studied adsorbent/adsorbate pair.

33
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Abstract:

This study focuses on a double effect adsorption refrigeration cycle with adsorption heat recovery. It consists of
two adsorbent heat exchangers, namely HTC for high temperature cycle and LTC for low temperature cycle. The
adsorption heat discharged in HTC is recovered to drive the desorption process of LTC. The objective of this study
is to investigate the performance of the double effect cycle experimentally in order to verify the double effect
scheme for adsorption refrigeration technologies. In this study, the double effect cycle was actually set up and the
experimental results showed that the scheme worked effectively, where the adsorbent of LTC could be regenerated
with the hot water from HTC which was driven at 80 degC.

1. Introduction

Adsorption heat pumps are one of the technologies to utilize low grade heat sources less than 100 degC, for
example, for producing refrigeration. Most of adsorption chillers are based on the single stage scheme which
consists of two adsorbent heat exchangers, an evaporator and a condenser. They have the COP of approximately
0.6 for the driving heat sources of 70-80 degC. To increase the COP, the scheme of double effect cycle is useful.
Generally absorption chillers adopt this scheme where the condensation heat of the refrigerant vapor is recovered
and used internally in the cycle, which enhances the COP up to 1.3.

The objective of this study is to verify the double effect scheme utilizing adsorption heat internally, which is
different from the scheme of double effect absorption chillers. Some studies examined adsorption cycles with the
double effect scheme [1,2]. However, the heat source temperature is as high as 200 degC. In contrast, the
temperature is less than 100 degC in this study. This study aims at investigating how the proposed double effect
scheme works experimentally.

2. Method

2.1. Double effect adsorption cycle

The configuration of the double effect cycle is similar to that of single stage adsorption cycle, which is shown in
Figure 1. It should be noted one of the adsorbent heat exchangers works as HTC (high temperature cycle) while
the other as LTC (low temperature cycle). LTC is operated with the heat recovered from the absorption process of
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Ficure 1 - Double effect adsorption cyvcle with adsorption heat recovery
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HTC as illustrated in Figure 1(a). A thermal fluid circulates between HTC and LTC to transfer the adsorption heat
in order to drive the desorption process of LTC. HTC is the cycle to be driven with an external heat source as
Figure 1(b) shows. Because the system uses external heat only for HTC but produces cooling from both HTC and
LTC, the COP can be improved from that of the conventional single stage cycle.

In the conventional cycle, the same adsorbent material such as silica gel, for example, is used for two adsorbent
heat exchangers. In contrast, different materials are adopted to the proposed cycle because HTC and LTC operate
in different temperature range. The authors selected FAM-Z02[3] for HTC and silica gel for LTC based on a
simulation study[4] and the material availability.

2.2. [Experimental set-up

A small experimental rig was constructed in this study. The refrigerant is water, and the circulating fluid is also
water. Silica gel of 0.21 kg and FAM-Z02 of 3 kg are packed in LTC and HTC, respectively. Experimental
conditions are the following: the hot water temperature is 80 degC, the cooling water temperature is 25 degC and
the chilled water inlet temperature is 12 degC. The total cycle time is 705 sec which consists of the
adsorption/desorption time of 270 sec and pre-cooling/pre-heating time of 75/90 sec for HTC. The measurement
error of the temperature sensors is 0.6 degC.

3. Results

3.1. Behavior of the cycle

Figure 2 shows the temperature behavior of the inlet and the outlet of the chilled water. It can be confirmed that
both of HTC and LTC produce cooling, which means the desorption process of LTC performs with the recovered
heat from HTC as expected. It is observed that the cooling output from LTC is decreasing in short time due to the
small mass of silica gel in LTC. Consequently the result indicates that the double effect scheme works successfully
even at the relatively low temperature of 80 degC.

The temperature of the circulating fluid is shown in Figure 3. When the pre-heating of LTC and the pre-cooling
of HTC begin, the fluid starts circulating. Due to the time delay during the circulation, the temperature is oscillating
at the beginning, but it finally stabilizes around 50 degC. Even though the temperature difference is very small
between the inlet and the outlet, the fluid preferably works to cool down HTC while working to heat up LTC. It is
confirmed from the fact that both HTC and LTC work to produce cooling in adsorption phase.
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Figure 2 - Temperature of the inlet/outlet of chilled water
Table 1 — COP derived from the experiments. () indicates uncertainty.
Cycle Cooling output (kJ) Heating input (kJ) CcopP
Double effect cvcle 19.97 (0.48) 206.0 (3.5) 0.0970 (0.0028)
Single stage cycle 19.97 (0.48) 445.1 (3.3) 0.0448 (0.0075)
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3.2. COP

Table 1 shows the average COP of the experiments. The observed COP is very low because the experimental rig
is small size and was not insulated well. There is no direct experiments of single stage cycle. The COP of single
stage cycle is calculated taking into account the internally recovered heat as the external input. According to the
result, COP increases from 0.045 to 0.10 by the double effect scheme.

4. Conclusions

This study examined the double effect adsorption cycle internally utilizing adsorption heat experimentally. Both
of HTC and LTC successfully works to produce cooling with the double effect scheme at the driving heat source
temperature of 80 degC. Even though the cooling power and the COP are yet small due to the small scale
experiments, it has been confirmed that the double effect scheme is effective to improve the COP.

Future tasks will be optimization of the cycle time settings to maximize the cooling power and the rearrangement
of silica gel mass for LTC.
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Abstract:

In this study, single-phase HO/LiBr solution heat transfer and frictional pressure drop characteristics in plate heat
exchangers (PHEs) for the widest range of LiBr concentration are experimentally evaluated for triple-effect
H>O/LiBr absorption chiller applications. The test PHEs are single-pass heat exchangers with 78.5° and 55.7°
chevron angles for high- and low-theta PHEs respectively. Heat transfer and frictional pressure drop experiments
in the PHEs were conducted with the concentration range for triple-effect absorption application from 50.21% to
64.92%, solution Reynolds number from 19.39 to 479.10, and Prandt]l number from 3.63 to 24.40. All experiments
were conducted within +3% energy balance error range, and the heat transfer and pressure drop correlations
developed are applicable within +10% and +5% error ranges, respectively.

1 Introduction

An absorption system that separates refrigerants from absorbents using heat energy multiple times in multiple
generators is called a multi-effect absorption system. In 2021, a Korean manufacturer is preparing to enter the
market by completing the development of a triple-effect absorption system with a coefficient of performance (COP)
of 1.65 and integrated part load value (IPLV) [1] of 1.75. The H,O/LiBr triple-effect absorption systems operate
with a wider LiBr concentration range than double-effect absorption systems due to the additional refrigerant
generation process.

A solution heat exchanger is essential for improving the COP of absorption systems [2]; however, studies
pertaining to it are insufficient. In the development of the triple-effect absorption refrigerator, high performance
and compactness of the system are required simultaneously, therefore the application of the PHE to the system is
essential. Few researchers evaluated the performance of the PHEs as the solution heat exchanger, but the
concentration range of the solution was not wide enough [2-4].

The objectives of this study are to evaluate the single-phase heat transfer and frictional pressure drop characteristics
of the H>O/LiBr solution in the PHE. The findings are then applied to the triple-effect HoO/LiBr absorption cooling
system; hence, experiments were performed for the widest range of LiBr concentration compared with that of
other relevant studies.

2  Experiment

Figure 1(a) shows the schematics of the experimental apparatus. The experimental apparatus consisted of two
solution loops; a high-temperature solution and a low-temperature solution. Both solution tanks were equipped
with three heaters; one 3 kW heater and two 5 kW heaters. The temperature of hot side solution was controlled by
only the heaters. The temperature of the cold-side solution was controlled by heaters, followed by the secondary
fine adjustments in an auxiliary PHE. In the auxiliary PHE, the heat exchange between the cold-side solution and
cooling water occurs; therefore, the cold-side solution releases additional thermal energy. Figure 1(b) shows the
schematics of the test PHEs, and the specifications of the PHEs are summarized in Table 1.
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Figure 1 — Schematics of experimental apparatus(a) and test plate heat exchanger(b)

Table 1 — Geometric conditions of the test plate heat exchanger

Port to port length, m L,, 0.466

Plate height, m Lhe,-gh, 0.4315

Plate width, m L 0.111

Plate thickness, m t 0.0004
Corrugation depth, m b 0.002
Corrugation length, m A 0.007

Port diameter, m D,,, 0.0345

Chevron angle, © B 78.5 (High-theta)

55.7 (Low-theta)

RTDs and pressure sensors were installed as close as possible to the inlet and outlet of the test PHE. The hot-side
solution flows from the bottom to the top, whereas the cold-side solution flows from the top to the bottom; both
solutions were arranged with a single pass and a counter flow in the test PHE. The experiment was conducted for
more than 20 min under steady state, and all measured data were recorded every 5s. All heaters were on/off
controlled with the solution temperature, and the pumps were controlled by inverters.

The concentration of the solution was controlled by refrigerant absorption and generation. When distilled water
was added to the low-temperature solution in a vacuum state, the concentration of the solution was reduced. By
contrast, when steam was released from the solution by heating, the concentration of the solution increased. The
concentration, which is a function of temperature and pressure, was calculated using the measured temperature
and pressure of the solution in the tank. The properties of the solution were calculated using an Engineering
Equation Solver (EES).

3 Results

Energy balance error refers to the difference in heat transfer rate between the hot- and cold-side solution in the
PHE. In this study, heat transfer experiments were conducted within +3% energy balance error in the high- and
low-theta PHEs. Figures 2(a) and 2(b) show the Nusselt numbers with various Reynolds numbers in the high- and
low-theta PHESs. As shown in Figures 2(a) and 2(b), Nusselt number increased with Reynolds number and Prandtl
number. Prandtl number of the solution increased as the LiBr concentration increased and the temperature
decreased. A high Prandtl number indicates a high Nusselt number within a similar Reynolds number range. The
heat transfer experiments in the PHEs were conducted with the wide LiBr concentration ranging from 50.21% to
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64.92% and 50.71% to 64.76%, respectively. The experimental conditions for heat transfer tests in the PHEs are
summarized in Table 2. Nusselt numbers in the PHEs were obtained by the Wilson plot method [5, 6].
Based on the experimental results, the heat transfer correlations were developed for each PHE as Eqgs. (1, 2).
Nu = 0.2597 Re%%77 Pr%413 (High-theta PHE) )
Nu = 0.2446 Re®676 pr031° (Low-theta PHE) 2)
The correlations are applicable within £9.87% and +9.78% for high- and low-theta PHEs, respectively.

Table 2 — Experimental conditions (Heat transfer test)

High-theta PHE Low-theta PHE
LiBr Concentration, % 50.21-64.92 50.71-64.76
Inlet Solution Temperature, C 23.16-149.80 19.16-148.20
Inlet solution Flow Rate, 10°kg /s 4.90-31.03 5.05-29.55
Reynolds Number 35.00-475.30 19.38-479.10
Prandtl Number 3.83-24.41 3.88-22.19
@ s Tees ' ' O e e T et
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Figure 2 — Nusselt numbers with various Reynolds numbers in the high-theta PHE(a) and in the low-theta
PHE(b)

Figures 3(a) and 3(b) show the friction factor with various Reynolds number in the high- and low-theta PHEs. As
shown in Figures 3(a) and 3(b), the friction factors decreased as the Reynolds number increased, indicating that
the frictional pressure drop increased with the flow rate. The frictional pressure drop experiments in the PHEs
were conducted with the wide LiBr concentration ranging from 50.21% to 62.05% and 50.71% to 59.13%,
respectively. The experimental conditions for pressure drop tests in the PHEs are summarized in Table 3.

The fanning friction factor, for convenience, is calculated using the mass flux for a single channel as shown in Eq.

3
~ dP; dP;

o O Ol )

Based on the experimental results, the friction factor correlations were developed for each PHE as Egs. (4, 5).
f=3.124 + 461.6/Re*112 (High-theta PHE) 4)
f = 2.639 + 438/Re1132 (Low-theta PHE) 5)

The correlations are applicable within £4.88% and +4.85% for high- and low-theta PHESs, respectively. The form

of the friction factor correlation was selected, according to Focke et al. [7].

Table 3 — Experimental conditions (Pressure drop test)

High-theta PHE Low-theta PHE
LiBr Concentration, % 50.21-62.05 50.71-59.13
Inlet Solution Temperature, C 133.80-149.80 130.50-148.70
Inlet solution Flow Rate, 10 kg /s 5.21-30.43 5.25-28.92
Reynolds Number 52.68-536.90 57.92-580.60
3
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Figure 3 — Friction factor with various Reynolds number in the high-theta PHE (a) and in the low-theta PHE(b)

4  Conclusions
In this study, the heat transfer and frictional pressure drop characteristics of a H,O/LiBr solution in the high- and
low- theta PHEs were evaluated with wide LiBr concentration range for the triple-effect absorption refrigerator
applications. New experimental heat transfer and frictional pressure drop correlations were developed. All
experiments were carried out within £3% energy balance error range.
(1) Based on the experimental results, the new heat transfer correlations were developed and were applicable
within £10% error range for the plate heat exchangers as Nu = 0.2597 Re%%77 Pr0413 and Nu =
0.2446 Re%576 Pr%319 for the high- and low-theta PHES, respectively.
(2) Based on the experimental results, the new fictional pressure drop correlations were developed and were
applicable within +5% error range for the plate heat exchangers as f = 3.124 + 461.6/Re*11? and f =
2.639 + 438/Re™132 for the high- and low-theta PHEs, respectively.
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Abstract:

The objective of the TAFEis project (thermally driven ice slurry generation for heating and cooling applications)
is the development of a thermally driven ice slurry generation plant in order to be able to generate coolant
temperatures of less than 0 °C. For this purpose, various additives for the evaporator will be investigated in order
to determine one which makes the direct evaporation process more efficient under given criteria. Moreover, the
absorption process also has to be adapted to the target temperature in the evaporator. A successful development of
such a technology opens up a variety of new fields of application by combining the advantages of the vacuum ice
slurry generation technology and the absorption chiller.

1 Introduction

The TAFEis project is part of the SubSie project network. The goal of the SubSie-project is to expand the
application range of refrigeration systems and heat pumps using water as a refrigerant and driven by heat. As a
result, energy saving potential can be exploited in the provision of cooling and heating through waste heat
utilization.

Within TAFEis, the absorption refrigeration process will be coupled with a direct evaporator. The plant
configuration is intended to provide coolant temperatures below 0 °C in the form of ice slurry. This is a prerequisite
for opening up new fields of application. In addition, the advantages of both technologies can be used, including
waste heat recovery, pumpability of the ice, use of the ice slurry as a storage medium, the higher storage capacity
of ice slurry compared to water, and therefore smaller pipe dimensions for cold distribution.

2 Project Targets and Challenges
The main objective of the TAFEis project is the development and construction of a thermally driven ice slurry
generation system by using direct evaporation as well as its testing and demonstration of functionality.
The functional model to be developed will have a cooling capacity range of 15 to 25 kW or 25 to 42 kW heating
capacity in heat pump mode according to the testing conditions in the ILK laboratory. This chosen capacity range
allows scaling to higher capacity ranges.
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Figure 1 — Principle graph of the comparison of different evaporation temperatures and the influence on the
cycle (crystallization risk)
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The functional model will be used to determine the limits of the ice slurry absorption heat pump process with
water lithium bromide in terms of temperatures and efficiency. These results are transferable to an operating mode
as an absorption chiller with regard to the required drive and re-cooling temperatures.

The risk of crystallization in water-lithium bromide cooling systems requires special attention in thermal ice slurry
generation. Figure 1 shows the Diihring diagram with the crystallization line according to [3]. The diagram shows
an absorption cycle for the supply of air-conditioning refrigeration (blue) and a cycle for the supply of temperatures
below 0 °C (red). It can be clearly seen that as the evaporation temperature decreases, the cycle approaches the
crystallization line. The lowering of the evaporating temperature is also combined with a reduction in cooling
capacity. Reducing the evaporating temperature in a water-lithium bromide absorption cycle at constant cooling
capacity can be achieved either by increasing generator operating temperature or by decreasing cooling water
temperature. Both lead to a further increase in the risk of crystallization, as can be seen from figure 1.

By using a direct evaporator, where ice is generated directly in the refrigerant of the evaporator, the highest
possible evaporation temperature for ice generation is achieved, because an additional temperature difference for
heat transfer can be avoided. The ice slurry is pumpable due to the addition of additives and can therefore be used
directly as a coolant.

3 Investigation areas

To achieve coolant temperatures below 0 °C, an additive lowering the freezing point has to be added to the
refrigerant in the evaporator. In a literature research, additives that are already in use in the field of ice slurry
generation were analyzed. From the comparison of the data as well as own investigations, a selection of additives
for further investigations was made. For these additives, thermodynamic and physical properties such as the
influence on the vapor pressure of the solution, the dynamic viscosity and the pressure drop will be determined.
In the following, an additive will be selected for further investigation of the determination of the system limits of
the functional model that will be developed. Table 1 shows the additive selection made for the thermodynamic
and physical property data investigations. The additive quantity in w% given in Table 1 refers to a freezing point
depression of S5K.

Table 1 — first additive selection

additive sum formula [W%Fp -5 oc] dyn. viscosity density WHC
[11121(3] [CP][I][Z]D]*,** [kg/mS][I][Z]D]*,**
potassium formate K(HCOO) 10,15 1,18 1061 1
glucose CsH 1206 30,92 3,15 1131 1
propylene glycol CsHz0; 15,30 1,72 1011 1
ethanol C,HsO 11,12 1,60 980 1
lithium bromide LiBr 10,45 1,60 1072 1

“at 20 °C, ™ for mixtures tgp = -5 °C, FP — freezing point, WHC — water hazard class

Compared to other salts such as sodium chloride or lithium bromide which are used as additives to lower the
freezing point, potassium formate is less corrosive to steel and stainless steel. In addition, potassium formate is
less viscous than other additives at the reference point of trp, which has a positive effect on the transport properties
of the liquid ice. Although glucose has a high dynamic viscosity at the reference point (trg = -5 °C) compared to
the other selected additives, it is expected that the ice slurry generated with glucose shows good rheological
properties. This is due to the higher mass fraction at the same freezing point depression. [4] Propylene glycol
exhibits low viscosity with slightly higher additive mass fraction to achieve the same freezing point depression.
Ethanol also has low dynamic viscosity and leads to good rheological ice slurry properties. [4] The database of
thermodynamic and physical properties is comprehensive. Lithium bromide was selected despite its high price and
rather unfavorable corrosion properties because it offers favorable process engineering solutions for special
applications. It is already used as a sorbent in the plant circuit. Another advantage of lithium bromide is that a
good database for thermodynamic and physical properties already exists and it will therefore be used as a reference
for comparisons and initial investigations. All selected additives are classified in the lowest water hazard class 1.

A potential additive should only lead to a slight vapor pressure depression. The low evaporation temperature
needed for ice slurry generation already reduces the pressure already and thus the absorption capacity of the
solution in the absorber. A further reduction in pressure through the additive would further reduce the absorption
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capacity. Therefore, studies on the saturation vapor pressure of the solution as a function of the additive will be
investigated for the selected additives within the project.

In addition to the qualification of a suitable additive, another focus of the funded project, as already mentioned, is
the design, construction, implementation and measurement of a functional model for thermal ice slurry generation.
The basis for the functional model to be developed is a commercially available absorption refrigeration plant type
Maral of the company EAW. In this plant, asymmetric plate heat exchangers are used for the main components
evaporator, absorber, condenser and generator. For the evaporator, a direct evaporator will replace the plate heat
exchanger. A construction design will be developed that allows a simple production engineering implementation
and makes a low specific plant volume feasible. A simplified PID of a possible integration variant is shown in
Figure 2.

In addition, aspects such as avoiding additive carryover, the absorber design under the given conditions and the
dimensioning of the solution heat exchanger must be taken into account during the design implementation of the
plant in order to develop an optimally operating system. Further points of the investigations are: the distribution
of the refrigerant in the direct evaporator, the optimal integration of an agitator for homogeneous mixing of the ice
slurry, the optimal ice fraction depending on the additive, avoiding the reduction of the heat and mass transfer
surface due to the ice fraction, the design of the inlets and outlets to avoid blockages and the optimization of the
ice slurry transport.
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Figure 2: simplified PID of an absorption chiller with direct evaporation

4  Results

For the development of an optimally operating thermally driven ice slurry generation plant, it is necessary to
analyze and evaluate the effects of using additives in the evaporator and the influence of low evaporation
temperatures on the thermodynamic cycle. The study of the absorption cycle is followed by the integration of the
direct evaporator into the plant and its measurement.

In the first step, a water-lithium bromide absorption cooling system was investigated at low coolant outlet
temperatures. The test plant is a modified plant of the type MARAL from the company EAW. No design changes
were made to the experimental plant for ice slurry generation. Lithium bromide solution with 15w%
(corresponding to a freezing point tFP = -8.1 °C) was filled into the evaporator in order to be able to evaluate just
the evaporation capacity at low evaporation temperatures without ice generation using different additives. The
evaporator operates as a desorber and the experimental plant in a modified resorption mode. The results form the
basis for dimensioning the functional model.

Results of the measurements are shown in figure 3. The absorption capacity decreases at lower temperatures and
thereby lower pressures. Nevertheless, - 5 °C coolant outlet temperature and about 50% of the nominal cooling
capacity of the air-conditioning chiller were achieved at only 85 °C heating water inlet temperature. As the cooling
capacity decreases with decreasing coolant outlet temperature (see Figure 3, right), the absorber is oversized for
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this operating mode. Therefore, the logarithmic temperature difference in the absorber decreases. The absorber is
sufficiently dimensioned for the application.
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Figure 3 — left: logarithmic temperature difference of the solution heat exchanger and dynamic viscosity (poor
solution absorber outlet, 15,4, as a function of the coolant outlet temperature (tc.); right: cooling capacity
(Qy) and heat ratio (¢) as a function of the coolant outlet temperature

In the left figure, it can be seen that the temperature difference in the solution heat exchanger (tm sig) increases at
lower coolant outlet temperatures (tc,0). This is because the lithium bromide concentrations of the poor and rich
solutions are higher at lower coolant outlet temperatures than at higher coolant outlet temperatures. Related to this,
the solution has higher viscosity and lower heat capacity, which reduces the heat transfer. The solution heat
exchanger has to be modified for the new operating conditions.

Figure 3, right, also shows measurements with a heating water inlet temperature of 95 °C with and without the
addition of a crystallization inhibitor (CI) in the absorption solution circuit. An ionic liquid patented for this
application was used as crystallization inhibitor. Without crystallization inhibitor, measurements had to be stopped
at coolant outlet temperatures below —1 °C because crystallization occurred. With crystallization inhibitor, coolant
outlet temperatures of up to —5 °C could be achieved. Thus, the operating range of the system can be significantly
extended by using a crystallization inhibitor.
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Figure 4: Ice slurry temperature (ice surry) and saturation vapor pressure (ps) as a function of the ice mass
fraction

Figure 4 shows the freezing point depression and the vapor pressure depression as a function of the ice mass
fraction for glucose and lithium bromide, respectively, as an additive for ice slurry generation. The difference in
freezing point depression between glucose and lithium bromide is small in the freezing point range considered
(black lines). The vapor pressure depression is also small for both and the effect on the absorption process is
marginal (see Figure 4, blue lines). It is astonishing that at a melting point depression of 0.18 K (from —0.32 °C to
—0.5 °C), the ice mass fraction in the ice slurry is already 30w%.
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Abstract:

This paper presents the results of an approach for accelerated ageing of the well-known adsorbents zeolite 13X,
shaped in binder-free granules, and Al-fumarate and the characterisation of the degradation mechanisms. The
approximation of a temperature-dependent degradation function is applied based on the approach of van't Hoff, a
simplified approach of Arrhenius. Due to unknown degradation mechanisms activation energies were assumed for
e.g. ligand displacement and hydrolysis.

1 Introduction

Heat storage, dehumidification and heat pumps are an important part of future development and contribute greatly
to CO2 reduction. It is known from previous studies that sorption materials such as zeolites and MOFs are stable
under the boundary conditions of thermally driven adsorption heat pumps and chillers. [1,2] With regard to
stability, numerous studies, including stress tests, have been carried out, which include static and multi-cyclical
stability studies with differently selected test parameters [2]. With regard to their applications, these results give
less insight into performance over their lifetime if used as material in heat pumps or dehumidification rotors, as
assumed. However, it is unclear if the materials are suitable for storage applications in open systems. Dynamic
cyclization experiments on pelleted binderless 13X have already been described by Storch et al. [4]

The aim of this public funded project DEGRATEST is to develop a thermally accelerated ageing process to test
the materials with regard to their durability. Knowledge of the degradation mechanism and the corresponding
activation energies is necessary. Activation energies known from literature are in the range of 50 - 250 kJ/mol
based on the degradation mechanism, which is mainly related to a ligand displacement for MOFS - exchange of a
linker molecule, e.g. with an OH group [3]- or the bond breakage of Si-O bonds in the tetrahedral structure of
zeolitic materials. The degree of degradation of the materials should be derived by subsequent characterization by
N2-physisorption, PXRD and water absorption and give a conclusion about the lifetime of the materials.

2 Experimental Set-up

2.1 Materials and stress test procedure

The materials used (granulated binderfree 13X zeolite, aluminium fumarate, fluoride free MIL100(Fe)) are used
without further treatment or purification. For thermal aging, the named materials are exposed to defined
temperatures for a period of 11 days. Since it is known that the desorption process in particular is a major stress
factor, high temperatures with low moisture content were selected as the stress temperatures [2,4,5].

With an appropriate humidity generator the samples are constantly circulated with a humidity flow of 0.08 nL/min.
The humidity test corresponds to a dew point of 19°C and 27°C. Synthetic air is used as the carrier gas in order to
simulate the real boundary conditions in the best possible way.

The exposure time is based on the approach of Arrhenius and is as follows

11
tor = tg € R (TSL Tsr)

with the accelaerated stress test time tst and temperature Tsr, respectivly the service life time ts. and temperature
Tsc. Ea and R represent the activation energy and the general gas constant. Figure xy shows the exposure time
plotted against the activation energy for different temperatures.
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Figure 1 Time of stress test over the activation enegies related to hydrolysis reactions and ligand displacement reactions for
MOFs.

2.2 Characterisation of Sorption Materials

The characterization was carried out before (untreated) and after exposure using N2 physisorption, PXRD in the
angular range of 2 theta = 2.5 - 55 °. In addition, the gravimetric determination of the water absorption was carried
out at 20°C for 72 hours over a relative humidity of 23% for 13X zeolite and aluminium fumarate over 44%,
respectively. Al fumarate was picked

3 Results

The nitrogen isotherms with the corresponding DFT-fits over the range of the micropore volume is shown in
Figure 2. For the 13X zeolite, the loading capacity decreases with increasing stress, while for the isotherms an
increasing slope can be observed. With increasing stress, the adsorption capacity decreases, especially in the
microporous range (p/p0 0.1) and forms a stronger hysteresis above p/p0 > 0.4, which is maximal for 180DP27.
This indicates that there is an increase in pores in the mesoporous region. The application of the pore diameter
over the differentiated pore volume confirms, in accordance with the N2 isotherms (see inlet Figure 2), that a
strong degradation takes place in the microporous region and is accompanied by an increase in pore diameter due
to capillary condensation at p/p0 > 0.4.
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Figure 2 Nitrogen physisorption isotherms at 77 K The inlet vizualize the corresponding differential pore width.

From the isotherms it can be deduced that the moisture has a higher influence on the degradation of the 13X zeolite.
The steady increase in hysteresis of the 13X zeolite with increasing load stress is striking indicating that
dealumination reactions take place. The removal of aluminium from the network can lead to bimodal distributions
or, as assumed here, to a collapse of the micropore structure into mesopores. Further investigations using XPS
and/or IR [7] are necessary to prove dealumination. Compared to the 13X, the aluminium fumarate shows a slight
increase over the entire sorption range, which tends to increase with higher stress.
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From the XRD datas in Figure 3 can be seen that the crystallinity for the 13X zeolite decreases with increasing
stress. The determination of the decrease in crystallinity was done by comparing the 2 theta values at 6.16° which
refers the miller index (100).

The aluminium fumarate, on the other hand, generally shows the lowest reflex intensities for the 160DP19 stress
test, although this may also be due to the load condition depending on the environmental humidity of the sample
at the time of measurement. A definite statement cannot be derived from the XRD data for the aluminium fumarate.
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Figure 3 XRD datas of 13X zeolite and aluminium fumarate oft he as recieved and accelerated stress test samples.

In Figure 4Figure 4 the adsorption capacity of the loaded materials shows, like the previous results, a decrease for
the 13X, respectively an opposite behaviour of the Al fumarate for increasing stress. For Al fumarate, the result
again indicates that the hydrothermal stress partially removes synthesis residues and is responsible for the
indifferent behaviour.
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Figure 4 Gravimetric water adsorption capacity after 72 hours exposure in an dessicant at 23 % relative humidity for 13X
and 44 % relative hymidity for Al fumarate.

4 Summary and Conclusions
In order to derive correlations, datas of the 13X Zeolite and Al fumarate are summarized in Table | Summary of
the results for 13x and Al fumarate
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Table 1 Summary of the results for 13x and Al fumarate

13X SBET Vmicro Veum MH20 (tH=23%) XRD
m?/g cc/g cc/g glg Relative
As received 863 0.35 0.36 0.303 100%
160DP19 818 0.33 0.35 0.285 106%
180DP19 799 0.32 0.35 0.284 85%
160DP27 802 0.32 0.35 0.287 86%
180DP27 763 0.30 0.33 0.279 63%
Al fumarate SBET Vmicro Veum MH20 (tH=44%) XRD
m?/g cc/g cc/g glg Relative
as received 1097 0.40 0.52 0.409 -
160DP19 1099 0.40 0.49 0.404 -—-
180DP19 1111 0.40 0.52 0.391 -—-
160DP27 1115 0.41 0.51 0.418 -—-
180DP27 1124 0.41 0.53 0.424 -—-

This results indicates that derivation of an accelerated stress test on MOFs, represented by the Al fumarate, seems
to be generally difficult, since their synthesis routes depend on the precursors used, and preparation and
purification steps also have an influence on the procedure. This has also been shown in the investigation for other
MOFs, as the measurement results suggest that synthetic residues in the material are removed by the stress tests.
Extensive analyses are required to confirm the presumption of synthesis residues in MOFs.

In contrast, the 13X shows a linear decrease in performance, which is reflected in all analysis methods.

It has been shown that higher humidity levels have a greater influence on degradation.

In order to get a better insight into the degradation and therefore to derive an accelerated aging process, exposure
over a longer period of time is necessary. Also additional analysis.

5 Acknowledgment
The work was carried out within the project DEGRATEST, funded by the German Federal Ministry for Economic
Affairs and Energy under funding reference code 03ET1615

6  List of References

[1] Henninger, S. K., Schmidt, F. & Henning, H.-M. Appl. Therm. Eng. 30, 1692—1702 (2010).

[2] Henninger, S. K., Hiigenell, P.P.C., Munz, G., Baumgartner, M., Kummer, H., Jeremias, F. Abschlussbericht
Stabisorp-2 (2015).

[3] Low, l.J., Benin, A.I.,Jakubczak, PP., Abrahamian, J. F.; Faheem, S. A.; Willis, R. R., J. Am. Chem. Soc. 131,
15834-15842 (2009)

[4] Storch G., Reichenauer G., Scheffler F., Hauer A.; Adsorption 14, 275-281 (2008)

[5] Fischer F., Lutz W., Buhl J.-C., Laevemann E., J. Micro Meso 262, 258-268 (2017),

[6] Sachse A., Grau-Atienza A., Jardim E.O., Linares N., Thommes M., Garcia-Martinez J., Cryst. Growth Des.
17,4289-4305 (2017)

[7] Lutz W., Riischer C.H., Gesing Th.M., Stocker M., Vasenkov S., Freude D. Gléser R., Berger C., Studies in
Surface Science and Catalysis 154, 1411 — 1417 (2004)

[8] Ristic A., Fischer F. Hauer A., Zabukovec Logar N., J. Mater. Chem. A 6, 11521-11530 (2018)




TU Berlin August 22" to 25% ISHPC 2021 #96

c)oﬂ)ﬂon Heat PL//;7

, The preparation of an aluminum composite adsorbent by anodizing
\s, technique for adsorption chiller.

Chumnanwat, Suppanat!, Ota Shinji!, Tanaka Tsutomu!, Okada Hiroki!,
Kodama Akio?, Kumita, Mikio?

! Graduate School of Science and Technology, Kanazawa University, Kakuma-machi, Kanazawa-shi,
Ishikawa, 920-1192, Japan
2 Institute of Science and Engineering, Kanazawa University, Kakuma-machi, Kanazawa-shi, Ishikawa, 920-1192,

Japan (kumita@se.kanazawa-u.ac.jp)

Abstract:

The layer thickness and effective heat transfer are important parameters to enhance the adsorption rate of adsorbent
and cooling and/or heating performance of adsorption refrigeration systems. The aluminum plate surface was
modified into spike-type and barrier layer-type aluminum oxide films by anodizing and etching. This preparation
method yields a 123 pm spike layer for the former and a 67 nm solid layer for the latter. A synthetic zeolite was
used as an adsorbent coated on the modified surfaces by using 3-trimethoxysilylpropyl chloride for bonding
between zeolite particles and the modified surface. The spike height and the film thickness could be generally
controlled by the anodizing and etching times. The bonding strength between zeolite particles and the modified
surface was determined to evaluate the benefit of the surface modification. The barrier layer-type film provided a
higher strength zeolite layer on its surface. According to the adsorption dynamics investigation, the spike-type
film played a role in enhancing the heat transfer in the composite.

1 Introduction

The important parameters for performance improvement of adsorption heat pumps and chillers are the adsorption
rate and the heat transfer efficiency of a solid-adsorbent heat exchanger. One of the interesting configuration
techniques is coating due to a thin adsorbent layer with lower heat and mass transfer resistances compared to a
fixed bed [1]. However, the coating techniques still have problems with mechanical strength and thermal resistance
due to the low thermal conductivity of a binder. This work focused on the surface modification for an aluminum
plate before processing with coating to enhance the heat transfer efficiency and mechanical strength of the coated
layer. The surface modification was conducted through anodizing and etching methods. A spike-type and barrier
layer-type aluminum oxide films were created on the aluminum surface, and then they were coated with zeolite
particles by the dipping method. The composites obtained were investigated experimentally for the mechanical
strength of the coated layer and the water vapor adsorptivity.

2 Experimental

2.1 Surface modification of aluminum plate

An aluminum plate with a purity of 99.6% was used as a base material, and the plate was 40 mm long, 12 mm
wide and 0.3 mm thick. The grease and contaminants on the surface were removed by soaking in sulfuric acid and
sodium hydroxide solutions as presented in recent work [2]. The aluminum plate surface was modified into two
types. The first one was a spike-type aluminum oxide film created by anodizing and etching methods consequently.
A stainless plate was installed as a cathode and the aluminum plate as an anode in a 0.3 M oxalic acid bath. A
direct current of 200 A/m? was applied to the electrodes at 21°C for anodizing. This procedure yielded a porous
aluminum oxide film upon the aluminum surface. Then, the anodized aluminum was soaked into a 6 wt%
phosphoric acid solution at 40°C to obtain the spike surface as represented in a scanning electron microscope
(SEM) image (Figure 1a)). The second one was barrier layer-type aluminum oxide film prepared by only anodizing
in a mixed solution of 0.5 M H3BOj3 and 0.05 M Na;B40O7-10H,O at 20°C. Undergoing this process, the barrier
layer-type aluminum oxide film as shown in Figure 1b grew on its surface.
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Oxide film

200 nm

Figure 1 — SEM images of a) spike-type and b) barrier layer-type aluminum oxide films

2.2 Coating with adsorbent particles

A synthetic zeolite AQSOA-Z01 was used as an adsorbent for coating the modified aluminum surfaces. In order
to facilitate the coating, silane modification was applied to the surface of the two types of aluminum samples. The
silane solution of ethanol, distilled water, and 3-trimethoxysilylpropyl chloride was prepared at a volume ratio of
18:1:1. The aluminum plate was soaked with the silane solution and was dried at 80°C for 30 min. Three times the
amount of zeolite particles by weight was added to the above-mentioned silane solution for the coating process.
The silane-modified aluminum plate was dipped into the zeolite suspension. The thickness of zeolite layer could
be controlled by the number of dipping cycles.

2.3  Water vapor adsorption

The zeolite-aluminum composites were examined for their water vapor adsorption capacities and dynamics based
on the volumetric method at 30°C. The experimental apparatus and installation were presented in our previous
work [3]. The adsorption dynamics were investigated in the relative pressure range of 0.09 — 0.29. This range
corresponds to the operating temperatures of adsorption chiller systems: 10°C evaporation, 30°C cooling, and 80°C
regeneration.

3  Results and discussion

3.1 Surface modification: Spike
Figure 2 represents the effect of anodizing and etching times on the spike height. Sample codes of A4, A6, and A8
represent the anodizing times of 4, 6, and 8 h, respectively. An increase in anodizing time leads to long spike
height, and the highest spike length is 120 um at 8 h anodizing and 2 h etching. An increase in etching time would
bring about the dissolution of the spike-type aluminum oxide film. The spiked surface requires at least an etching
time of 2, 2.5, and 3 h for Samples A8, A6, and A4, respectively.
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Figure 2 — Effect of anodizing and etching times on spike height
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3.2 Surface modification: Oxide film

Figure 3 illustrates the effect of applied voltage and anodizing time on the thickness of barrier layer-type aluminum
oxide film. An increase in anodizing time extends the oxide film growth on the aluminum surface. The aluminum
oxide film thickness should be thin as possible because the oxide film retards the heat transfer between the zeolite
layer and the aluminum plate.
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Figure 3 — Effect of applied voltage and anodizing time on aluminum oxide film thickness

3.3 Mechanical strength of zeolite layer

A peeling test was performed to determine the mechanical strength of zeolite layer on the aluminum surface
through a residual ratio referred to JIS K 5400 standard (Figure 4). The residual ratio was determined from the
change in the mass of zeolite before and after the peeling test. The barrier layer-type aluminum oxide film is the
strongest adhesion between zeolite layer and the film surface due to the domination of hydroxyl group linkage on
the plate surface when compared to the spike-type surface and original bare surface.
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Figure 4 — The residual ratio of coated zeolite on the aluminum plate

3.4 Adsorption dynamics

Figure 5 shows the temporal changes in the adsorption ratio of water vapor and surface temperature of the
composites. Samples codes of BL-25, BL-200, and S-200 represent the surface types (BL: barrier layer-type
surface and S: spike-type surface) and the zeolite layer thicknesses of 25, 200, and 250 pm, respectively. As shown
from Figure S5a, the adsorption ratio of Composite BL-25 reaches 0.8 of the equilibrium value within 200s
meanwhile 0.66 for BL-200 and 0.69 for S-200. The thinner zeolite layer obviously promotes water vapor
adsorption rate. In contrast, the thicker coated layer brings a high mass transfer resistance resulting in a slow
adsorption rate. The absolute amount of water vapor adsorbed during adsorption process is 6 mg for BL-25 and
45 mg for BL-200, showing that an increase of zeolite layer thickness leads to 7.6 times the water vapor uptake
larger compared between Composite BL-200 and BL-25. In the perspective of heat transfer efficiency, the spike-

3 53
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type surface, Composite S-200 promotes the heat transfer in the zeolite layer according to the changes in the
composite surface temperature (Figure 5b) in an early stage. After that, the surface temperature rapidly decreases
up to a 30°C heat-sink temperature for Composite BL-25 and gradually reduces for BL-200 and S-200. However,
the adsorption rate of Composite S-200 is not enhanced due to the limitation of water vapor transfer in the zeolite
layer. Whereas the thinner zeolite layer yields both rapid adsorption and heat transfer rates.
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Figure 5 — a) Water vapor adsorption dynamics and b) surface temperature of zeolite coated on the aluminum
plates

4  Conclusions

The surface modification method of aluminum plate would control the structure of both spike-type and barrier
layer-type aluminum oxide films. The modified aluminum surfaces promote the mechanical strength of zeolite
layer for the barrier layer-type film and the heat transfer efficiency for the spike-type film. The zeolite layer
thickness is the parameter that impacts to the adsorption rate rather than the heat transfer efficiency.
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Abstract:
A challenge in thermochemical heat transformers (THT) is to increase the specific heat power without
compromising the temperature lift and cycle stability of the system. The objective of this study is to evaluate the
potential of the salt hydrate calcium chloride (CaClz) in a 1-salt 1-stage and 2-salts 1-stage experimental THT for
waste heat upgrade. The first 3 equilibrium reactions have been identified indicating large temperature lifts
possible in the target operating conditions (waste heat under 100 °C upgraded till 150 °C and higher). In the 1-
salt 1-stage configuration, the CaCl. packed bed produced large temperature lifts between 38.2 °C and 70.4 °C
from a waste heat ranging from 82.7 °C to 98.7 °C with generally short reaction times. In the 2-salts 1-stage
configuration, the same upgrade conditions lead to longer reaction times of the packed bed. A CaCl:-based
deposit with PVA (polyvinyl alcohol) as a binder could also achieve identical temperature lift but in a much
shorter time, which is promising for achieving a higher specific power.

1 Introduction

Upgrading heat to higher temperatures is a lever for avoiding low temperature waste heat, like at the exit of an
industrial process. In the industry sector which is a major energy consumer, 42% of the worldwide heat losses
occur below 100 °C [1]: there is an opportunity for heat-to-heat conversion systems that can operate in these
temperature ranges. Next to electrical heat pumps and absorption heat transformers, thermochemical heat
transformers (THT) could avoid the issues of the afore-mentioned technologies by achieving high temperature
lifts (>50 K) with a rather simple system architecture without any crystallization or corrosion issues.

In its simplest form, a THT is composed of an evaporator-condenser (E/C) and a reactor filled with reactive
material (1-salt 1-stage) [2]. In the charging phase, the condenser is set to low temperature T; and the reactor is
heated at intermediate temperature (from waste heat for example) at T,,,. This allows the decomposition of the
reactive solid. In the discharging phase, waste heat at temperature T,,, triggers the evaporation of water and the
high temperature exothermic synthesis reaction occurs: T is collected. The difference between temperature
input T, and output Ty is called temperature lift. In order to allow a reduction of the high-pressure lift occurring
in THT when high temperature lifts are sought, Goetz et al. [3] proposed a 2-salts 1-stage configuration (also
called resorption heat pump). It uses the synthesis/decomposition of another reactive solid instead of the E/C.
There exists a large number of solid-gas working pairs for 1-salt and 2-salts THT applications. Salt/ammonia
pairs have been extensively studied for THT applications while there have been some evaluation of
salt/methanol and salt/H2O [2] with encouraging results for the latter. The solids working pair need to be
compatible following the criteria listed by Michel and Clausse [4]. They identified a promising salt hydrate
working pair for the upgrade of industrial waste heat: SrBr2 and CaCl..

Among existing reactive solid implementation, the packed bed (or fixed bed) is the most common one. Reactive
material is simply placed on a substrate or directly in contact with the heat exchanger. This solution is easily
manageable and adaptable to the heat exchanger geometry, but has disadvantages such as heat and mass transfer
limitations, performance degradation due to microstructure change, melting and aggregation after excess
hydration... etc [5,6]. For solving these issues, an encouraging salt implementation is to use deposit of salt [7—
9]. Even though used in adsorption cooling, some promising specific powers were reported as well as increased
cycle stability. This innovative implementation is developed with a composite of salt and polymer binder.

In order to investigate the performance of a 2-salts THT configuration using SrBr2 and CaCl. pair, for industrial
waste heat upgrade (from 100 °C to 150 °C and above), a simpler THT system with one reactor was developed
and instrumented. Since SrBr2 has been intensively studied in literature [10], further investigation of CaClz was
the priority. The salt used for every experiments presented in this work is calcium chloride (dihydrate, Sigma
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Aldrich, molar mass of 147.01 g/mol, purity higher than 99%). The study started with the characterization of
CaClz equilibrium reactions which indicate the highest temperature output possible. Then, an investigation of the
salt performances (temperature lifts possible with waste heat at around 90 °C, reaction kinetics...) was
performed. A reference salt implementation with a fixed bed was tested under the target operating conditions
(T, /T, /Ty). The innovative implementation as a deposit was experienced at last.

2 Background/Fundamentals/Experimental Set-up

The experimental setup is depicted in fig. 1. It is made of two main
elements: a reactor chamber (5) and an E/C (1). The reactor is a
cylinder of 380 mm outer diameter and 580 mm in length. For an
easier setup, condenser and evaporator are a one and only vessel of
220 mm outer diameter and 320 mm in length. Each element has a
thermal bath connected to it in order to control their temperature. The
“cold” bath (2) drives the temperature using a spiral coil in the E/C’s
liquid water. The “hot” bath (4) drives the flow in the reactor’s
double skin envelope and in a plate heat exchanger (HX) contained in
{ the reactor. This reactor heat exchanger enables the heat transfers
\“ i with the reactive solid. It is custom-made with dimensions
svt bench 200x200x70 mm. The salt container is placed on top of it with a
thermal paste for good thermal contact between each other. The
exchange between both chambers is carried out through a wide pipe (3) and a ball valve. Both chambers are
fitted with a ball valve for connection with a vacuum pump during preparation of an experiment. Two pressure
gauges (Keller PAA35X) are disposed on the reactor and the E/C. Moreover, 5 thermocouples (K-type) are place
in the reactor. The acquisition unit (6) NI-DAQ has a 0.2 Hz acquisition frequency.

k

Figure 1. Picture of the te

|

3 Results

3.1 CaCl; equilibrium reactions

Concerning CaCla  equilibrium  reactions,
hydration and dehydration experiments of
around 100 g salt samples were conducted in the
prototype with a closed reactor. A finite quantity 80
of water vapor is introduced in the reactor, the
temperature is imposed while the pressure is
self-adjusting by the reactive material to reach it
equilibrium. Three reactions have been
identified and characterized between
approximately 40 and 150 °C as can be seen in
Figure 2. Comparing with the literature [11,12],
these reactions could be identified to the
reactions from CaClz to CaClz-Hz20 (equilibrium
<1/0>), from CaCl>'-H20 to CaCl»-2H0 (<2/1>) 0
and from CaCl2:2H20 to CaCla-4H20 (<4/2>).
These data are ran in a custom-made program
(using minimization function with differential
evolution method) in order to fit our data with
the typical law describing a monovariant solid/gas equilibrium reaction, the Clapeyron equation:
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®  Hyd points <1/0>
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Hyd points <4/2>

e Hydl fit <1/0>
e Hydl Fit <2/1>
Hyd Fit <4/2>
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®  Dehyd points<2/1>
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<0.3/0>[11]

A
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A
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Figure 2. Hydration (hyd) and dehydration (dehyd)
equilibrium curves for CaClz
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Deq =D°€ "'e4 (1)

where Ah? and As? the determined parameters which are respectively the standard enthalpy and entropy of
reaction, peq and Teq are the equilibrium pressure and temperature and p° the reference pressure (1 bar).

It is then possible to extrapolate the reactions equilibriums till 200 °C. The obtained equilibriums are in good
agreement with the literature. They present an important hysteresis between the hydration and dehydration that is
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unfavorable to a THT system operation: higher waste heat temperature (Tm) or lower vapor pressure (hence a
lower cold temperature T;) are required for full dehydration. However, this salt is still promising of high
temperature lifts and high power for the THT system.

3.2 THT performances
During the investigation of the THT 200 60
prototype’s performances, the heat upgrade
phase has been studied in depth. Hydration |
experiments were conducted with waste heat 180
temperature T,, ranging from 82.7 to 98.7 °C
and upgraded to a working temperature Ty
between 128.2 to 157.4 °C. The targeted
reactions were the first two as identified
previously (anhydrate to supposed dihydrate
salt state).

50

Pressure (kPa)

160 - 40
Nl | ~

140 | L : 30

Temperature (°C)

120 20
A typical hydration experiment is shown in 0 20 40 60 80 100 120 140 160 180

Figure 3. The operating conditions T,,/Ty are Time (min)

87.6/138.0 °C with 59.1 kPa reaction pressure. — Tealtymiddie Tl T THRinlet

The resulting temperature lift is 50.4 °C. The T-ea1/oP) T-ea21) T Preacter
reactive salt has been previously dehydrated. ;iiure. 3. Temperature & pressure evolution during CaCl:
After the connection between the E/C and the 'dranion

reactor (at t=0 min), the high E/C pressure is (1-salt, Tn =87.6 °C, Tir = 138.0 °C, Pean = 59.1 kPa)
introduced in the reactor and the reaction starts as indicated by the temperature increase both in the salt bulk and
at the frontier between salt and HX. The bulk temperature rises till a plateau of approximately 175 °C. This
reaction heat may be attributed to the first reaction we characterized earlier in this work (<1/0>). The
equilibrium temperature corresponding to the reactor pressure is displayed along and shows the equilibrium drop
necessary for the reaction to occur (Teq,1/0 for reaction <1/0> and Teq2/1 for reaction <2/1>). The heat is evacuated
via the heat exchanger as indicated by the frontier temperature, decreasing much quicker than in the bulk and
indicating the heat transfer direction: this tendency is in line with an axial moving reaction front [13]. After 40
min, the bulk temperature decreases till a second plateau around 160 °C. The reaction occurring at this
temperature is the second hydration step (<2/1>). This step is much longer and lasts from 40 to 180 min,
probably due to the lower equilibrium drop and the lower heat transfer caused by the lower temperature gradient.
The frontier temperature decreases slowly during that time, evacuating progressively the reaction heat. 180 min
after the start of the reaction, the temperature in the bulk and at the frontier are both back to their original value:
the salt is not reacting anymore.

The end of the first temperature plateau of the salt middle indicates that the first reaction is finished at this point
(hypothesis of an axial moving reaction front [13]), therefore for half of the salt mass. It is thus possible to
calculate the theoretical specific mean power released during half this reaction step. The temperature lifts
obtained with waste heat temperature T,, are displayed in Figure 4 along with the theoretical specific mean
power. Two THT configurations were tested: 1-salt 1-stage and 2-salts 1-stage and two implementations:
packed bed and deposit. In the 1-salt 1-stage configuration of the THT system, the hydration of CaClz is driven
with water evaporation at the E/C. The salt is placed in the reactor as a packed bed, which is a commonly studied
implementation. A variation of the initial conditions (either T, or Ty) influence the temperature lift that can be
obtained and the reaction duration. A promising trade-off between a high temperature lift and short reaction time
(hence high specific mean power) was obtained for an upgrade from 80-85 °C to 145-150 °C: 170 W/kg salt
were reached.

In the 2-salts 1-stage THT configuration, as the experiment dispose of only one reactor, the E/C simulates the
dehydration (hydration) of the low temperature salt (SrBr2) by evaporating (condensing) at the imposed pressure
pv, defined as the average pressure between the equilibrium pressure of the SrBrz2 at Tm (Tr) and CaClz at Tu
(Tm). Two implementations of the reactive material have been investigated. The first one is as a salt packed bed.
In comparison to the 1-salt experiments, these hydrations were investigated with lower lifts but show specific
mean power in the same ranges. Temperatures could effectively be upgraded with lifts ranging from 38 to 48 °C.
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The second implementation used in the 2-salts 1-stage
configuration was in the form of a deposit. A mix of
CaCl2 (91 wt%) and PVA as a binder were deposited
with a thickness of around 0.5 cm on an aluminum
plate and experimented using the 2-salts I-stage
protocol. Two samples were tested. It achieved an
upgrade of 47 °C (see Figure 4). Compared to the
reference experiment for the packed bed, the reaction
is much quicker resulting in a specific mean power as
high as 355 W/kgsa (against 85 W/kg for its reference
experiment in packed bed). However, a decrease over
successive hydration/dehydration cycle is observed for
this specific power. A possible explanation lies in the
material aging as it can be observed on figure Sa&b.
After few cycles, cracks tend to appear at the coating
surface. A cross-sectional observation (Fig. 5c¢) make
appear what could be a segregation between the salt
and the binding, resulting in a drop in performances.
Further investigations are needed to fully characterize
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Figure 4. Temperature lift and specific mean power
obtained during hydrations
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and understand the phenomena involved.

; oS AR
Figure 5. Picture of a PVA-deposit a) before experiment and b) after one hydration-dehydration cycle at

2/90/140 °C and c) after two cycles

4  Conclusions

In this study, the potential of CaCl. as a high temperature salt in a thermochemical heat transformer was
investigated. Promising performances were achieved for waste heat upgrading from 100 °C to temperature above
150 °C. The reactions involved in this discharging phase are the first two hydration steps identified
experimentally for this salt. Two reactor configurations were tested: packed bed and coating. The latter one
enables a similar lift with a higher specific mean power. A next step will be to test this implementation at a
larger scale and to progress in the coating formulation and behavior characterization.

5 Acknowledgment
The authors wish to thank the Institut National des Sciences Appliquées de Lyon (INSA-LYON, France) (BQR
FATAL RECUP) for funding this study.

6  List of References
[1] C. Forman, I. K. Muritala, R. Pardemann, et B. Meyer, « Estimating the global waste heat potential »,
Renew. Sustain. Energy Rev.,vol. 57, p. 1568-1579, mai 2016, doi: 10.1016/j.rser.2015.12.192.

[2] Y.Q. Yu, P. Zhang, J. Y. Wu, et R. Z. Wang, « Energy upgrading by solid—gas reaction heat transformer:
A critical review », Renew. Sustain. Energy Rev., vol. 12, n° 5, p. 1302-1324, juin 2008, doi:
10.1016/j.rser.2007.01.010.

[3] V. Goetz, F. Elie, et B. Spinner, « The structure and performance of single effect solid-gas chemical heat

pumps », Heat Recovery Syst. CHP, vol. 13, n° 1, p. 79-96, janv. 1993, doi: 10.1016/0890-

4332(93)90027-S.




TU Berlin August 22 to 25% ISHPC 2021 #97

(4]

(5]

(6]

(7]

(8]
(9]

[10]

[11]

[12]

[13]

B. Michel et M. Clausse, « Design of thermochemical heat transformer for waste heat recovery:
Methodology for reactive pairs screening and dynamic aspect consideration », Energy, vol. 211, p.
118042, nov. 2020, doi: 10.1016/j.energy.2020.118042.

A. Fopah Lele, K. E. N’Tsoukpoe, T. Osterland, F. Kuznik, et W. K. L. Ruck, « Thermal conductivity
measurement of thermochemical storage materials », Appl. Therm. Eng., vol. 89, p. 916-926, oct. 2015,
doi: 10.1016/j.applthermaleng.2015.06.077.

J. Stengler et M. Linder, « Thermal energy storage combined with a temperature boost: An underestimated
feature of thermochemical systems», Appl. Energy, vol. 262, p. 114530, mars 2020, doi:
10.1016/j.apenergy.2020.114530.

A. Freni, F. Russo, S. Vasta, M. Tokarev, Yu. I. Aristov, et G. Restuccia, « An advanced solid sorption
chiller using SWS-1L», Appl. Therm. Eng., vol. 27, n° 13, p. 2200-2204, sept. 2007, doi:
10.1016/j.applthermaleng.2005.07.023.

S. Bahrehmand, M. Khajehpour, W. Huttema, C. Mccague, et M. Bahrami, « The effects of graphite flake
on specific cooling power of sorption chillers: An experimental study », sept. 2018.

H. Kummer, G. Fiildner, et S. K. Henninger, « Versatile siloxane based adsorbent coatings for fast water
adsorption processes in thermally driven chillers and heat pumps », Appl. Therm. Eng., vol. 85, p. 1-8,
juin 2015, doi: 10.1016/j.applthermaleng.2015.03.042.

A. Fopah-Lele et J. G. Tamba, « A review on the use of SrBr2-:6H20 as a potential material for low
temperature energy storage systems and building applications », Sol. Energy Mater. Sol. Cells, vol. 164, p.
175-187, mai 2017, doi: 10.1016/j.s0lmat.2017.02.018.

M. Molenda, J. Stengler, M. Linder, et A. Worner, « Reversible hydration behavior of CaCl2 at high H20
partial pressures for thermochemical energy storage », Thermochim. Acta, vol. 560, p. 76-81, mai 2013,
doi: 10.1016/j.tca.2013.03.020.

K. E. N’Tsoukpoe ef al., « A review on the use of calcium chloride in applied thermal engineering », App!.
Therm. Eng.,vol. 75, p. 513-531, janv. 2015, doi: 10.1016/j.applthermaleng.2014.09.047.

B. Michel, P. Neveu, et N. Mazet, « Comparison of closed and open thermochemical processes, for long-
term thermal energy storage applications», Energy, vol. 72, p. 702-716, aott 2014, doi:
10.1016/j.energy.2014.05.097.




TU Berlin August 22" to 25% ISHPC 2021 #99

c)oﬂ)ﬂon Heat PL//;7

. Kinetic performance evaluation of high-ordered microporous silica in an
& experimental water-based adsorption heat storage system

Miksik, Frantisek'2, Ahmed, Youssef!, Miyazaki, Takahiko'2, Kotlik, Josef>

'Department of Energy and Environmental Engineering, Faculty of Engineering Sciences, Kyushu
University, Kasuga-koen 6-1, Kasuga-shi, Fukuoka 816-8580, Japan, miksik@kyudai.jp

’International Institute for Carbon-Neutral Energy Research, Kyushu University, 744, Motooka, Nishi
Ward, Fukuoka, 819-0385, Japan

3Institute of Chemistry and Technology of Environmental Protection, Faculty of Chemistry, Brno University
of Technology, Purkynova 464/118, Brno 612 00, Czech Republic

Abstract:

We have evaluated cooling performance of a small-scale experimental adsorption heat storage system filled with
nano-tailored microporous silica adsorbent with aluminium doping. The simple adsorption bed used in this work
consisted only of the filled powdered adsorption material and heat exchanger. Despite the simple design and highly
unfavourable weight ratio between the adsorption material and the heat exchanger we were able reach acceptable
COP of 0.5 at medium AT (ambient — evaporator) = 15 °C in cooling mode. The working conditions were set to
charging temperature of 80 °C and ambient temperature of 30 °C, with a constant discharge time of 1 hour. The
peak specific cooling power at the target cooling temperature of 15 °C was 300 W/kg while the specific cooling
energy was approximately 300 kJ/kg. We have compared the experimental values with a theoretical model and
evaluated the kinetic effects on the respective differences between these two values.

1 Introduction

Adsorption heat transformation processes are well known from the progressing technology of adsorption heat
pumps and are actively developed across the globe. The less common adsorption heat storage builds on the same
principles but works with an adjusted concept to accommodate for its own peculiarities. Arguably the most
important part of both systems are the adsorption materials. Nanotailored mesoporous and microporous silica
explored in our previous works offer good control over the pore size distribution and designing the shape of these
materials is also possible to a certain degree. However, due to the scarce availability of these materials, the practical
testing is so far highly limited and the energy applications are mostly discussed theoretically[1]. Far more common
are materials such as silica gel, zeolites and zeolite-like aluminophosphates, and lately also MOFs are being
increasingly mentioned in the adsorption field[2].

In this work, we show some promising results of the use of highly ordered nano-tailored microporous silica in the
adsorption heat storing application inside a downscaled experimental device on industrially produced material.
Our focus is practical estimation of kinetics limitations on the performance in a constant-time experiment.

2  Experimental Set-up

2.1 Material

Nano-tailored silica used in this work has been extensively studied in our previous work in terms of adsorption
isotherm and physical properties[1,3] with water as working fluid. The selected material in this work shows strong
and regular microporosity around the mean of 1.8 nm together with good hydrophilic properties expressed by Type
IV adsorption isotherm. The increased water adsorption and hydrothermal stability is further supported by
aluminium doping (~1.5 %). The summary of the basic physical properties is provided in Table 1. The material
was obtained in a form of white powder and particle size ranging from 100 nm to 500 nm. To prepare the adsorption
cell, we mixed the material with water to create a paste which we then poured between the fins of the exchanger
to completely fill up the space. The filled exchanger was then slowly dried at 60 °C for 48 h and then another 24 h

at 110 °C. The exchanger prepared for measurement is shown in Figure 1 (right).
Table 1 — Adsorbent properties

Mean pore size Surface area Total pore Wall thickness Specific heat Tap density
(DFT) (N2/BET) volume (N7) (DFT/XRD)
1.8 nm 602.0 m?g! 0.33 cm’g’! 1.8 nm 0.89 J-g''K! 0.274 cm’g’!




TU Berlin August 22" to 25% ISHPC 2021 #99

2.2 Method

The closed adsorption unit shown in Figure 1 (left) is typical one bed adsorption unit with one combined
evaporator-condenser unit. To disregard the effect of ambient temperature fluctuations, the whole system was put
into an isothermal cabinet and the temperature was kept constant above the condensation point at each step. Before
the experiment we measured the heat capacities of the individual components in series of dry runs for variable
temperature range. Uncertainties of the measurement shown in Figure 1 (right) were obtained through standard
calibration methods. The adsorption heat was adopted from [1] and used in a form of a polynomial function:

de
AH®; = f —1.079-10°¢° + 1.226- 10°¢* — 5.333 - 105¢® + 1.105 - 10°g — 1.100 - 10*q Eq. 1
qo q.
+ 1.033-10%dq
In Eq. 1 the adsorption enthalpy (heat) AH®,, (kJ/kg) is expressed as an integral of the absolute adsorption uptake
specified by the residual adsorbed amount after charging qo (kg/kg) and adsorbed amount after discharge
q. (kg/kg). The values for residual adsorption uptake were obtained experimentally as well as theoretically based
on the adsorption isotherm shown in Eq. 2. The adsorption pair-specific values g, C, a, w, and o for adsorption
isotherm in the range 5 °C to 30 °C were adopted from [4] according to the Table 5 (mBET+G model’s temperature
dependent parameters approximation) and Eq. (39). Parameters for the regeneration temperature 7, were based on
a separate high temperature experiment ¢,, = 0.113 g g'!, C=9.085, a = 0.150, @ = 0.357, and ¢ = 0.043.
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Figure 1 — Adsorption system schema (left) and measurement uncertainties (right)

The performance estimations are based on the classical model evaluating the adsorption energy and evaporation
energy in the perspective of the individual thermal masses of the system. The equations are summarised in the
following equation set Eq. 3 to Eq. 6. The characteristics are discussed on the basis of COP and SCE.

SCE

COP., jjng =————,SCE = Eq.3
cooling Oos + Qsons Qevap q
dads
Qaes = f AH°y (q)dq Eq. 4
Adreg
Qevap = (Qads - Qreg)AHvap (T Eq. 5
Tg Tq
Qsens = Wadsorberf CP,adsorber (T)dT + (Qads - %’eg)f CP,w (T)dT
Ts Ts
Ts Eq. 6
+ Wevaporatorf CP,evaporator(T)dT

T.
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The system kinetics performance is analysed based on the energy performance from the perspective of the variable
discharge conditions, in here, the target cooling temperature in the range of 7, =25 — 10 °C (4T = 5 — 20 °C). The
ambient temperature acted as the heat sink temperature for both condensation and adsorption and was kept constant
at T, = 30 °C. Charging temperature was also kept constant for all experiments 7; = 80 °C. The summary on the
experimental conditions is provided in Table 2. The adsorption and desorption time was set constant in both cases
to exactly 1 hour.
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Figure 2 — Adsorption bed (left); and adsorption cycle schematics (right) (Example 30/20/80 °C)

o

The cycle schematic is shown in Figure 2 in a P-T diagram explaining the working conditions on an example with
a target cooling temperature 7.= 20 °C. The cycle is characterized by four typical stages Discharge, Pre-heating,
Charging, and Cooling down. Because we evaluate the system from the perspective of energy storage, the pre-
heating energy is perceived as irreversible loss during the cooling down period.

Table 2 — Experimental settings

Adsorber Evaporator =~ Ambient Evaporator Charging Heat capacity Heat capacity Adsorbent
unit flow flow Temp. Temp. Temp.  Adsorber unit  Evaporator amount

~0.1 L'min!  ~0.1 L-min’! 30 °C 10-25 °C 80 °C 889 J-K! 1842 J-K'! 141.7¢g

3 Results

While the set time period of 1 hour was sufficient to fully charge the system, the discharge of the system was
significantly slower, and except the highest set cooling value 7. = 25 °C, it diverged from the model greatly. The
actual breakthrough curves of the temperature inlet and outlet of the adsorption unit is shown in Figure 3 (right).
This curve corresponds to the free non-fixed bed, when the system releases most of its energy in the beginning of
the process and then slowly dissipates the energy via a slow thermal conduction through the adsorption material.

Charging: Adsorber unit = 80 °C, Evaporator = 30 °C
Discharge: Adsorber unit = 30 °C, Evaporator = 15 °C

Discharge kinetics (DiSCh. 30/20 DC) 325 350
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Figure 3 — Discharge kinetics at 30/20 °C mode (left) and discharge breakthrough curve of the adsorption unit
at target cooling (evaporator) temperature T, = 15 °C (right)
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The specific cooling power (SCP) in the Figure 3 (right) was reaching sufficient 300 W/kg and was naturally
higher at lower AT (T - T¢.). For example, at target cooling temperature 7. = 25 °C, the SCP was more than double
of this value. The basic analysis on the process kinetics based on first and second order kinetics in Figure 3 (left)
revealed better agreement with second order kinetics, suggesting at least two co-depended processes limiting the
adsorption kinetics. That would be also the logical conclusion based in the adsorption and heat transfer processes
progressing next to each other. However, this well corresponding fitting was observed only at target cooling
temperatures of 20 °C and 25 °C implying different dependence of the limiting factors with decreased pressure
difference. The cumulative energy yields for individual settings for both model and experiment are compared in
Figure 4 (left) as the specific cooling energy. We can see that for the lower target temperatures the one-hour period
is insufficient in the current design and the energy flow is strongly distorted. The SCE (Specific Cooling Energy)
drops from reasonable 600 kl/kg at 25 °C to some 130 kJ/kg at 10 °C, making the material at the lower target
temperature very difficult to use. As the difference increases similarly with the pressure decrease relevant to the
target temperature, we can reason, that this drop in the adsorption speed and energy release is more connected to
the pressure and accessibility of the material rather than the energy transport inside the heat exchanger. The
theoretical model then reveals the actual limit of the material at the ambient temperature 75 = 30 °C to be 7. = 15
°C. Further decrease in the 7. temperature leads to a step decrease in the adsorption amount effectively rendering
the system practically unusable.

SCE - 1h discharge COP - 1h discharge
800 0.7
700 m Experimental ~ m Theoretical - full discharge ® Experimental ~ mTheoretical - full discharge
0.6
_ 600 05
< 500
¥ o 0.4
S, 400 8 03
& 300 ’
w
200 0.2
100 l I 0.1
0 0
Temperature (° c) Temperature( C)

Figure 4 — Specific cooling energy (left) and COP at 1 hour discharge time (right) on the delivery temperature

The COP results show that despite the reduction in the discharge speed the COP is affected in a significantly less
dramatic manner and the drop between theoretical and experimental values at 7. = 15 °C is just some 15-20 %
compared to the 50 % drop of SCE. That is particularly interesting information as some of the values has to be
presented in perspective of the overall performance. The key point will be to increase the energy yield without
increasing the discharge time too much. We can achieve that by several different approaches based on the presented
analysis addressing mostly the permeability of the bulk material. Based on the model comparison in Figure 4, we
can see especially a certain potential for further enhancement in the 5 °C < AT < 15 °C region. The theoretical
analysis furthermore revealed natural constraints of the presented material allowing us to focus on achievable
improvements. In the future investigation we would like to also address the issue of regeneration temperatures of
this adsorption material which seem to be promising, reaching 80 % desorption target at low 7, of 60 °C in the
preliminary testing (not shown in this work).

4  Conclusions

Understanding of the limiting factors of individual systems is an important ingredient to improve the design and
progress. In this work, we have performed a basic analysis of a water adsorption heat storage system with a very
simple design of the adsorption bed consisting of highly ordered microporous silica. Despite its simplicity, the
material produces surprisingly good values of key parameters such as COP, while others are limited by the design
or the material itself, or both. The results show limiting use of the setup, however, show a potential for
improvement. Through this analysis we can expect certain enhancement of the adsorption process by better layer
separation allowing for increased vapour circulation through the exchanger.
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Abstract:
Large temperature jump experiments are key to producing reliable data for the reversible reactions between
ammonia and salt. This paper presents a detailed approach to analysing salt behaviour and measuring an accurate
heat of reaction, through temperature jump and isosteric heating tests. Using a MATLAB® model, the simulated
outputs can be matched to measured experimental data and model parameters obtained that characterise the salt.
This method has been validated for a number of candidate high and low temperature salts and provides the basis
for design of a resorption system.

1 Introduction

Faraday first noted the heating effect that occurred when ammonia adsorbed into silver chloride, as well as the
cooling effect as the reaction drove the evaporation of liquid ammonia in an adjoined vessel [1]. Ammonia-salt
systems using this effect have the potential for diverse applications, but to produce effective results and to develop
machines, it is necessary to understand their complex behaviour. The Large Temperature Jump (LTJ) method is
well explored and has been used many times since its conception by Aristov and Dawoud [2]. It is an effective
tool to apply when considering ammonia-salt reactions. Salts have proven challenging due to their low thermal
conductivity, tendency to agglomerate and hysteresis, but recent research has focused on conductive matrices and
composites, often using Expanded Natural Graphite (ENG). The composites act as a host matrix for the salt,
ensuring small crystal size to prevent agglomeration and increasing the conductivity of the now composite salt.

Work at Warwick has adapted the LTJ method to produce a simple experiment to test the composite materials and
to validate a model that includes both heat transfer and reaction rate relationships. The experiment rapidly heats
and cools the composite cylindrical samples whilst measuring the sample temperature (at the centre when heating
externally and at the surface when heating internally) and system pressure. Using silicone oil as the thermal fluid
provides a system that can heat the salts towards 200 °C and cool below 0 °C, enabling testing for wide ranging
applications. While heating and cooling, the system pressure is measured and with an expansion volume in the
system such that the pressure rise is small but measurable. The dynamic measurement of the LTJ experiment
produces results akin to that of a working machine. Characterisation of the salt is obtained via matching
experimental and simulated model outputs, providing a tool for design and understanding of the behaviour of salts.

2 Background and experimental set-up

2.1 Modelling

A finite difference model is used, currently based on a cylindrical structure in which the composite ENG with its
impregnated salt is either externally heated or cooled within a tube or internally heated from a central tube. This
is the geometry used in LTJ tests and also that anticipated in a full size device. Any number of radial nodes can be
used. Conduction heat transfer is assumed between elements and the heat transfer between the tube wall and the
adjoining node is simulated by the resistance of a static ‘gap’ layer of gaseous ammonia between the two. For each
time step, the heat fluxes into and out of each element are calculated; this is ultimately what drives the adsorption
or desorption. An estimated pressure rise is assumed for the time step which must be iterated to arrive at the final
value. The chemical reaction rate equation below is used to determine the masses of ammoniated complexes
changing from one state to another using the assumed pressure rise and current progression of the reactions taking

place.
dX -
—=01-X)"A Peq P
dt D

X is the advancement of the reaction (from zero to unity)

p is the pressure
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Deq 18 the equilibrium pressure
A and n are constants

This enables the temperature changes in the nodes to be calculated using energy balance equations. These may
then be used to calculate the total mass of ammonia (gaseous or adsorbed) in the system consisting of the reactor,
any void volume, and the expansion vessel. This must of course be constant and the estimated pressure rise is
varied (using the MATLAB® fzero function) until this is between proscribed limits.

Composite metal-chloride salts in an LTJ experiment exhibit hysteresis, i.e. are observed to have separate
equilibrium lines for adsorption and desorption, with a pseudo-equilibrium region between the lines where no
reaction takes place [3]. A complication is that in general the two lines do not have the same slope and that neither
slope cannot be used to calculate heats of sorption since the process is irreversible. The difference between
adsorption and desorption enthalpies can be shown to be typically less than 0.1%. In this work a ‘true’ equilibrium
line has been used to calculate the value. It is established by heating and cooling up and down the saturation line
with minimal gas void space so that very little adsorption or desorption occurs; an isosteric temperature change
(ITC) test. It is carried out very slowly (typically a 10 hour cycle) and shows good repeatability.

Matching the temperature and pressure simulations to experimental results reveals all the parameters needed to
model the reaction. These are: adsorption and desorption lines, heat of sorption, fraction of salt that is accessible,
radial conductivity, contact resistance and the constants 4 and #.

2.2 Large Temperature Jump Tests to identify reaction rates and salt behaviour

A unit cell tube-side (double pipe) LTJ reactor was used as in [5] but with improved temperature measurement as
described by Hinmers et, al [4]. Tests were carried out with ammonium, barium, calcium, and manganese
chlorides. Although in principle the results obtained could be applied to a configuration in which the heat source
/ sink was an internal tube rather than an external tube, it was decided to manufacture an LTJ apparatus using this
configuration. This increased testing capability and provided further evidence in support of the model’s ability to
predict reaction dynamic behaviour.

The LTI reactor is connected to expansion vessels, and the temperature in the vessels and pressure are measured.
The expansion volumes ensure a low pressure rise, akin to changes in a real system with a condenser, or the
pressure drop caused by adsorption when connected to an evaporator. Temperature jumps that initiate adsorption
and desorption are generated by switching between a hot and cold oil bath. The LTJ is a novel solution to
understanding the salt behaviour, from which it is possible to measure the reaction onset and to observe a
superheating metastate — this is key to understanding the behaviour, as gravimetric balances that do not measure
the sample temperature will miss this.

The simplicity of this LTJ experimental set up is described by Hinmers et, al. [4, 5] allows it to be adapted easily
in order to simulate different dimensions that might be used in real machines. The shell-side system also provides
a basis for different reactor geometries. The intention is that following model validation / characterisation of
behaviour, the model can be used to optimise the design of a full-size reactor (e.g. in a ‘shell-side’ configuration
of a shell-and-tube reactor, the tube diameter and pitch) and that the corresponding unit cell can quickly receive a
confirmatory LTJ test.

3 Results

3.1 Large Temperature Jump results

The large temperature jump test is a quick method to test composite salts, identify application and also expose a
number of interesting characteristics of the material, for example, a superheating effect and return to equilibrium
can be seen at the onset of reaction, Figures 1 and 2. A full cycle (desorption followed by adsorption) with
ammonium chloride can be seen in Figure 1.

2 66
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Figure 1: Ammonium chloride LTJ cycle, with pressure in red on the right-hand scale. The cycle proceeds and
some superheating effect is observed before a return to equilibrium conditions.

Similarly, a full barium chloride cycle can be seen in Figure 2. One can see that ammonia appears to desorb at a
lower temperature than barium chloride at a similar pressure. It is this characteristic that enables identification of
appropriate salt pairs and optimal working conditions. Of additional note, is that there is reduced hysteresis in the
ammonium sample as the difference between adsorption and desorption temperature is low. A number of results
at different pressures would enable evaluation of the applicability of a salt; for example, identifying a low

temperature salt, with an ability to desorb below 5°C in a heat pump application.
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Figure 2: Barium chloride large temperature jump cycle.

3.2 Isosteric temperature change to derive enthalpy of reaction

To get results that were reversible and nearly free of hysteresis required high salt loading, mimimum expansion
volume and the rate of temperature change to be as low as 0.05 °C/min. The orange plot in Figure 3 shows the
cycle with much reduced hysteresis, and sections of the line are near to parallel, suggesting a single heat of reaction.
The blue plot shows a less successful run where the reaction appeared to completely desorb. Adjusting the heating
rate and the mass of salt improved the results, reducing hysteresis and producing the orange line.
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Figure 3: Plot of dashed equilibrium lines from the LTJ versus the reduced hysteresis lines from the ITC. The
blue and orange plots (adsorption and desorption respectively) have a section that is near to parallel, from this
a single heat of reaction can be estimated by taking an average of their gradients. The yellow dashed lines are
the measured equilibrium lines from LTJ experiments with extensive hysteresis and inconclusive enthalpy of
reaction [5].

4  Conclusions

Large temperature jump testing is key to analysing the behaviour of ammonia-salt reactions, but a comprehensive
understanding requires an accurate measure of the heat of reaction. An isosteric temperature change experiment
has been developed for this purpose. Overall, large temperature jump tests at Warwick have been shown to observe
the interesting behaviour of salts in real working conditions, a method has been devised to measure the heat of
reaction accurately and a comprehensive understanding of salt characteristics has been developed. The use of the
equilibrium sorption heats in the LTJ model has proved very successful in measuring both the heat transfer and
reaction constants for a wide range of tests and is being reported elsewhere.
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Abstract:

In the present study, a one-dimensional unsteady state-based analytical tool is developed using the separation of
variables method for assessing the sorption kinetics of the microencapsulated sorbents with humid air. The
developed analytical tool is validated with the experimental data and observed reasonable accuracy of 13%. By
choosing, water uptake and energy exchange as performance parameters and EVM/SrBr»40 and SrBr; as sorption
materials, the variation of the performance parameters with microencapsulated sorbent radius and sorption time
are analyzed. From the variation analyses, it is found that the water uptake and energy exchange capabilities of
EVM/SrBr,40 are high compared to SrBr,. Further, it is observed that SrBr, takes more time to reach energy
equilibrium with humid air in comparison with EVM/SrBr,40. Moreover, it is analyzed that with an increase in
microencapsulated sorbent radius, i.e. 0.01 m to 0.04 m, the energy exchange and water uptake decreases by 17%
and 43% for EVM/S1Br;40 and 26% and 60% for SrBr,, respectively.

1 Introduction

To curb the dependency on electricity for building heating/cooling applications, utilization of low-grade energy
obtained from industrial waste heat is found to be an alternative approach. But to transport the waste/unutilized
heat from the industries to the user end, there is a need for thermal energy transportation devices or mobile thermal
energy storage (MTES) devices. There are three types of MTES devices available, they are sensible, latent, and
thermochemical based MTES devices. In these MTES devices, thermochemical is found to be better because of
high energy storage density, less energy loss with time, high reliability, and seasonal energy storage aspects [1].
The thermochemical based MTES device is further classified as microencapsulated sorption and desorption based
MTES devices. Among these, in the present investigation, microencapsulated sorption based thermochemical
MTES device is chosen due to less hazardous, more reliable, long life, high energy efficient and eco-friendly
features. Traditional microencapsulated sorbents that are available for MTES application are silica gel, metal
organic frameworks, zeolite, activated carbon, molecular sieves, and natural rocks. But these have less sorption
capacity, low volumetric energy storage density, high charging temperature and low thermal stability [2]. Thus, to
overcome afore-mentioned material characteristic features, salt hydrate SrBr, and composite sorbent
EVM/SrBr,40 (EVM-expanded vermiculite as a porous matrix in which 40% of SrBr; is infused into it) are chosen
as microencapsulated adsorbent materials for present investigation and analyzed its sorption kinetics behavior with
humid air (Fig. 1) by developing an analytical technique using separation variable method.

From the literature, it is observed that very few research works were carried out for Relative Humidity 60%
assessing the microencapsulated sorbents sorption kinetics experimentally and
analytically [1-6]. But none of them developed the analytical tool/technique to
investigate the sorption kinetics of microencapsulated sorbent material with humid air
for an unsteady state-based model. Therefore, in this paper, an unsteady state based
one dimensional analytical tool using variable separable method is developed for
assessing the sorption kinetics of microencapsulated sorbent with humid air. Further,
by choosing water uptake and energy exchange as performance parameters adsorption
behavior of EVM/StBr,40 and SrBr, sorbents with humid air is analyzed by varying ~ £igure 1. Schematic of

the sorption time and microencapsulated sorbent radius. microencapsulated sorbent
interaction with humid air

Atmospheric Temperature T_,

Atmospheric Pressure Pam,

Humid Air

Sorbent

2 Variable separable approach for sorption Kinetics assessment

In this section, an analytical technique developed for assessing the thermal and sorption behaviour of
thermochemical sorbents with humid air is presented in detail. For developing this analytical technique, a one-
dimensional unsteady model is considered, and a single micro-encapsulated thermochemical sorbent is chosen.
The assumptions made for developing this technique is as follows, a) Thermophysical properties of humid air and
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sorbent are constant; b) Effect of convection inside the microencapsulated sorbent is negligible; ¢) Due to low
temperature difference between sorbent and humid air, radiative heat transfer is neglected.
Based on the assumptions, the governing equations for assessing the sorption kinetics are formulated as,

‘on. 02T (ryt t) 1 0T(rt d
Energy equation: _(2 ) w110 where w(t):p,vhc[ wj

or, k, a o dt (1)
Mass transfer equation: 9A(7.1) _ 1 9(r1)
o’ a, ot 2
The initial and boundary conditions chosen for developing the analytical technique are presented as,
Initial conditions: ¢ =0;7(r,0)=T;B(r,0)= 3 3)
Boundary conditions: . _ . or(r.t)  _ 0: op(rt)  _ 0:
Cor o Toor o ’ (4a)
oT (7.t
r=R; -k, ér’) =h(T(rt)=T,); B=PB+7 =B, (40)
v
r=R

2.1 Generalized form

a) Governing equations

The energy generation term is a function of time l//(l‘)' So, to make the energy equation (Eq.1) in a generalised

form, the vt = ph { dﬁ] is differentiated with respect to temperature and linear relation between water uptake (©)
S dt

and temperature is chosen from Fig. A of Appendix—I. Thus, after differentiation with respect to temperature and
choosing linear relation, the generalized form of energy equation from Eq. 1 is obtained as,

Energy equation: 2 _ 2’0 where =7 (r,¢)~T.; 1 _ 1 AC, ph,
o "o ¢, @  kh )
Mass transfer equation: 8_7/ —a 62_7 where y = ﬁ( r, t) -8B 6)
oo "o
b) Initial and boundary conditions
Initial conditions: t=0; 8 =6;7 =y, (7)
Boundary conditions: ,._ . o0 —0: or —0:
Torl.,  orl., (8a)
00
Rk, =ho; y=0;
r TR o - s V=Y (8b)

where, ps is sorbent density (kg/m?), k is sorbent thermal conductivity (W/mK), A, is sorption enthalpy (kJ/kg) [7],
w (¢) is thermo-chemical energy generation (kW/m?), ay is thermal diffusivity (m?/s), a,, mass diffusivity (m?/s)

C,s is sorbent specific heat capacity (kJ/kg —K), & is convection heat transfer Coefficient (W/m%/K), h; is
vaporization enthalpy (kJ/kg), B is concentration of sorbate in sorbent (Zsorbate/Esorbent), /3 initial Concentration, 3,
is concentration at surface, A is a constant value: 1.078.

By applying boundary conditions for the given generalizes governing equations and solving based on variable
separable method, the final temperature and concentration profiles can be obtained as

D 2 R
Temperature profile: T (r, t) =T + Z Cnefw”’ cosAr; where [6,cos 2,rdr 9)
n=1 C” = %7
J‘cos2 A rdr
0

3

2, 1s the eigen values and it can be plotted by intersecting the correlation — . 1 g = AR
" Bi

—_—>

P 2
Concentration profile: S(r,t)= S, + z D,e“""cosAr  where ¥, cos ,rdr (10)

n=1 D, = OR
I cos’ A,rdr
0
‘2, 1s the eigen values and it can be plotted using the correlation: ; — M
" 2R

Here, the energy and mass transfer is incorpotated together in energy equation through thermochemical energy
generation term which contain water uptake variation with time as shown in Eq.1.
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2.2 Performance parameters

a) Water uptake

The amount of water vapour absorbed by the microencapsulated sorbent is determined as water uptake and it is
calculated by keeping the value of integral number from n = 1 to n =5 in summation form of Eq. 10 and neglecting
higher integral number. Then, the water uptake is formulated as,

4(B-PBo)| -a rx (c SGRJrJ —a A2t [COSGR}]
i ‘ m IX2 AN A m ',2
=5+ e 3 +e B (1

b) Energy exchange

The energy adsorbed by the sorbent or the energy desorbed from the humid air is termed energy exchange between
humid air and sorbent material. This is calculated from Eq. 12 as

Energy exchange: A7 +h =C, AT +h, +h () (12)

Energy Adsorbed-Sorbent Energy Desorbed-Humid Air

3. Model validation

4500

0.8 0.6 §‘ s
07 + PSR = ——==  *15%
= 4100
2 064t R - %
g : H E .
Z 5 o054 T 3700 1 L .
2 2 H = e °
> i z . .
Z 044 = ‘ . -
~ = : @ . e .7
£d i, 2 3300 4 P | -
& 03 ¢ 2 P .
5 i S ..
3 Fi d . L4 e
0. 0 SrBr, Theoretical § 2900 + L ® SrBr,
) — — —  SrBr, Experimental E -7 . .
[N I = EVM/SrBr,40 Theoretical = . - ® EVM/SrBrydo
— + = + EVM/SrBr,40 Experimental - ’
0 + + + - + i 0 2500 4 + t
0 50 100 150 200 250 300 350 2500 3000 3500 4000 4500
Time (min) Energy exchange (predicted) (kJ/kg)
Figure 2. Validation of SrBr:; and EVM/SrBr,40 Figure 3. Energy Exchange Validation

Table 1 and Table 2 state the sorbent thermophysical propoerties and inlet condition chosen for the present
investigation. To analyze the reliability of the developed analytical technique, a comparison is made in between
the predicted data and experimental data available in the literature [7] by choosing EVM/SrBr,40 and SrBr; as the
microencapsulated composite sorbents (Fig. 2). For the developed technique validation purpose, energy exchange
and water uptake are taken as performance parameters. From the validation results shown in Figs. 2 and 3, it is
observed that the developed technique is reliable with a reasonable accuracy of +13% and the deviation between
experimental and analytical data is due to the assumptions chosen in the presnet invetigation. Further, from Fig. 3
it is found that for a given inlet condition (Table 2), with increase in sorption time, the water uptake increases to a
certain extent for both the sorbents and later it becomes constant. This indicates that the sorption capability of the
sorbent gets saturated with increase in time. Moreover, from Fig. 3 it is found that for a given inlet condition (Table
2), EVM/SrBr,40 has high adsorption capability compared to SrBr,. This is due to high porous matrix of EVM
compared to SrBr». Further, it is analyzed that the SrBr,.6H,O takes 160 min to reach vapour pressure equilibrium
(i.e. when sorbent reaches saturation point) with humid air whereas EVM/SrBr,40 takes 110 min.
Table 1. Thermophysical properties of Sorbents [7]

Sorbents Thermal Density Specific heat Sorption enthalpy
conductivity (kg/m®) capacity (kJ/kg-K) (hg)(kJ/kg)
(W/mK)
SrBr.6H,O 1.31 2386 1 814.4
EVM/SrBr,.40 1.33 675 1.10 1656.7
Table 2. Inlet Condition chosen for the present investigation [7, 8]
Parameters Radius Ambient Initial Initial Surface Enthalpy of
(cm) temperature temperature concentration concentration  vaporisation (%)
(r,)in(°C) (7)) in(°C) (B (g/8) (Bo)(g/®) (kI/kg)
Values 5 35 30 0.01 0.6 2260

4  Results and discussion
For the given inlet condition (Table 2), key results obtained from the predicted data (theoretical data) based on the
developed analytical model is depicted in Figs. 4 and 5. Fig. 4 shows the energy exchange variation with sorption
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time for EVM/SrBr»40 and SrBr,. From this figure, it is observed that as the sorption time increases, the energy
exchange increases up to certain extent and later, it reaches almost constant. This indicates that humid air and
sorbent achieves vapour pressure and energy equilibriums with humid air. Moreover, from Fig. 4 it is found that
the EVM/SrBr,40 has high energy exchange capability compared to SrBr, but percentage increase in energy
exchange is only 24% in EVM/SrBr,40 while for SrBr; it is 37.5% in 90 min of sorption time. This happens due
to high energy storage density of EVM/SrBr,40 composite sorbent compared to SrBr,. The variation of energy
exchange and water uptake with increase in sorbent radius for EVM/SrBr,40 and SrBr; sorbents is shown in Fig.
5. From this figure it is found that, as the sorbent radius increases from 0.01 m to 0.04 m , the sorbent energy
exchange and water uptake decreases by 17% and 43% for EVM/StBr;40 and 26% and 60% for SrBr,
respectively. It happens because at the surface of the microencapsulated sorbent, there is high sensible, latent, and
chemical heat interactions/exchange phenomenon with humid air compared to inner portion of the
microencapsulated sorbent (i.e., towards/near to the centre of the microencapsulated sorbent). Furthermore, it is
also observed from Fig. 5 that the EVM/SrBr»40 has high energy exchange and water uptake profiles compared to
SrBr». This states that EVM/SrBr,40 composite has high energy exchange capability compared to SrBr».
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Figure 4. Energy exchange variation with time Figure 5. Water uptake and energy exchange variation

with radius

5  Conclusions

Developed one dimensional unsteady state based analytical technique to predict the sorption kinetics in between

the humid air and microencapsulated sorbent material. Using water uptake and energy exchange as performance

parameters, the modelled analytical technique is compared with the experimental data reported in the literature

and found good agreement with a maximum possible error of +13%. Using proposed analytical technique, for a

given inlet condition, the variation of sorbent water uptake and energy exchange with time and radius are predicted

by choosing EVM/SrBr,40 and SrBr; as sorbents. The conclusions drawn based on the results obtained from the
theoretical data of the developed analytical model is observed as follows,

e In the current study, a simplified analytical model is developed for assessing the sorption kinetics of micro-
encapsulated sorbents, SrBr, and EVM/SrBr»40. Further, thermochemical energy generation is considered in
the governing equations in a simplified approach which makes the proposed model unique compared to
models reported in the literature.

e  The water uptake rate of the EVM/SrBr,40 found to be fast and attains saturation state at 110 min while the
SrBr; has slower water uptake and took 160 min to attain the saturation state.

e This study also predicts the water uptake and energy exchange variation with radius which is unique compared
to the reported literature. From the variation analysis, it is observed that for EVM/SrBr,40, the water uptake
decrement with radius is only 43% while for SrBr; it is about 60%. From this, it is concluded that, the smaller
diameter is better for sorbent water uptake because as the sorbent diameter increases, core diameter utilization
for sorption water uptake reduces, which is not favorable.

e EVM/SrBr40 energy exchange increases by 24 % while for SrBr, energy exchange increases by 37.5 % at a
given sorption time of 90 min. This result concludes that the EVM/SrBr»40 will have less thermal energy loss
compared to SrBr,. Thus, it is noticed from water uptake and energy exchange variation with
microencapsulated sorbent radius analyses that the microencapsulated EVM/SrBr»40 is more favorable for
practical application.

Moreover, the developed analytical technique simplifies the approach for predicting the sorption and desorption

kinetics of different microencapsulated sorbents interacting with humid air/water vapour.

Appendix-I
The thermo-chemical energy generation is represented as,

do
w(0)=p.h, [;j (L.1)
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The linear variation of water uptake with temperature is obtained as shown in figure A and it is formulated
as,

o(t) =1.0784C, | LG

~16.422 (12)

1

[
h

y=1.0784x - 16,422 ‘

™

o
=]

o

=

Water uptake (g/kg)
th

Temperature (°C)
Figure A. Water uptake variation with temperature.

Further it can be simplified as,

w _ 0w, 0T
o or o
c

= 10784 22 210D

L3
— 13)
After putting, the governing equation can be rewritten as,
OT(r,t) ( 1 A] oT (r,1)

1.4
or? a, ot @4
where, 4 _ 1.0784C, . p.h,
ksh/
Then, energy equation can be written in generalizes form as,
o°T(r,t) 1 0T(r,1) (1.5)
o 4 Ot
where, 1 _ 1 4
¢
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The surface tension and contact angle play a relevant role in the heat and mass transfer for the absorption system
working pairs. However, LiBr aqueous solution surface tension/contact angle studies are limited and for Carrol
solution, according to the author’s knowledge, there is no published information. In this work, the working pairs
LiB1/H;0O and Carrol/H,O (Carrol contains LiBr and EG (ethylene glycol) with a mass ratio at 4.5:1), with and
without surfactant were measured to determine the surface tension and contact angle. The surfactant for working
pair LiB1/H,O is 2-EH (2-Ethyl-1-hexanol), while for the Carrol solution 1-Phenylethanol is employed as surfactant
due to the presence of an organic component. The surface tension of different working pairs was measured with the
Du Nouy ring method at different concentrations, at ambient condition, and the results show high agreement with
other references for a high surfactant concentration (>100PPM) in term of LiBr/H,O solution. In the results, for a
60% mass fraction LiBr aqueous solution, the surface tension with 2-EH could be reduced to 34.8mN-m~!, while
for the Carrol solution at 60% mass fraction, the surface tension with high surfactant concentration is 39mN-m~!.
Besides, the contact angle between working pairs and the solid base was also measured by employing a simple
optical method. The solid base materials are chosen as SS (stainless steel) and PVC, both are untreated. The contact
angle and surface tension show a linear relationship. Moreover, the contact angle of LiBr solution on the SS plate is
higher than on the PVC plate, and for the Carrol solution, the contact angle on the SS plate is lower when compared
with the LiBr solution.

1. Introduction

Enhancement methods to improve the heat and mass transfer performance for the working pairs are widely
applied in the absorption system, in which reducing the surface tension or the contact angle by adding surfactants
is very common. Many authors did measurements of the surface tension of the LiBr solution with different
concentrations of additives. The surface tension of LiBr, LiCl solutions with additives 1-octanol and 2-EH was
measured in [1], employing a drop-volume method. The results show the surface tension varies with different LiBr
concentration and temperature, and the 2EH could reduce the surface tension to 35.24 mN - m~! while 1-octanol
could reduce it to 25.17mN-m~"! at 25°C. The surface tension of 60wt% LiBr solution with 2-EH was measured in
[2] with the Du Nouy ring method, and the results showed the surface tension changed from 81.3 to 34.9 mN-m~!
with 2EH concentration at 0 - 200ppm. Besides 2-EH and 1-octanol, CTAC/CTAB (cetyltrimethyl ammonium
chloride/cetyltrimethyl ammonium bromide) were also used as additives to reduce the surface tension by [3], since
1-octanol is easy to decompose at high temperature. Moreover, apart from adding additives in the liquid phase,
the surfactant in the vapour phase could also play an important role to reduce the surface tension according to [4].
In which a drop volume method was employed to measure the surface tension change of water and 60wt% LiBr
solution with the presence of 2-EH in the air and the results showed that the surfactants were more efficient in the
vapour phase than in the liquid phase. In terms of the working pair Carrol-H,O (proposed by [5] to reduce the
crystallization risk), and the standard heat transfer additive is not operative in the LiBr/EG/water ternary fluid, thus,
phenylmethylcarbinol (PMC, 1-Phenylethanol) was used as a surfactant, suggested by [6].

Besides the surface tension of the solution, the contact angle also plays an important role in the heat and mass
transfer performance, and the contact angle depends not only on the liquid properties but also on the solid base
surface characteristics. The contact angle of LiBr solution on different materials was measured by [7, 8] with the
sessile drop method using a goniometer. The results showed that the surface tension and contact angle have a linear
relationship with all the materials. In case the goniometer is not available, a simple optical method was proposed by
[9] to determine the contact angle with an acceptable error without expensive equipment.

The object of this work is to present the experimental results of the surface tension of the new working pairs Carrol
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Figure 1: Experimental set-up for the measurement of contact angle: A is camera, Bl, B2 are moving stage, C1, C2 are lens, D
is micro pipet, E is drop sample, F is diffuser, and G is light source

solutions with and without additives and its contact angle with stainless steel, also, the results will be compared
with the LiBr solution. In this work, the Du Nouy ring method was used to measure the surface tension of working
pairs LiB1/H,O and Carrol/H,O with surfactant concentration 20 - 2000 ppm in the liquid phase, and the surfactants
were 2-EH, 1-Phenylethanol, respectively. Besides, the contact angle of both working pairs was measured with the
simplified optical method at stainless steel and PVC plates.

2. Experimental Set-up

A tensiometer with the Du Nouy ring method was used to measure the surface tension of different samples, and
the tensiometer has a resolution of 0.1 mN-m™~!, i.e. error 1%. For the contact angle, the measurement set-up is
shown in Figure 1, and the set-up consists of camera, lens, moving stage, micro pipet and light source, etc. For
the solution sample, it was prepared using a balance with resolution at 10mg, LiBr purity 99%, Ethylene glycol
purity 99.5%, distilled water purity 99%, and then, a micropipette at an error of 1% is used to transport surfactant
into the solution sample. The liquid samples should be prepared carefully without contamination and keep sealed
before the measurement. For the Carrol solution, it should be taken into consideration that the stratification will
significantly affect the final result, so the solution should be well mixed before the measurement. In terms of the
solid base for the measurement of contact angle, stainless steel and PVC plate were cut from untreated raw material
with a dimension of 3cm*3cm, then a 3uL droplet is introduced on the dry plate, and finally, the image is taken
through the montage. The contact angle is calculated by software Image].

3. Results

3.1. Surface tension measurement results

A correction of the surface tension measurement is automated with ASTMD-971 method [10], as shown in equation
1 and 2:
V =PxF (1

F= \/0.7250+0.01452 «P/C?/(D—d)+0.04534 — 1.679 % r/R )

where V., P, F are the real surface tension, measured surface tension and correction parameter, respectively. C is
the perimeter of the platinum ring in cm, R is the diameter of the ring in cm, D and d are the density at 25°C of
liquid and air, respectively, in g/mL. And r is the thickness of the wire of the ring, also in cm. Table 1 shows the
results of the surface tension and compared them with other references. The surface tension of an aqueous solution
is affected by many factors, such as the purity of the substance, the measurement method, the relative humidity, etc.
Hence, the data from different authors won’t completely agree with each other. In this work, the surface tension of
pure liquid of distilled water and ethylene glycol is measured to validate the precision of measurement. And when
those two working pairs are compared, due to the presence of organic compound EG, the Carrol solution has lower
surface tension. Figure 2 shows the surface tension results of the LiBr solution with 2-EH and Carrol solution with
1-Phenylethanol at different concentrations. In terms of the LiBr solution, with high additive concentration, the
surface tension reaches 34.5 mN-m~!, while the surface tension of Carrol solution with surfactant could be reduced
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Table 1: Surface tension results of LiBr and Carrol solution at different concentrations and compare them with other references

Liquid tvoe Experimental results Reference value
PEDPE TeC) olmNem]  T[°C]  o[mN-m~!]
Distilled water ~ 21.2 72.9 20 72.4[11]
Ethylene glycol  21.2 47.3 20 47.3[12]
50%LiBr 21.2 82.9+0.2 20 88.1£0.15[1]

24 77.6+0.4[2]
55%LiBr 225 862403 28 86.42[3]
25402 94.3+0.5[4]
20 94.440.1[1]
55%Carrol 213 725402 _ -
60%Carrol 213 747403 - -

60%LiBr 21.2 91.3£0.6
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Figure 2: Surface tension results of two working pairs with a surfactant, and measurements were made under 22.5+£1°C,
35+ 1RH%. The left figure represents the surface tension change of 60wt% LiBr solution with 2-EH, and the right one
represents the Carrol solution at 60wt% with 1-Phenylethanol.

to 39 mN-m~!. And from the result, it could be concluded that the surfactant solubility limit of 2-EH in the LiBr
solution is much lower than 1-Phenylethanol in the Carrol solution. The solubility limit observed in this work is
around 100 ppm, while [4] calculated the solubility limit as 27 ppm. For the Carrol solution, the solubility observed
is around 1000 ppm, more research should be done to quantify the solubility limit.

Besides additive in the liquid sample, the additive in the vapour phase is also considered a key parameter to surface
tension, [4] found that for LiBr solution, the effect of 2EH from the vapor side is more significant than the effect
from the liquid side with a drop volume method. Further investigation could be carried out for the additive in vapor
side, besides, the surface tension in the high vacuum condition, like the working condition in the absorber, is also
interesting since the results may differ from the measurements in the ambient condition.

3.2. Contact angle measurement results

The contact angle results are shown in Figure 3, in which the 60% LiBr solution has a higher contact angle on SS
than on the PVC plate, and the 60% Carrol solution has a lower contact angle when compared with LiBr solution.
Also, Figure 3 shows the linear relationship between surface tension and contact angle. The surface roughness may
be the reason for the significant deviation, in this work, the SS solid base is untreated raw material, while in [7, 8]
the SS plate surface roughness R, is 0.01 um and 287.4 nm, respectively. Besides the surface roughness, other
parameters like liquid purity, droplet sample volume, minor contamination of the system could also affect the final
results of the contact angle. Moreover, the contact angle of solution with surfactant is also measured, unfortunately,
no reliable data was obtained by the author due to the uncertainty of surfactant concentration of the liquid droplet.
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Figure 3: Experimental results of contact angle of LiBr and Carrol solution , and the measurements were made under 22.5+1°C,
35+1RH%. The left figure represents the LiBr solution contact angle change against concentration, and the right one
represents the contact angle evolution of both LiBr and Carrol solution against surface tension, and the concentration
is the only variable in the measurement. No additive is added in the measurement of contact angle.

Other characteristics like MLFT (Minimum Liquid Film Thickness) and MWR (Minimum Wettig Rate) are strongly
dependent on the contact angle, and [7] obtained theoretical results with the experimental results of contact angle.
Details of the relationship between MLFT/MWR and contact angle in both simulation and experiment deserve
further investigation.

4. Conclusions

In this work, the surface tension of working pairs LiBr/H,O and Carrol/H,O is measured, for the 60% mass LiBr
solution, the surface tension will change from 91.3 to 34.8 mN-m~! at additive 2-EH concentration 0 - 1000
ppm. Meanwhile, in the 60% Carrol solution, the surface tension reduced from 74.7 to 39.8 mN .m~! at additive
1-Phenylethanol concentration 0-5000 ppm. And the solubility limit observed of 2-EH in 60% LiBr solution is
around 100 ppm, while the 1-Phenylethanol in 65% Carrol solution is around 1000ppm. In terms of contact angle,
from concentration 40-60% LiBr solution, varies from 85-100° at stainless steel plate and 80-92° on a PVC plate,
and for the Carrol solution on a stainless plate, the contact angle is 77-92°. For future work, the effect of additive
in the vapour phase to the surface tension is interesting to investigate, other parameters like relative humidity, air
temperature, additive vapor pressure, vacuum condition could also be controlled to obtain further information. In
term of the contact angle, experiments of MLFT and MWR could be carried out for more details in an absorption
system, especially for a falling film type absorber.
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Abstract:

This study aims to analyze and compare the performance of transitional metal (10 % Ni and Co) doped aluminum
fumarate metal organic frameworks as adsorbent materials in an adsorption-based heat pump where water is
considered as the refrigerant. Porous properties of the in-situ metal doped aluminum fumarates namely the surface
area and pore volume are assessed. Doping of metal resulted in a reduction of surface area and pore volume.
Additionally, the water uptakes on these adsorbents were measured at 303 K and 353 K gravimetrically. It was
found that, Co doped samples showed higher equilibrium uptake while the adsorption isotherm moved towards
the lower pressure region. After that, adsorption cycles involving the pressure, temperature, and uptakes (P-T-q
diagrams) were drawn to investigate their cyclic performances. The specific cooling effects were also calculated
and compared among the associated adsorbent/adsorbate pairs. For the calculations, the adsorption, desorption,
evaporator and condenser temperatures were considered as 303 K, 353 K, 288 K and 308 K respectively.

1 Introduction

Solid-gas adsorption phenomenon has been utilized in a wide range of heat transformation applications started
from heating[ 1], cooling[2], air conditioning (HVAC)[3,4], gas separation[5], storage[6], purification[7] and lately
thermal batteries[8]. Among these adsorption-based heating and cooling systems have stand out as one of the most
potential technologies in the past decades because of the systems being noiseless, non-corrosive and environment
friendly. Additionally, these systems can be driven by low grade heat energy (typically below 373 K heat source
is required) often retracted from waste heat sources or solar thermal collectors. The heart of the adsorption-based
heat pumps is considered as the adsorbent/refrigerant pair being used. Generally, for water assisted adsorption
heat pump systems, silica gels and zeolites are among the popular choices for adsorbent materials which inherit
lower net uptake, high release heat and a linear water uptake[9,10]. Because of the lower net uptake and thermal
conductivity of silica gels, the current water-based adsorption heat pump is bulky, thermally inefficient and possess
a high installation cost. Over the years, many researchers have tried to increase the uptake and thermal
conductivity of the silica gels and zeolites by different approaches, yet no satisfactory outcome has
emerged[11,12]. However, in recent times, development in the synthesis and modification techniques of metal
organic frameworks (MOFs) have shown promise in developing the existing water-assisted adsorption chillers to
its next phase. MOFs inherit higher thermal conductivity along with high surface area and tunable porosities[13].
Moreover, hydrophilic groups can be easily incorporated in MOFs structures to increase its affinity towards water.
Additionally, water adsorption isotherms in MOFs usually take the shape of ‘S’ which enables the system to have
a higher net uptake[14]. The net uptake is directly proportional to the specific cooling effect (SCE) which is an
essential performance indicator of an adsorption chiller[15]. SCE indicates about the cooling effect produced by
unit mass of the adsorbent material.

Aluminum fumarate metal organic framework has been considered as one of the most potential alternative
adsorbents for next generation adsorption chillers because of its ‘S’ shaped water adsorption isotherm with a
hydrophobic length around 20% RH. These conditions are vital for having a higher net uptake in the preferred
pressure region between P/Ps 0.1 to 0.3 [8]. Palash et, al. [16] in their study have shown that, the transitional metals
10% Ni and 10% Co doped aluminum fumarate shows higher water uptake and also the isotherms shift towards
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the lower pressure region. These findings are also crucial for further development of the adsorption chiller.
Therefore, this study, aims to investigate the system performances of these modified adsorbents by means of
drawing adsorption cycles utilizing their respective water adsorption isotherms. Additionally, SCE is calculated
for the samples considering the adsorption, desorption, evaporator and condenser temperatures as 303 K, 353 K,
288 K and 308 K respectively to show a reasonable comparison between them.

2 Experiment and mathematical models

To investigate about the porous properties of the samples, N> adsorption/desorption experiment were performed
at 77 K. the samples were regenerated at 333 K for 3 hours before N> adsorption/desorption experiment. BET
model was invoked to calculate the BET surface area and Non-localized density functional theory was used to
measure the pore size distribution.

The water adsorption on to the samples were measured gravimetrically using the magnetic suspension adsorption
measurement unit (Rubotherm of type MSB-VG-S2), supplied by MicrotracBEL, Japan. Detailed experimental
procedures can be found in the literatures provided by Palash et, al.[16].

For estimating the SCE, the phase change (from vapour to liquid) of the net refrigerant uptake is considered. The
SCE also accounts for the heat released by the refrigerant entering to the evaporator from the condenser. Equation
(1) can be used to measure the SCE for an adsorption cooling system.

Teona
SCE = (qad.v - qdes ) hfg (T'evap) - J. dhf (1)

chap
For simplicity, the latent heat of evaporation can be considered as the cooling capacity of the adsorption chiller
whilst the adsorption enthalpy can be thought of as the minimum energy requirement for driving the system.

3  Results and discussion

The results obtained from the volumetric N2 adsorption/desorption is summarized in Table 1.

Table 1 — porous properties of the studied samples.

Sample name BET Surface area [m*/g]  Pore size [A] Pore volume [cm®/g]
ALFC 600.3 11.93 0.32
SMOF 874.10 10.84 0.371
SMOF 10% Co 751.56 11.2 0.307
SMOF 10% Ni 745.68 11.17 0.302

**SMOF is green synthesized aluminum fumarate. ALFC is commercial aluminum fumarate produced using DMF

It is evident from Table 1, that all the studied samples are microporous in nature. The green synthesized aluminum
fumarate (SMOF) has higher BET surface area compared with the DMF based commercial aluminum fumarate.
The in situ doping of transitional metals on to the green synthesized aluminum fumarate results in a reduction of
BET surface area. The water adsorption isotherms of the studied samples are given in Figure 1. From Figure 1(a).
it can be concluded that the water uptake in the doped samples were higher than that of the parent sample. When
compared, the 10% Co doped sample exhibited the highest equilibrium uptake. Moreover, the isotherms have
shifted towards the lower pressure region as a result of metal doping.

Figure 1 (b), (c) and (d) illustrates the adsorption cycle drawn using the water adsorption isotherms of the SMOF,
SMOF 10% Co and SMOF 10%Ni samples respectively. When drawing the adsorption cycles, the adsorption,
desorption, evaporator and condenser temperatures were considered as 303 K, 353 K, 288 K and 308 K
respectively as operating conditions. From the adsorption cycles, the net uptake for SMOF, SMOF 10% Co, and
SMOF 10% Ni are obtained as 0.25 kg kg™!, 0.26 kg kg™!, 0.24 kg kg'!
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Figure 1 —(a) comparison between the water adsorption isotherms for all the samples at 303 K, Adsorption
cycles (b)SMOF (c¢) SMOF 10 % Co (d) SMOF 10%Ni at Tuas = 303 K, Ties = 353 K, Tevap = 288 K, Teona = 308 K

Equation (1) is used to calculate the specific cooling effect of the repetitive samples considering a cooling

temperature of 288 K. Figure 2. depicts the SCE values for the assorted samples and compares them with the SCE
values obtained for traditional RD silica gel.

SCE [kJ kg-1]

700 619.23

600

500 428.70

400

309.62

300

200

100

ALFC 10% Co 10%Ni RD silica SMOF
SMOF SMOF gel

Figure 2 —Specific cooling effect of the samples at Tads= 303 K, Tdes= 353 K, Tevap = 288 K, Teond = 308 K
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From Figure 2. it can be concluded that the SMOF10% Co sample outperforms the other two samples in terms of
SCE. Interesting fact is that, although SMOF 10% Ni has higher equilibrium uptake when compared with parent
SMOF, due to the lower net uptake it has lower value of SCE.

4  Conclusions

Controlled transitional metal doping into aluminum fumarate MOFs can enhance their water sorption properties
by introducing the mixed valance metallic ions in the structure. Though the BET surface area decreases with
increased amount of transitional metals, the equilibrium water uptake increases. Moreover, the isotherm shifts
towards lower pressure region ensuring a lower cooling temperature. The specific cooling effect has shown that
the SMOF 10% Co has the highest value of 619 kJ kg™! when compared with SMOF(607 kJ kg™!) and SMOF 10%
Ni(428 kJ kg!). Despite of SMOF 10% Ni having higher equilibrium uptake when compared with parent SMOF,
due to the lower net uptake it has lower value of SCE. However, all the MOFs characterized in this study, showed
significantly higher values of SCE when compared with the SCE values obtained with traditional RD silica gel.
Therefore, it can be concluded that the MOF samples can be a feasible alternative adsorbent for the next generation
water based adsorption chiller.

5 Acknowledgment
The initial author acknowledges the Japan Society for the Promotion of Science (JSPS) for financial support.

6 References

[1] A. Pal, K. Thu, S. Mitra, L.I. El-Sharkawy, B.B. Saha, H.-S. Kil, S.-H. Yoon, J. Miyawaki, Study on
biomass derived activated carbons for adsorptive heat pump application, Int. J. Heat Mass Transf. 110
(2017) 7-19. https://doi.org/https://doi.org/10.1016/j.ijheatmasstransfer.2017.02.081.

[2] T.H. Rupam, M.A. Islam, A. Pal, A. Chakraborty, B.B. Saha, Thermodynamic property surfaces for
various adsorbent/adsorbate pairs for cooling applications, Int. J. Heat Mass Transf. 144 (2019) 118579.
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118579.

[3] K. THU, N. TAKEDA, T. MIYAZAKI, B.B. SAHA, S. KOYAMA, T. MARUYAMA, S. MAEDA, T.
KAWAMATA, Experimental investigation on the performance of an adsorption system using Maxsorb
IIT + ethanol pair, Int. J. Refrig. (2018). https://doi.org/10.1016/].ijrefrig.2018.06.009.

[4] M.L. Palash, T.H. Rupam, A. Pal, A. Chakraborty, B.B. Saha, R. Wang, Design principles for synthesizing
high grade activated carbons for adsorption heat pumps, Chem. Eng. J. Adv. 6 (2021) 100086.
https://doi.org/10.1016/j.ceja.2021.100086.

[5] A. Abedini, E. Crabtree, J.E. Bara, C.H. Turner, Molecular analysis of selective gas adsorption within
composites of ionic polyimides and ionic liquids as gas separation membranes, Chem. Phys. 516 (2019)
71-83. https://doi.org/10.1016/j.chemphys.2018.08.039.

[6] B. Li, H-M. Wen, Y. Yu, Y. Cui, W. Zhou, B. Chen, G. Qian, Nanospace within metal-organic
frameworks for gas storage and separation, Mater. Today Nano. 2 (2018) 21-49.
https://doi.org/10.1016/J.MTNANO.2018.09.003.

[7] S.J. Chen, Y. Fu, Y.X. Huang, Z.C. Tao, M. Zhu, Experimental investigation of CO2 separation by
adsorption methods in natural gas purification, Appl. Energy. 179 (2016) 329-337.
https://doi.org/10.1016/J.APENERGY.2016.06.146.

[8] S. Kayal, A. Chakraborty, H.-W.B. Teo, Green synthesis and characterization of aluminium fumarate
metal-organic framework for heat transformation applications, Mater. Lett. 221 (2018) 165-167.
https://doi.org/https://doi.org/10.1016/j.matlet.2018.03.099.

[9] M.J. Kalmutzki, C.S. Diercks, O.M. Yaghi, Metal-Organic Frameworks for Water Harvesting from Air,
Adv. Mater. 30 (2018) 1-26. https://doi.org/10.1002/adma.201704304.

[10] M.L. Palash, A. Pal, T.H. Rupam, B.-D. Park, B.B. Saha, Surface energy characterization of different
particulate silica gels at infinite dilution, Colloids Surfaces A Physicochem. Eng. Asp. 603 (2020) 125209.
https://doi.org/10.1016/j.colsurfa.2020.125209.

[11]  K.A.Rocky, A. Pal, T.H. Rupam, Nasruddin, B.B. Saha, Zeolite-graphene composite adsorbents for next
generation adsorption heat pumps, Microporous Mesoporous Mater. 313 (2021) 110839.
https://doi.org/10.1016/j.micromeso0.2020.110839.

[12] K.A. Rocky, A. Pal, T.H. Rupam, M.L. Palash, B.B. Saha, Recent advances of composite adsorbents for
heat  transformation  applications, =~ Therm. Sci. Eng. Prog. 23  (2021)  100900.
https://doi.org/10.1016/j.tsep.2021.100900.




TU Berlin August 22 to 25% ISHPC 2021 #117

[13]

[14]

[15]

[16]

I. Jahan, M.A. Islam, M.L. Palash, K.A. Rocky, T.H. Rupam, B.B. Saha, Experimental Study on the
Influence of Metal Doping on Thermophysical Properties of Porous Aluminum Fumarate, Heat Transf.
Eng. (2020) 1-15. https://doi.org/10.1080/01457632.2020.1777005.

Y.I. Aristov, Challenging offers of material science for adsorption heat transformation: A review, Appl.
Therm. Eng. 50 (2013) 1610-1618. https://doi.org/10.1016/J. APPLTHERMALENG.2011.09.003.

T.H. Rupam, M.A. Islam, A. Pal, B.B. Saha, Adsorption thermodynamics and performance indicators of
selective  adsorbent/refrigerant  pairs, = Appl.  Therm.  Eng. 175 (2020) 115361.
https://doi.org/10.1016/j.applthermaleng.2020.115361.

M.L. Palash, 1. Jahan, T. Hasan Rupam, S. Harish, B. Baran Saha, Novel Technique for Improving the
Water Adsorption Isotherms of Metal-Organic Frameworks for Performance Enhancement of Adsorption
Driven Chillers, Inorganica Chim. Acta. (2019) 119313. https://doi.org/10.1016/J.1CA.2019.119313.




TU Berlin August 22™ to 25t ISHPC 2021 #123

. o(pt'\on Heat pu/77

. Novel LiCl solutions for crystallization control in LiCI/H20 absorption
% systems

Lin, Yao' (First author), Xiao, Fu? (Second author)

! Lin Yao, Department of Building Services Engineering, The Hong Kong Polytechnic University,
Kowloon, Hong Kong

? Xiao Fu, Department of Building Services Engineering, The Hong Kong Polytechnic University,
Kowloon, Hong Kong. E-mail: linda.xiao@polyu.edu.hk; Tel : (+852) 27664194

Abstract:

Alkali halides solutions have long been used in the absorption field due to their high hygroscopicity. Most
absorption technologies rely on the concentration difference of alkali halides solutions during absorption.
Solutions with higher concentrations are favored for their lower vapor pressure. However, the concentrated
solution has a higher risk of crystallization, which will influence the fluidity and blocking flow channels in
absorption devices. In this paper, two additives are introduced to modify the crystallization of LiCl solution:
ethylene glycol (EG) and SiO; nanoparticles (SNPs). Experiments show that EG can significantly increase the
solubility of LiCl, allowing the LiCl solution to work at a higher concentration. Combining EG and SNPs can
further allow the LiCl solution to work at a concentration higher than the solubility by promoting the growth of
LiCl fine crystal slurry with good fluidity. Both are potential alternatives in absorption devices.

1 Introduction

Absorption technologies are gaining increasing attention due to their potential in harvesting low-grade waste heat,
exploiting intermittent solar energy and balancing the fluctuations in energy supply and demand. Currently,
absorption technologies are widely used in liquid desiccant [1], absorption chiller [2], absorption heat pump [3]
,etc. Commonly used working pairs in the absorption field includes LiBr/H»O, LiCl/H,O, ammonia/H-O, etc. For
LiCI/H;O in the absorption chillers and absorption heat pumps, the concentration is typically 35~45% and while
the working concentration difference is generally lower than 6%. Once the concentration exceeds the solubility or
the ambient temperature drops below the crystallization temperature, the absorption system suffers from
crystallization risks. Therefore, in their real operations, both the working concentration range and the working
temperature require strict control to avoid crystallization. For absorption thermal energy storage, typically, the
energy storage density increases with the concentration difference. When the crystallization is allowed in the
solution, is usually called “three-phase absorption thermal energys storage”, which has an even higher energy
storage density since the concentration of the solution is higher than the solubility. To realize this, proper control
of the crystallization is crucial[4]. However, existing studies haven’t fully address the crystallization issue for
three-phase absorption thermal energy storage.

There are two possible ways to overcome the crystallization risks, both relying on using additives to modify the
properties of the solution. The first is to inhibit crystallization at high concentrations and low temperatures. The
second is to allow only fine and suspended crystals to grow in the solution. The solution eventually becomes
crystal slurries with good fluidity. Two types of additives corresponding to these two possible ways are available
in the literature, i.e. crystallization inhibitors and nucleating agents.

Wang et al. [5] summarized some commonly used crystallization inhibitors for the LiBr solution, including organic
compounds, inorganic salts and ionic liquids. Organic compounds, like ethylene glycol (EG) [6] and propylene
glycol (PG) [7], can reduce the crystallization temperature of LiBr/H,O. Biermann [8] developed a novel mixed
fluid called “Carrol” for absorption devices to inhibit crystallization. The mass ratio of LiBr and ethylene glycol
in “Carrol” was 4.5:1. Thermodynamic properties of Carrol such as pressure-concentration-temperature
equilibrium, crystallization curve, density and viscosity were also measured by Riemann [9]. Since then, “Carrol”
was widely adopted in various absorption devices including absorption chillers [10] and absorption heat pumps
[11]. Yoon and Kwon [12] compared the crystallization temperature of LiBr solution with and without propylene
glycol. The authors found that propylene glycol can increase the crystallization concentration limit by 8% at a
constant vapor pressure. Despite the enhancement of solubility, the concentration of a solution with crystallization
inhibitors should still be kept below the enhanced solubility to prevent crystallization. There are very few studies
on adding nucleating agents to modify solutions, but in the existing literature, they exhibited good potential for
crystallization control. Itaya et al. [13] proposed a modified LiBr solution by dispersing zeolite powder into it.
Zeolite assisted the formation and suspension of LiBr fine crystals. Moreover, the LiBr fine crystal slurries
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maintained good fluidity. However, nucleating agents cannot increase the solubility of salts. Whether the
combination the crystallization inhibitors and nucleating agents can take advantage of both additives remains
further investigation.

This paper presents a novel method to modify the LiCl solution by adding two types of additives. The solubility
of LiCl in water increases and only fine crystal slurries with good fluidity can grow in the solution. The following
parts of this paper are organized as follows. First, crystallization inhibitors and nucleating agents are selected.
Then, the physical phenomena of adding additives into LiCl solution are presented. After that, the experimental
results are analyzed. Conclusions about the effects of additives on LiCl crystallization are made in the end.

2 Crystallization fundamentals and selection of additives

2.1 Crystallization fundamentals

The crystallization process often consists of two major steps, nucleation and crystal growth. Figure 1 shows the
state of LiCl solution near the solubility line, which is mainly dependent on the concentration of the solution.
When the concentration is greater than the corresponding solubility, the solution is supersaturated. Supersaturation
is the driving force of both nucleation and crystal growth. The required supersaturation degree for nucleation is
greater than that for crystal growth. Therefore, as shown in Figure 1, the supersaturated solution has metastable
and labile states depending on the supersaturation degree. The boundary of the metastable and labile zone is the
supersolubility line. In the metastable zone, the supersaturation degree is lower, crystals can grow but nucleation
cannot occur unless additional nucleation agents or external disturbances are added. In the labile zone, the
supersaturation degree is higher, nucleation and growth will happen simultaneously. The boundary between the
metastable and the labile zone is the super solubility curve.

Undersaturated
Metastable

-
-

-
-

Supe-rsgturated
”

Temperature/°C

Labile

Mass concentration (%)
Figure 1 — Schematic illustration of the state of LiCl solution near the solubility line

Additives can be used to modify the solubility and crystallization properties of the supersaturated solution. Two
types of additives were used in this study: crystallization inhibitors and nucleating agents. Crystallization inhibitors
can prevent the nucleation of supersaturated LiCl solutions and therefore reduce crystallization temperature [14].
Besides, they can increase the metastable zone width of the solution and stabilize the solution at this state.
Nucleating agents, on the other hand, can facilitate nucleation by providing active sites on its surfaces. Besides, it
can promote the formation of fine crystals in the metastable zone.

2.2 Selection of additives

For crystallization inhibitors, EG was chosen due to its wide application in LiBr absorption. For nucleating agents,
SiO; nanoparticles (SNPs) was selected for their large specific surface area, stable suspension in water. Besides,
SNPs can be used to enhance the heat and mass transfer of LiBr falling film absorption [15].

3  Results and discussion

3.1 The effects of ethylene glycol

To examine the effect of EG on inhibiting LiCl crystallization, a total of 9 supersaturated LiCl solutions with a
mass concentration of 53% were prepared. The solutions were first heated up to 95°C to dissolve LiCl. Then, EG
was added to the solution. The highest mass ratio of LiCl+H,O: EG is 5:1, which is comparable with the existing
studies on additives[5]. After that, the solutions were placed at the ambient temperature of 25°C for 24 hours.
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Figure 2 shows the crystallization phenomena of concentrated LiCl solution with different mass ratios of EG. In 9
samples, the mass ratio of LiClI+H,O: EG increases from 40:0 to 40:8. The amount of crystals in the mixed solution
decreases significantly with the increase of EG’s mass ratio. Considering the poor solubility of LiCl in EG, the
significant reduction in the number of crystals can be attributed to the enhanced supersolubility of LiCl in water.
For LiCl solution without additives (i.e. mass ratio of LiCl+H,0: EG=40:0), the weight of the LiCl crystal accounts
for 22.5% of the total solution. For the mass ratio of LiCl solution: ethylene glycol reaches 40:8, there are no
visible crystals in the solution. Therefore, the solution is in the metastable zone, and its supersolubility can reach
53%. In other samples, LiCl still crystalizes since its concentration is higher than its enhanced solubility.
Therefore, the concentration of the solution should also be kept below the solubility to prevent crystallization.

o e g e I & . B — TR = ~ m pn
T R - . LR g Yy ¥y " ” 4

Figure 2 — Effects of EG on LiCl solubility, the mass ratio of LiCl+H,0: EG=40:x; from left to right x=0~8

3.2 The effects of ethylene glycol+SiO; nanoparticles

SNPs dispersion in water was used in the experiment to achieve even dispersion of nanoparticles in LiCl solutions.
However, if only SNPs are introduced, the solution crystallized at a concentration lower than the original solubility,
which is harmful for system operation. Therefore, EG and SNPs were introduced into concentrated LiCl solution
simultaneously to examine its crystallization phenomena.

Figure 3 (a) shows the suspension of LiCl crystals in the presence of SNPs and EG. The concentrations of 6 LiCl
solutions are all 53%. The mass ratios of LiCl+H,0O: additives are all 5:1. The mass ratio of EG and SNPs in each
sample is different. From left to right, the mass ratio of SNPs increases. The suspension of LiCl crystals improves
with the increase of SNPs. For the mass ratio of LiCI+H,O:EG: Si0,=50:8.5:1.5, almost no visible separation
between solid LiCl crystals and liquid solution can be observed, indicating good suspension of LiCl crystals.
Figure 3 (b) shows the deposited solid phase after pouring out the suspension LiCl crystals. For the mass ratio of
LiClI+H,0:EG: Si0,=50:8.5:1.5, almost no LiCl is left inside the container, which further proves the good
suspension of LiCl crystals. The crystalized LiCl solution becomes fine LiCl slurries with good fluidity, which
reduces the risk of blocking the absorption systems. Moreover, it can be a potential working fluid for three-phase
absorption thermal energy storage.

Fig. 3 Effects of SNPs and EG on LiCl crytals, mass ratio LiCl+ H>O: EG: Si0>=50: x: y; from left to right:
x=9.75, y=0.25; x=9.5, y=0.5; x=9.25, y=0.75; x=9, y=1, x=8.75, y=1.25; x=8.5, y=1.5. (a) suspension (b)
solid phase left after pouring out the liquid

In the real operation of absorption machines, the surface defects of metals can serve as nucleating agents for
absorption working fluid. Crystals may grow and agglomerate on these nucleating agents, which may result in
blockage or cause fluidity issues. If SNPs are introduced into the solution, crystals are more likely to grow in fine
slurry, which will reduce such risks.

4  Conclusions
LiCI/H,O is a commonly used working pair in absorption systems. Traditional LiCl solutions have high
crystallization risks when the concentration is too high. This paper proposes two modified solutions for

3 86
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crystallization control by using additives, crystallization inhibitors and nucleating agents. These two additives with
a competing mechanism allow the LiCl to function at a concentration higher than its original solubility and reduce
the crystallization risks.

1. LiCl solution + EG: EG can significantly increase the solubility of LiCl. However, EG does not promote the
suspension of LiCl crystals. Once the concentration of LiCl exceeds the supersolubility, crystallization will still
take place. The absorption system is still vulnerable to the concentration changes in the supersaturation solution.
2. LiCl solution + EG + SNPs: Combining EG and SNPs can help the formation of fine LiCl slurries, which
guarantees the fluidity of crystalized solutions. Therefore, the absorption system can withstand slight variations in
concentration when the solution’s concentration is high.

In general, the proposed LiCl solution + EG has higher solubility while the proposed LiCl solution + EG + SNPs
has fine crystal slurries with good fluidity, making them potential alternative working fluids for absorption chillers,
absorption heat pump and three-phase absorption thermal energy storage systems. However, the present
experiment only focuses on the use of additives to modify the solution. Future work needs to focus more on other
properties of the working fluids to access its overall performance in absorption machines.
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Abstract:

Ionic liquids are promising absorbents for closed absorption heat pumps because of their suitable properties, such
as low vapor pressure, specific solubility for the refrigerants, etc., although they also present some drawbacks as
high viscosity and low mass diffusivity. As the absorber is one of the key components of the absorption heat
pumps, it is interesting to experimentally study the absorption process with these new absorbents. In this study,
we present the experimental evaluation of the water absorption process in a horizontal tube falling-film absorber
with aqueous solutions of +1-ethyl-3-methylimidazolium acetate. Results are shown in terms of heat duty, overall
heat transfer coefficient and absorption rates. In addition, the absorber performance with this mixture is
experimentally obtained with two tube materials, copper and 316L stainless-steel.

1 Introduction

The water/LiBr pair has been widely used in absorption chillers. However, its performance is limited to a certain
range of concentrations, due to the risk of salt crystallization. This limitation prevents it from operating at high
temperatures in the absorber, so the heat has to be rejected with cooling towers. On the other hand, the risk of
crystallization does not allow to produce heat at suitable temperatures when functioning as absorption heat pump
(AHPs). This limitation might be overcome by using Ionic liquids (ILs) as absorbents since crystallization is
avoided.

ILs represent one of the most promising fields of research in recent years. ILs are compounds with a complex
molecular structure that are liquid at room temperature. The results found in the last years allow us to affirm that,
although the ILs are attractive absorbents, their applicability on AHPs is conditioned by their molecular structure
and associated properties, as viscosity, surface tension, and mass diffusivity.

Among all the components, the absorber plays a critical role in the overall performance of the AHPs. Both heat
and mass transfers take place simultaneously in this component. The falling-film configuration is the most
commonly used in the absorption chillers available on the market [1]. One of the drawbacks of falling-film
exchangers is the misdistribution of the film on the exchanger surface, which affects flow uniformity at low
Reynolds numbers. The non-wetted areas do not participate in the absorption process, thus decreasing the useful
area of these components and consequently the absorption rates. Thermophysical properties of the mixture as
viscosity and surface tension are crucial for a good surface wetting [2,3]. For this reason, when new working
mixtures for AHPS are analyzed, the experimental study of the absorption process is of special importance.

In this study, we present the experimental evaluation of the water absorption process in a horizontal tube falling
film absorber with aqueous solutions of 1-ethyl-3-methylimidazolium acetate [Emim][OAc]. Both, copper and
316L stainless-steel tubes are tested.

2 Methodology

2.1. Experimental set-up description

Figure 1 shows a general scheme of the set-up designed to operate in a continuous way at steady-state conditions.
In order to avoid corrosion, stainless steel has been used as the main system material. The main components of the
system are the absorber (ABS), the generator (GEN), the solution circuit, the water-cooling circuit, two tanks, the
sensors and the data acquisition system. The system is thought to provide the inlet conditions of the different fluid
streams for the absorber as it would operate in a single-effect absorption cycle.
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Figure 1 — General scheme of the absorber test bench (adapted from[4]).

The absorber is of the falling-film with horizontal tubes type. It is placed inside a cylindrical chamber which
contains a tube bundle with one column of 6 horizontal copper/stainless-steel tubes. These tubes are perfectly
aligned and connected in serial disposition. On the top of the copper/stainless-steel tubes, it is placed a solution
distributor which drops the solution from the top to the bottom around the horizontal tubes. Moreover, the absorber
was designed to allow the visual inspections of the falling film and the horizontal tubes wetting. For this reason,
the cylindrical chamber contains two circular windows on both sides of it. The main specifications of the absorber
are summarized in Table 1.

Table 1 — Main specifications of the absorber device. Table 2 — Working ranges for the absorption study.
Parameter Value Experimental conditions H,O/[Emi
Number of tubes 6 m][OAc]
External diameter of tubes (mm) 16 Inlet absorbent mass fraction (%) 76.7-81.3
Thickness of tubes (mm) 1 Inlet solution temperature (°C) 34.1-48.1
Tube spacing (mm) 30 Inlet solution flow rate (kg/h) 32.0-56.0
Wetted length of tubes (mm) 400 Cooling water flow rate (1/h) 50.0-85.0

Inlet cooling water temperature 25.9-42.4
O

In terms of material compatibility/corrosion, we have conducted a previous corrosiveness analysis with both
materials (copper and stainless-steel). We have observed that the corrosion rate for the copper in
[Emim][OACc]/H20 (60%) solution is lower than LiBr/H,O (60 %), approximately 4 times lower after 400 h. For
stainless steel SS-316, the corrosion rate is very low.

2.2. Experimental conditions

The experimental tests of the absorption process study have been performed at absorber conditions for the
H,O/[Emim][OAc] mixture. These conditions are listed in Table 2. It is important to mention that each inlet
variable can be controlled independently in the test bench. This is the case of the inlet mixture temperature,
concentration, and pressure. The inlet solution conditions were adjusted to keep a constant subcooling in the
mixture.
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2.3. Calculation of performance parameters
The vapor absorbed (111,,) can be calculated from the mass balance equations, this is:
M i + My = Moy (1)
ms,in *Wip = ms,out *Woyt + mv (2)

Where my ;,, and 1 4y, are the inlet and the outlet solution mass flow rate, and wy, and w,,, are the inlet and
outlet absorbent mass fraction.

The absorber heat duty (Qgs) is the rejected heat rate by the cooling water in the absorber. Therefore, it can be
calculated with the sensible heat equation in the water side, this is:

Qabs(kW) = vr(/)g(‘;v “Cpw* (Tw,out - Tw,in) (3)

Where p,, and ¢, ,, are the water density and specific heat capacity, both calculated the average water temperature,
vy, is the volumetric water flow rate, and T, ,,,c and T, ;,, are the outlet and inlet water temperatures.
At the same time, the absorber heat duty can be also calculated on the solution side, this is:

Qabs (kW) = ms,in : hs,in - ms,out : hs,out + mv : hv (4)

Where h; ;,, and hg ;¢ are the solution specific enthalpies, h,, is the latent heat of the water at the absorber vapor
temperature. If steady-state conditions are reached, Qg is the only unknown variable from the previous two
equations, what means that one of these equations can be used to evaluate the measurements.

The overall heat transfer coefficient (U) is calculated from the absorber heat duty (Q,ps), the external tube area
(A;) and the logarithmic mean temperature difference (ATy),) as:

kW — Qabs
U (m2v°C) - At ATm (5)
Where AT, is calculated as:
ATLM(OC) — (Ts,in=Tw,out)=(Ts,out=Tw,in) 6)

(Ts,in‘Tw,out)
nf=Sin—"wout
Ts,out=Tw,in

3  Results

Left graph of Figure 2 shows the absorber heat duty as a function of the inlet solution temperature and the absorbent
mass fraction. In this case, the higher the inlet solution temperature, the lower the absorber heat duty. This
influence is caused by the lower amount of vapor absorbed by the mixture at higher temperatures.

On the other hand, right graph of Figure 2 shows the absorber heat duty as a function of the water flow rate and
the inlet solution mass fraction. As it can be observed from this figure, the higher the cooling water flow rate and
the higher the absorbent mass fraction, the higher the absorber heat duty. Both results are expected, since cooling
water flow rate increases the overall heat transfer coefficient and the solution mass fraction increases the amount
of water absorbed by the solution.
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Figure 2 — Absorber heat duty as function of the inlet solution composition and the inlet solution temperature
(left) and as a function of the inlet solution composition and cooling water flow rate (right).

Left graph of Figure 3 shows the overall heat transfer coefficient achieved by the absorber with stainless-steel
tubes as a function of the water absorption rate. As it can be observed from this figure, values of the overall heat
transfer coefficient is low (in the range of 0.2 to 0.3 kW/m?-K) mainly due to a bad tube wetting. In addition, the
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higher the water absorption rate, the lower the overall heat transfer coefficient. This effect is due to a higher outlet
solution temperature because of the heat released during the absorption process.

Right graph of Figure 3 shows the absorber heat duty with the two tube materials as a function of the inlet solution
temperature and the inlet water temperature difference. The absorber heat duty is influenced in the same way by
both tube materials: the higher the difference of temperatures, the higher the absorber heat duty. On the other hand,
the absorber heat duty achieved with the copper tubes is higher than with stainless-steel tubes (in the range of 45
% higher). This increasing is likely due to both a better wetting performance of the mixture and a higher thermal
conductivity of copper that increases the overall heat transfer.
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Figure 3 - Overall heat transfer coefficient as a function of the water absorption rate (left) and absorber heat
duty with copper and stainless-steel tubes as a function of the inlet solution and inlet water temperature
difference (right).

4  Conclusions

The experimental evaluation of the water absorption process in a horizontal tube falling film absorber with aqueous
solutions of [Emim][OAc] has been performed. Both, copper and 316L stainless-steel tubes have been tested. The
main conclusions of this study are:

e The effect of the inlet solution temperature, the water flow rate and the inlet solution mass fraction on the
absorber heat duty have been analyzed independently. In this sense, the lower the inlet solution temperature
and the higher the water flow rate and the inlet solution mass fraction, the higher the absorber heat duty.

e The absorber heat duty achieved with stainless-steel tubes is lower than the achieved with copper tubes (around
30% lower). This decreasing is likely due to the decreased wetting performance of the mixture and the lower
thermal conductivity of the stainless-steel.
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Abstract:

Research efforts on the use of ionic liquids as absorbents for ammonia refrigerant are mainly focused on analysing
the thermodynamic performance of absorption cycles. However, the unfavourable transport properties of ionic
liquids, which are widely recognized as the main shortcoming for their effective implementation, are generally
overlooked in these analyses. This paper is intended to illustrate how mass diffusivity can influence the
performance of ammonia/ionic liquids absorption cycles. For this purpose, two ionic liquids were selected as
absorbents for ammonia: [emim][BF4] and [bmim][BF4], the former with better mass diffusivity, while the latter
with better solubility. At a fixed residence time in the absorber, the mixture with better mass diffusivity absorbed
more ammonia than the other. Thus, the results highlighted the importance of considering a favourable interplay
between mass diffusivity and solubility when screening ionic liquids as absorbents for ammonia.

1 Introduction

In the last two decades, ionic liquids (ILs) have been proposed as alternative absorbents for natural refrigerants in
absorption refrigeration systems due to their excellent and tuneable physicochemical properties [1,2]. In particular,
the main benefit of using ILs as a replacement for water in the conventional ammonia/water working pair is that
the rectification process is avoided [3,4]. Most of the studies in the literature related to the use of ILs as absorbents
for ammonia refrigerant are based on the thermodynamic analysis of the absorption cycle. Only thermodynamic
data such as vapour-liquid equilibrium (VLE), enthalpy and density of solutions are needed. Various assumptions
are made in order to simulate the absorption cycle: for example, the saturation conditions of the liquid streams
exiting the absorber and the desorber [1,2,5]. Moreover, since the mixing enthalpy of the ammonia/IL solutions is
usually unknown, it is estimated using different VLE models. However, VLE models can yield very different
values of mixing enthalpy for ammonia/IL solutions, and consequently, the performance indicators of these
absorption cycles are strongly dependent on the VLE model used [5]. Therefore, this type of cycle performance
analysis should use reliable thermodynamic property data of the working fluid mixture.

In real absorption machines, the areas available for heat and mass transfer, and hence the residence time within
the absorber, are limited. Thus, the transport properties, such as mass diffusivity, determine how much of the
absorption potential can be utilized [6,7]. Unfortunately, IL-based solutions often show unfavourable transport
properties, such as very high viscosity and low mass diffusivity. As a result, a low degree of absorption completion
is frequently observed for IL-based working pairs when exiting the absorber [7,8]. Therefore, it is convenient to
account for these large deviations from equilibrium when screening ILs as absorbents for ammonia.

The present study combines experimental and theoretical work to illustrate how the mass diffusivity influences
the amount of ammonia absorbed by the solution in a limited residence time and, consequently, the performance
of ammonia/IL absorption cycles. For this purpose, two ILs were selected as absorbents for ammonia: [emim][BF4]
and [bmim][BF], the former with better mass diffusivity, while the latter with better solubility. Experimental data
of the ammonia absorbed in the two ILs were obtained in an absorption test loop based on the Pressure Drop
Method. The absorption process was visualized with a Mach Zehnder interferometer and the ammonia
concentration profiles were obtained. A non-equilibrium mass diffusion model was developed for describing the
absorption processes and used for obtaining the mass diffusivity of ammonia in the two ILs. The developed model
enabled to obtain the spatio-temporal profiles of ammonia concentration in the solution. For the cycle performance
analysis, a model based on the mass balances in the components of a single-stage absorption refrigeration cycle
was used. The ammonia concentration of the solution exiting the absorber was estimated for a given residence
time using the mass diffusion model developed and compared with the saturation concentration. This paper is
organized as follows. First, the development of the mass diffusion model used is described. Then, the modelling
approach used for the ammonia/IL absorption cycles is addressed. Finally, the results are presented and discussed.
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2 Development of the mass diffusion model

2.1  Selection of the ionic liquids used as absorbents for ammonia refrigerant

Ionic liquids: 1-ethyl-3-methylimidazolium tetrafluoroborate ([emim][BF4], CAS no. 143314-16-3) and 1-butyl-
3-methylimidazolium tetrafluoroborate ([bmim][BF4], CAS no. 174501-65-6), which presented inverse trends of
viscosities [9,10] and ammonia solubilities [11] were selected for ammonia absorption experiments. The selection
of these ILs was also made considering the availability of experimental data on ammonia diffusivity from different
literature sources [12,13]. Moreover, [emim][BF4] has previously been investigated by our research group as a
potential absorbent not only for ammonia [4] but also for 2, 2, 2-trifluoroethanol [14]. In the case of [bmim][BF4],
it has been observed that ammonia vapour can be almost completely desorbed at the ambient temperature (303 K)
and atmospheric pressure [12].

2.2 Experimental study of the absorption process

The experimental setup consists of an absorption test loop based on the Pressure Drop Method and an optical
system for visualization that used the Mach-Zehnder interferometer. The main components of the test loop were
the absorption cell, which mimicked a pool-type absorber, and the cylindrical tank, which contained the ammonia
vapour that fed the absorption cell during the absorption process. The temperature and pressure of the absorption
cell and the cylindrical tank were continuously monitored. Moreover, the temperature of the absorption cell was
controlled by a circulating bath (Huber, model Pilot One), which pumped distilled water through a copper cooling
coil placed around the absorption cell. Absorption experiments lasting 15 hours were performed at infinite dilution
of ammonia, at 303.15 K. A detailed explanation on the preparation and cleaning of samples and equipment can
be found in [15].

The absorption cell and the cylindrical tank were connected by a valve initially closed, which kept separated the
ammonia vapour (at higher pressure), and the ILs (in vacuum conditions). To start the absorption experiments, the
valve was opened. Consequently, the ammonia vapour expanded into the absorption cell, and the absorption
process began. As a result, temperature, pressure, and the spatial distribution of ammonia concentration in the ILs
studied changed over time. In turn, the changes in concentration caused changes in the refractive index, which
were shown in the form of interferograms and were visualized with the Mach-Zehnder interferometer. Optical
Digital Interferometry (ODI) method in combination with the Fourier transform (FFT) technique were used to
process the interferograms and extract the experimental profiles of refractive index change (An,,,(z,t)) during
the absorption process. Further details on the determination of An,,,,(z, t) using the ODI and FFT methods can be
found in the literature [16].

2.3  Mass diffusion model

Here, the mass diffusion of ammonia in the selected ILs was described using Fick's Second Law. In particular, the
mass diffusion process was considered to occur in a semi-infinite medium, in which initially there is no ammonia.
Moreover, the ammonia mass transfer flux at the vapour-liquid interface was assumed to be proportional to the
difference between the saturation concentration under the equilibrium pressure and the existing concentration at
the interface. Thus, the total concentration of dissolved ammonia (X(t)) at any diffusion time during the absorption
process in the ILs studied can be expressed as [17]:

X(0)/%eq = i exp(k3tp) erfc(kpVt,) — 1+ 2kp \/%] Eq. (1)

where tp, = Dy, - t/z, is the diffusion time, D;, [m? s'!] the mass diffusivity of ammonia in the ILs, t [s] the time,
Zy [m] the height of the ammonia/IL solution in the absorption cell, k;, = ky, * z,/D,, the mass-transfer Biot
number, k;, [m s7!] the mass transfer coefficient, and Xeq the equilibrium concentration (that is, the solubility of
ammonia in the ILs at a given temperature and equilibrium pressure). Here, D, and k;, were simultaneously
determined using a non-linear least-squares minimization of the deviation between experimental (An,,,,(z, t)) and
calculated (An.; (2, t)) refractive index change profiles as described in [15].

In Eq. (1), the term X(t)/x,, provides a key indicator of the absorption process performance. It relates the actual
concentration (X(t)) at a short or limited contact time between the vapour and liquid phases to the concentration
(xeq) at a contact time long enough to reach the equilibrium state. Thus, the term X(t)/x,, can be regarded as a
type of mass effectiveness (g, = X(t)/x,q) since it defines the ratio of the (actual) transferred mass to the
maximum transferable mass during the absorption process. &, was used to illustrate the interplay between
solubility and mass diffusivity and its influence on cycle performance, as described below.
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3 Modelling of ammonia/IL absorption cycle

Herein, we have modelled a single-stage absorption cycle (Figure 1) using ammonia and the ILs studied as working
fluids. The operating conditions correspond to those used by Yokozeki and Shiflett [1] for other ammonia/IL
working pairs in absorption refrigeration cycles. The cycle modelling was based on the available VLE data and
the mass balances in the components of the absorption cycle, neglecting the corresponding energy balances.
Thereby, we avoid using VLE models to estimate the mixing enthalpies of the ammonia/IL solutions. The solution

circulation ratio (f) was used here as the main indicator of cycle performance:
— _1-x[6]

f - x[1]-x[6] Eq' (2)
where x[1] is the ammonia mass fraction of the rich solution (at the absorber outlet), and x[6] is the ammonia
mass fraction of the poor solution (at the generator outlet).
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Figure 1. Schematic representation of a single-stage ammonia/IL absorption cycle

The values of x[1] and x[6] depend on the operating conditions and specific modelling approach used (i.e.,
assumptions). While x[6] was determined assuming equilibrium for the solution exiting the generator, two
different modelling approaches were used to calculate x[1]:

a) Inthe first approach, we assumed saturation conditions for the ammonia/IL solution exiting the absorber.
Thus, x[1] = x., where x4 is the equilibrium ammonia mass fraction, determined at the absorber
temperature (T[1] = 30 °C) and pressure (P[1] = 6.15 bar, obtained from the vapour pressure of pure
ammonia at the evaporator temperature T[1] = 10 °C). In this case, a comparison between our results (f =
12.85) and those of Yokozeki and Shiflett [2] (f = 12.98) using the VLE data reported by the latter for the
ammonia/[bmim][BF4] mixture revealed excellent agreement.

b) In the second approach, we got rid of the common simplifying assumption that the solution exiting the
absorber is at saturation conditions. Instead, x[1] was calculated using the experimentally observed &,,:
X[1] = &p, * X¢q. Thus, the contact time between the ammonia and the ILs during our absorption
experiments was considered as the residence time within the absorber.

These two modelling approaches were intended to illustrate how the interplay between mass diffusivity and
solubility of ammonia in selected ILs could influence the absorption cycle performance.

4  Results and Discussion

Figure 2 shows the mass effectiveness (g,,) as a function of the residence time within the absorber for the two ILs
studied at 303.15 K. For the same residence time, &,, was greater for the absorption process of ammonia in
[emim][BF4]. For a residence time of 15 hours, for instance, &, was on average 10.2% higher in [emim][BF4] than
in [bmim][BF4]. Thus, we have quantitatively confirmed an intuitive fact of competing mass diffusivity and
solubility contributions in the absorption process performance. For a limited residence time, the higher diffusivity
caused [emim][BF4] to absorb more ammonia than [bmim][BF4] despite the higher solubility of ammonia in the
latter.

Despite its importance, mass diffusivity is not usually considered when evaluating the thermodynamic
performance of ammonia/IL absorption cycles. Maximum mass effectiveness (&, = 1) is taken for granted, and
the solution exiting the absorber is assumed to be saturated. Under these assumptions, some authors [18] found
that the solution circulation ratio (f) of an absorption heat pump using ammonia/[bmim][BF4] (f = 29.282) was
considerably more favourable than when using ammonia/[emim][BF4] (f = 46.284). Similarly, we found a better
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solution circulation ratio for an absorption refrigerator using ammonia/[bmim][BF4] (f = 9.49) than one using
ammonia/[emim][BF4] (f = 11.72). However, once we considered a limited residence time, our results revealed
that the solution circulation ratio may be more favourable for the ammonia/[emim][BF4] working pair due to the
better mass diffusivity.
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Figure 2. Mass effectiveness as a function of the residence time within the absorber during the absorption
process of ammonia in ionic liquids: [emim][BF4] and [bmim][BF4], at 303.15 K.

Table 1 shows the calculated solution circulation ratio at limited residence times for the ammonia absorption
processes in [emim][BF4] and [bmim][BF4] at 303.15 K. At short residence times, when &, was much higher for
the ammonia/[emim][BF] pair, the solution circulation ratio was considerably more favourable for this working
pair than for the ammonia/[bmim][BF] pair. For a residence time of 3 hours, ¢, for the ammonia/[emim][BF4]
pair was still higher (due to the higher diffusivity), but the solution circulation ratio was found to be more
favourable for the ammonia/[bmim][BF4] pair (due to the higher ammonia solubility). Despite this, the solution
circulation ratio for both working pair was found to be comparable for a long residence time of 15 hours. Thus,
considering the much more favourable transport properties, [emim][BFs] should be more suitable than
[bmim][BF4] as an absorbent for ammonia in absorption refrigeration systems.

Table 1. Mass effectiveness (e,,) and calculated solution circulation ratio (f) as a function of the residence time
within the absorber for ammonia absorption processes in [emim][BF4] and [bmim][BF4] at 303.15 K.

Residence time/ h [emim][BF4] [bmim][BF4] A&, /e0/%  Afl Y%
Em f Em f
0.25 0.381 30.79 0.238 39.90 60.08 222.83
0.5 0.437 26.79 0.293 32.43 49.15 -17.39
1 0.511 22.92 0.357 26.56 43.14 -13.70
2 0.567 20.66 0.456 20.81 24.34 -0.72
3 0.610 19.20 0.498 19.07 22.49 0.68
15 0.812 14.42 0.725 13.10 12.00 10.08
o (equilibrium values) 1 11.70 1 9.49 0 23.30

5  Conclusions

In this study, we illustrated how the mass diffusivity affected the performance of absorption refrigeration cycles
using ammonia and ionic liquids as working fluids. An intuitively obvious fact of competing mass diffusivity and
solubility in the amount of ammonia absorbed for a limited residence time was quantitatively confirmed. When a
limited residence time was considered, the results revealed comparable solution circulation ratio for
ammonia/[emim][BF4] and ammonia/[bmim][BF4], despite the higher solubility of ammonia in [bmim][BF4].
Thus, the results highlighted the importance of considering a favourable interplay between mass diffusivity and
solubility when screening ionic liquids as absorbents for ammonia.
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Abstract:

Ionic liquids (ILs) are an alternative to common absorbents in absorption chillers. Although the efficiency by using
ILs can be comparable to state-of-the-art absorbents, the achieved power density is usually much lower. Additives
are standard for lithium bromide (LiBr) water absorption chillers but are still less investigated for use with ILs. In
the paper at hand the influence of the standard additive 2EHL and another additive TegoTwin4000 on the cooling
capacity and efficiency of an absorption chiller with ILs will be investigated and compared to results with LiBr.

1 Introduction

Ionic liquids (IL) are an alternative to lithium bromide (LiBr) in water absorption chiller, e.g., to cope with
crystallization [1,2]. However, usually cooling capacities achieved with ILs are smaller than by using LiBr [3,4];
efficiencies might be comparable, but can also be much lower, depending on the IL [3,4]. It is state of the art to
use additives in LiBr-water absorption chillers to increase the cooling capacity [5] or to reduce corrosion. However,
this is not yet considered in the most investigations on ILs in absorption chillers. The standard additive to improve
the heat and mass transfer in the LiBr-water film is 2-ethyl-1-hexanol (2EHL) [5]. The effect of 2EHL is that the
surface tension of the LiBr-water-2EHL mixture becomes very sensitive to the water concentration, inducing
Marangoni convection in the film, which in turn increases the heat and mass transfer [5]. Unfortunately, the effect
of 2EHL is different at least on some ILs; the surface tension is reduced but does not become sensitive to the water
concentration [6]. Thus, it is not sure if 2EHL effects the cooling capacities achieved by ILs or if different additives
might be necessary.

The paper at hand will investigate the influence of 2EHL and TegoTwin4000, a siloxane-based surfactant from
Evonik Industries, on the cooling capacity and the COP achieved with the IL [emim][CI] (called IL3 here). The
results will be compared to LiBr solutions with a sufficient amount of 2EHL and a lower 2EHL content. First, the
system setup will be described shortly before the measurement results will be discussed.

2 Experimental Set-up
The experimental data were obtained by investigating the absorbents in one dedicated absorption chiller with tube

bundle heat exchangers and glass housing (Figure 1, left).
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Figure 1 — Photograph (left) and simplified flow sheet (right) of the experimental absorption chiller
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For the examinations in the paper at hand the measured internal and external inlet and outlet temperatures as well
as the volumetric flow rate of the external circuits and the diluted solution flow rate are used (Figure 1, right). The
target diluted volumetric solution flow rate was 100 I/h (systematic uncertainty of about 5 1/h). The solution flow
rate can be adjusted by the solution pump, pumping the rich solution from the absorber to the desorber, or by a
manual valve in the flow path from the desorber to the absorber, this flow is driven by gravity forces; in steady
state both flows are dependent on each other. The details on the experimental setup as well as some experimental
results without additives were published previously [7].

The investigated IL3 ([emim][Cl]) was provided from Evonik Industries and was produced in lab scale. The
dynamic viscosity of IL3 is much higher than for LiBr at chiller operation conditions [7]. However, the dynamic
viscosity of IL3 is even much higher than for [emim][Cl] in literature [7,8]. Thus, the results presented here might
not be comparable to results with other [emim][Cl] solutions.

3  Results

Figure 2 shows the achieved cooling capacity (left) and COP (right) for operation with an aqueous IL3 solution
with different additives and with aqueous LiBr solution with different 2EHL contents at 18 °C external evaporator
inlet temperature and 27 °C external absorber inlet temperature for a variation of the external desorber inlet
temperature. Regarding the cooling water, the condenser is connected in series after the absorber. The tests were
performed in 2010/2011.

An evaluation of the experimental uncertainties was performed. The statistical uncertainties are shown directly on
the data points and the maximum systematic uncertainty is shown on extra data points next to the legend in the
left bottom corner. The connecting lines are just for better visualization and have no physical background.
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Figure 2 — cooling capacity (left) and COP(right) of IL3 and LiBr for different external desorber inlet temperatures

The cooling capacity achieved with the different sorbent mixtures varies over a wide range. The cooling capacities
for all LiBr experiments are higher than for all IL3 experiments. The cooling capacity of LiBr with a sufficient
amount of 2EHL (black diamonds) is highest and even approx. 40% higher than for LiBr with a low 2EHL content
(grey diamonds). The low 2EHL content was reached by performing experiments over 3 months with nearly daily
evacuation of the chiller and without adding new 2EHL; thus, the exact 2EHL content is unknown. The solution
flow rate in all LiBr experiments was very stable over the whole desorber temperature range. A significant increase
of the cooling capacity with increasing external desorber inlet temperature can be observed for all LiBr
experiments; the increase is nearly linear for the experiments with sufficient 2EHL.

The achieved cooling capacity without any additives in IL3 (black squares) is the lowest. Comparing the cooling
capacity at 75°C and 95°C desorber inlet temperature, a reduced cooling capacity at higher desorber temperatures
occurs. This is due to the fact, that the diluted volumetric solution flow rate significantly decreased to 45 I/h at
95°C desorber temperature. At higher volumetric flow rates, a higher cooling capacity might be possible, as it is
observed at 75°C desorber inlet temperature, when increasing the solution flow rate from 90 to 114 l/h.
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Unfortunately, in the most IL3 experiments the solution flow rate is limited by the gravity-driven flow path from
the desorber to the absorber. Boiling in the desorber sump was observed, so that presumably cavitation in the tubes
to the adsorber occurs and influences the flow rate. The boiling in the sump increased with increasing external
desorber inlet temperature.

The black circles show two different days of measurements after 20 ml of 2EHL were added to IL3. In the first
test series (big black circles) a sample of the solution at 95°C desorber temperature was taken from the chiller to
determine the concentration in absorber and desorber. Unfortunately, the (cold) solution became more viscous
after adding 2EHL; apparently the solution properties did change. Hence, pumping of the solution at chiller startup
and controlling of the solution flow rate during the tests were very complicated, and the statistical uncertainty of
these data sets is much higher than for the other experiments. Despite these complications, the cooling capacity at
75°C is increased by more than 60% in comparison to the solution without additive although the solution flow rate
is with 66 I/h nearly 30% lower. Now, an agitated surface on the desorber film was observed — less apparent but
like in the experiments with 2EHL in LiBr solutions — which comes from the Marangoni effect. Boiling in the
desorber sump was not observed anymore (or only slightly at chiller startup), but the solution flow rate could not
be increased to 100 1/h. At 95°C desorber inlet temperature the solution flow rate has not decreased significantly,
and the cooling capacity is increased; the solution flow rate is now higher than with pure IL3 at the same desorber
temperature. At 105°C desorber inlet temperature the solution flow rate decreases and so does the cooling capacity.
The cooling capacity decreases more than it does for the pure IL3 from 75°C to 95°C with a stronger decrease in
solution flow rate. This might be due to a negative effect of an increasing salt concentration entering the absorber
as it was observed also for other IL-refrigerant mixtures [9]. During the second test series 4 days later (small black
circles), the achieved cooling capacity was slightly higher.

Afterwards, the siloxane-based surfactant TegoTwin4000 from Evonik Industries was used as alternative to 2EHL.
70g of TegoTwin4000 were added to the IL3-2EHL-water mixture which corresponds to a concentration of
approx. 1%. Unfortunately, neither stable running of the chiller nor reaching a comparable cooling capacity was
possible. Thus, the amount of the additive was reduced by mixing a part of the present IL3 solution with pure IL3
without additives and filling it into the chiller again. Thus, the concentration of TegoTwin4000 was reduced to
0.1% which is the intended concentration by the manufacturer. No additional 2EHL was added so that its content
is reduced to below 2ml and no significant effect of 2EHL is to be expected anymore. In fact, neither occurred
problems with a high-viscous IL3 solution at chiller startup nor could an agitated film surface from the Marangoni
effect be observed. Nevertheless, the reached cooling capacity with the IL3-0.1%TegoTwin4000 mixture is much
higher than it is for the pure IL3-water mixture, but slightly lower than when using 2EHL only. Apparently, the
mechanism of TegoTwin4000 in the mixture is different from that of 2EHL, but both have a considerable effect.
At 95°C desorber inlet temperature the cooling capacity remained nearly constant, although the volumetric solution
flow rate was reduced by nearly 40%. By comparing the cooling capacities and volumetric flow rates at 95°C of
IL3-0.1%TegoTwin4000 to IL3-2EHL at 95°C and 105°C, it is most likely that the cooling capacity for IL3-
0.1%TegoTwin4000 will remain smaller than for IL3-2EHL even when volumetric flow rates or desorber inlet
temperatures would have been higher. Unfortunately, the experiments with TegoTwin4000 were not reproduced.

Observing the COP (Figure 2, right), an advantage of LiBr solutions is not distinct in terms of efficiency. Although
IL3 without additives shows the lowest COP and cooling capacity, the COPs of IL3 with additives are comparable
or even higher than for LiBr. For LiBr with a low 2EHL content the COP is between 0.6 and 0.7; the lower COPs
correspond to the lower cooling capacities. Presumably, non-condensable gases could be present at lower cooling
capacities and COPs. The COP achieved with LiBr is significantly increased with a sufficient 2EHL content. Here,
the COP is less affected by an increasing desorber temperature. The COP decreases almost linearly with increasing
desorber temperature of up to 110°C at constant solution flow rate.

For IL3 without additives the cooling capacity increased with increasing solution flow rate (from 90 to 114 l/h
at 75°C), but the COP decreases. This meets expectations as solution heat exchanger losses will increase with
increasing solution flow rate. The COP also decreases with increasing desorber inlet temperature. Although the
decreasing COP is not totally unexpected, ones could assume a much smaller decrease, because the solution flow
rate also decreased which should have a positive effect on the COP.

With 2EHL as additive for IL3, the COP is increased significantly from below 0.5 to 0.6 in the first test series
(big black circles) and is now comparable to LiBr with a low 2EHL content. The statistical uncertainty is much
higher than for all other measurements due to the before mentioned difficulties in chiller control. The decrease in
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COP with increasing desorber temperature is less strong for the IL3-2EHL mixture than for LiBr with a low 2EHL
content when comparing it to the highest COP data points at 75°C and 95°C external desorber inlet temperature;
the decrease in COP is also much less significant than for the pure IL3-water mixture, although the solution flow
rate at 95°C external desorber inlet temperature is lower for IL3 without additives. As for the LiBr data with
sufficient 2EHL, the decrease in COP from 75°C to 105°C is also linear for the IL3-2EHL mixture, although the
solution flow rate is decreased at 105°C. Apparently, the decreased solution flow rate at 105°C has no visible
positive effect on the COP here.

In the second test series of the IL3-2EHL mixture (small black circles), the COP is much higher; with above 0.9
it is higher than for all LiBr measurements. However, the solution mass flow rate of LiBr is more than double of
that in the IL3 experiments, so that more heat must be transferred within the solution heat exchanger and solution
heat exchanger losses might be higher for LiBr. The decrease in COP with increasing desorber temperature is
comparable to the first data set. An explanation for the huge difference in COP between both test series could be
a significant sub-cooling in the absorber in the first tests. The IL samples, taken in the first experiments at 95°C,
showed still significant sub-cooling (SC) in the absorber, although no boiling (super-heating) in the desorber sump
was observed anymore (absorber: inlet: ~10 K SC, outlet: ~14 K SC; desorber: inlet: ~5 K SC, outlet: ~2 K SC).
Presumably, the sub-cooling decreased in the second test series, which would explain the much higher COPs; but
unfortunately, no new samples were taken to proof this hypothesis.

Even though the cooling capacity by adding TegoTwin4000 to IL3 is lower than by using 2EHL only, the COP
by applying TegoTwin4000 is increased to comparably high values as they are for the second test series with
2EHL as additive; both additives seem to be comparably favorable for increasing the chiller efficiency.
Admittedly, the one data point with a COP of above 0.9 for IL3 with TegoTwin4000 seems to be unlikely high
(although physically possible). Additionally, the sum of statistical and maximum systematic uncertainty for the
second test series with 2EHL and for the TegoTwin4000 experiments is approx. 0.1 higher than for the other
measurements, so that the difference in COP to LiBr with 2EHL might also be smaller. The qualitative statement
stays untouched, by adding either 2EHL or TegoTwin4000 to IL3, the chiller can operate as efficient as with LiBr
and 2EHL. Why nevertheless cooling capacities with IL3 are higher with 2EHL than with TegoTwin4000,
especially also for the first test series with much lower COPs with 2EHL, needs further investigation.

4  Conclusions

Today no one would use LiBr in absorption chillers without additives, e.g., 2EHL. The significant difference in
cooling capacity and COP by using LiBr with or without 2EHL was shown here as reference experiment. Also, by
applying additives to IL water solutions a significant increase in achievable cooling capacity as well as COP was
discovered. Unfortunately, there were problems by achieving stable operation conditions of the chiller with IL3,
especially for maintaining constant solution flow rates, regardless of using an additive or not, so that comparing
all data with each other is difficult. For the examined IL3, both investigated additives achieved a significant
increase in cooling capacity by about 50% with TegoTwin4000 and by more than 60% with 2EHL; the cooling
capacity remained below that of LiBr. The COP for IL3 without additive and for LiBr with a low 2EHL content
were between 0.4 and 0.5, and between 0.6 and 0.7, respectively. The COP by adding 2EHL to IL3 was increased
to above 0.6, and in a later test series to above 0.8; COP of LiBr with 2EHL was slightly below 0.8. By using
TegoTwin4000 as additive with IL3, the COP was also increased to above 0.8. Obviously, both additives improve
the utilization of IL3 and then the efficiency is comparable to that of LiBr with 2EHL. However, yet it cannot be
explained why the achieved cooling capacity is higher when applying 2EHL than when using TegoTwin4000,
although the COPs are comparable (or even lower with 2EHL).
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Abstract:

In this work, COMSOL FEM analysis and experimental testing of an SAPO-34 coated adsorber obtained by direct
synthesis process is presented. Firstly, small-scale SAPO-34 specimens have been synthesised on aluminium sheets in
order to assess mechanical and structural stability, as well as water adsorption capacity. Afterwards, the synthesis
technique has been applied by Fahrenheit GmbH in order to prepare a real-size SAPO-34 coated HEX. A 2D time-
dependent COMSOL FEM model was realized in order to simulate the heat and mass transfer processes through the
coated adsorber and its preliminary validation was successfully performed. The full scale coated HEX is currently
under testing at the CNR ITAE lab in order to evaluated the achievable performance and validate the numerical model.

1 Introduction

Adsorption heat pumps and chillers represent a viable solution to provide heating and cooling with reduced electricity
consumption, since the working cycle is thermally driven. The core component of an adsorption cycle is the adsorber,
which represents the thermal compressor, where the adsorbent material is put in contact with a heat exchanger. Two
main approaches can be identified to manufacture coated adsorber: in-situ crystallization and binder-based composite
coatings [1].

The former technique represents a promising technological approach for the realization of high-performance zeolite
coated adsorber. Differently from the binder-based zeolite composite coatings, for which the intrinsic heterogeneity of
the material is a potential applicative issue, the in-situ crystallization process allows to obtain a homogeneous, mono-
material zeolite coating characterized by a high surface interaction with the substrate on which the zeolite crystals
germinate [2].

However, a targeted integration of the properties, stability and homogeneity of the coating are essential prerequisites
in order to maximize the subsequent performance of the coated absorber. This also represents an essential precondition
for obtaining a high performance durable adsorber.

In this context, the purpose of this paper is the integration of a structural study, at material level, conducted on the
coating deposited in the exchanger coupled with an experimental analysis, at system level, on the component under
real operating conditions. Furthermore, finite element model analysis was applied in order to better assess the heat and
mass transfer phenomena occurring during the sorption/desorption phases, thus supporting the final design of the full-
scale adsorber.

2 Experimental part
2.1 Materials
Two types of coated specimens were used for the experimental campaign.
e Al6061 aluminum sheets, dimensions 50 mm x 50 mm x 0.2 mm were used for an evaluation of the
mechanical and structural stability of the zeolite coatings.
e An adsorber was obtained by direct synthesis of SAPO-34 on Al6061 heat exchanger (dimensions 83 cm x
72 cm x 6,5 cm) for subsequent investigations on the component.
2.2 Characterization
X-ray diffraction (XRD) measurements were performed using CuKa radiation on Bruker D8 Advance (Bruker
Billerica, MA, USA) diffractometer in the 20 range of 5-50°. The surface morphologies of the specimens were
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evaluated using a focused ion dual beam/scanning electron microscope (FIB-SEM ZEISS Crossbeam 540,
Oberkochen, Germany). Furthermore, energy-dispersive spectroscopy (Aztec Oxford, EDS) was applied to evaluate
the coating composition. Cross-sectional images of the samples were performed embedding the samples in an epoxy
thermosetting resin and measured using a 3D optical microscope (KH8700 3D digital microscope, Hirox, Tokyo,
Japan). Furthermore, the water vapor adsorption isobars (P=11 mbar) of coated samples, were measured by a
thermogravimetric dynamic vapor system (DVS Vacuum) (from 30 to 150°C).

3 Results and discussion

3.1 Coating morphology

Figure 1a shows a reference SEM image of the coating. The distribution of the cubic-shaped zeolite is almost regular
well distributed in the aluminum substrate. The dimension of the grain is in the range 6-12 um. The coating structure
is compact and no discontinuities or macroscopic defects are identified. A thin transgranular crack evolves transversely
along the right side of the figure. This can be due to the direct synthesis process during the calcination step in which
there is a differentiated shrinkage between the aluminum support and the brittle zeolite coating that favors internal
stresses [3]. However, the cracks are not deep and extensive and do not affect the mechanical stability of the coating
which remains adhered and compact over the support surface, as demonstrated by the pull-off measurements performed
on SAPO-34 coated aluminum sheets. EDS and XRD analysis (Figure 1a corner and Figure 1b, respectively) confirm
the good purity of the silico-alumino-phosphate zeolite.
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a) b)
Figure 1 —a) SEM image and related EDS b) XRD analysis on SAPO-34 coating.

3.2 Adsorption isobar

Once the morphological and mechanical features were evaluated, the sorption properties of the coating were
investigated. A thermogravimetric apparatus working according to the Dynamic Vapor Sorption (DVS) principle was
employed. The coated surface was cut in small pieces which were analyzed both in the DVS and by means of the SEM,
in order to investigate the thickness of the aluminum support and then subtract it from the initial dry mass loaded inside
the crucible of the thermogravimetric apparatus. Up to five different pieces were tested and the equilibrium data were
properly post-treated to evaluate the sorption equilibrium. A slight deviation of less than 2% was obtained. Figure 2
reports the average isobar obtained. The shape of the isobar as well as the maximum uptake is in line with the one
obtained from the pure zeolite produced during the in-situ crystallization process and not deposited over the aluminum
substrate. This confirmed the reliability of the overall synthesis process as well as the ability of the applied post-
synthesis process to completely burn out the template from the pores of the SAPO-34.
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Figure 2: Adsorption isobar measured at the water vapour pressure of 11 mbar over the coated sample.

3.3 FEM modelling

In order to optimize the power density of the adsorber, a 2D time-dependent model for description of heat and mass
transfer through an adsorbent media was realized by the FEM-based commercial software COMSOL Multiphysics®.
In particular, the main aim of the modelling activity is to have a tool useful to optimize, according to the first prototype
tested in the lab, both the HEX design as well as the thickness of the SAPO-34 deposited, in order to meet the required
power density for the final prototype.

The developed tool is based on energy and mass balances and can predict pressure, temperature and water uptake
distribution through an adsorbent coating in thermal contact with a flat-tube finned HEX. The model governing
equations were implemented by considering the “heat transfer in porous media” and “mass transfer in porous media —
adsorption sub-node” COMSOL interfaces. Water diffusion was described by Fick’s law assuming macropore
diffusion control. Adsorption equilibrium was calculated by Dubinin-Polanyi Theory assuming local thermal
equilibrium. HEX domain was simulated considering the “Heat transfer in solids and fluids” and “Nonisothermal fluids
flow” COMSOL interfaces.

As shown in Figure 3 a and b, preliminary calibration and validation of the model was successfully performed
considering a reference SAPO-34 coating on a standard flat-tube finned HEX, subjected to an adsorption step under
isothermal conditions at T= 55°C. The considered reference curve is the one obtained from the analytical solution
availabletfoar) isothermal differential step adsorption, due to the lack of experimental data available.
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Figure 3: a) COMSOL implementation of a SAPO34 coating on a standard flat-tube finned HEX, b) water uptake
evolution compared with the analytical solution (isothermal adsorption T=55°C).
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SAPO-34 thermophysical parameters have been taken from literature [4, 5] and experimentally measured at CNR
ITAE lab. Simulations are in progress to further refine the model and study of the effect of heat and mass transfer
efficiencies and heat capacities on the performance of the adsorber manufactured by Fahrenheit.

3.4 Ongoing activities

An in-situ coated adsorber was manufactured by Fahrenheit for being tested under controlled conditions at the CNR
ITAE lab, by means of an available testing rig [6].

The full characterization of the coated adsorber is currently ongoing, aiming at evaluating the achievable performance
in terms of thermal COP as well as specific cooling power (SCP), under real operating conditions typical of the
adsorption chiller applications. The experimental results will be then used to further validate the thermo-fluid dynamic
model implemented, to the investigate optimal thickness of the coating as well as the proper design of the finned heat
exchanger, for the final sizing that will be implemented in a hybrid chiller to be installed in a demo site.

4  Conclusions

In this paper, a structural characterization on SAPO-34 coated heat exchanger, was performed both at material level,
and system level. Firstly, small-scale SAPO-34 specimens have been synthesized on aluminum sheets in order to assess
structural, mechanical and adsorption capabilities. Afterword, a real-size SAPO-34 coated HEX obtained by direct
synthesis technique has been applied by Fahrenheit GmbH. Furthermore, a simplified 2D time-dependent Comsol FEM
model was performed in order to assess the heat and mass transfer phenomena occurring at the HEX interfaces. The
full scale coated HEX is currently under testing at the CNR ITAE lab in order to corroborate the achievable
performance of the coated HEX module.
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Abstract:

Liquid desiccant air conditioning technology represents a highly efficient opportunity for the control of latent loads
related to the humidity contained in indoor air-streams. Above all, the integration of a third cooling/heating
medium and the use of Ionic Liquid (IL) is a promising alternative for performing efficient humidity control in air
conditioning. However, when compared to well-established air conditioning technologies, liquid desiccant systems
are commonly bulkier and more expensive. In order to overcome this barrier to practical use, this study presents a
numerical method for minimizing the size of three-fluid gas-liquid contactors, which are the bulkiest elements in
the system. The structure of the gas-liquid contactor is optimized by using genetic algorithm (GA) to minimize the
volume while obtaining a predetermined dehumidification effect. It is found that the volume of the three-fluid
contactor can be reduced by 53%, and therefore the construction cost of the system, without compromising its
capacity.

1 Introduction

Atpresent, global environmental issues along with untenable energy provision methods are indicating the necessity
of highly efficient technologies to minimize the environmental footprint of energy conversion. Air conditioning
(AC) systems presently account for the largest share of energy consumption in the building sector and are now
becoming a necessity for a large majority of people in the world. Given the large magnitude of latent loads during
typical operation cases, proper humidity control is critical to achieve both energy saving and comfort, but
conventional vapor compression air conditioners cope with this issue inefficiently. Liquid desiccant air
conditioning system realizes humidity control of the process air by means of the vapor absorption phenomenon by
bringing the air and the liquid desiccant solution into reciprocal contact. Unlike the vapor compression systems,
as the proper control of the composition of the liquid desiccant solution drives the air to a state with lower values
of the equilibrium vapor pressure, it is not necessary to lower the cooling source temperature below the dew point
temperature, hence resulting in a broad margin of possible energy saving through highly efficient humidity control.
However, when compared to well-established air conditioning technologies, liquid desiccant systems are
commonly bulkier and more expensive. Accordingly, the development and spreading of this technology require
miniaturization of the main components, especially the gas-liquid contactors, which occupy the largest portion of
the system.

A gas-liquid contactor is an essential element for the system performance, where coupled heat and mass transfer
occur when the air and the liquid desiccant come into contact. Gas-liquid contactors can be categorized into two
main types: adiabatic gas-liquid contactors, where the air comes into contact with a pre-cooled or heated liquid
desiccant solution without exchanging heat with the external environment, and internally cooled/heated gas-liquid
contactors, where a more efficient dehumidification/regeneration is attempted by exchanging heat with a tertiary
medium within the contactor. The structural material of the internally cooled/heated gas-liquid contactor is
preferably a metal having high thermal conductivity. However, absorbing mixtures such as lithium chloride (LiCl),
which is generally used as a liquid desiccant, exhibit strong corrosivity toward several metals commonly used for
heat exchangers. On the other hand, Ionic liquids (IL) represent a favorable alternative option as desiccant solutions,
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because of their non-corrosive characteristics toward aluminum. Therefore, this research effort targets a liquid
desiccant air conditioning system that combines the use of an IL and aluminum fin-tube heat exchanger as an
internally cooled/heated gas-liquid contactor.

The integration within the contactor of the contemporary heat transfer through a tertiary medium already results
in a reduction of the system size. However, if not properly designed such as when few design parameters are only
considered, the contactor itself might be over-dimensioned. In fact, previous studies about the combination of fin-
tube heat exchangers and IL are lacking in the literature. Giannetti et al. [1] created a correlation equation to predict
the wet area ratio of an IL solution in a three-fluid desiccant contactor. In addition, Varela et al. [2] modeled a fin
tube heat exchanger using IL and compared the analysis results with the experimental results. However, majority
of the optimization studies in the literature focus on the operating conditions [3,4,5,6] and flow configuration [7]
as the decision variables, and no systematic method has been developed yet for the miniaturization of the contactor.
Therefore, this study presents a method for optimizing the structure of the gas-liquid contactor to minimize the
volume while obtaining a predetermined dehumidification effect.

2 Calculation method

2.1 Mathematical model

Figure 1 shows a photograph of the gas-liquid contactor targeted in this study and its elemental structure. Inside
the gas-liquid contactor, the liquid desiccant solution is sprayed at the top and flows vertically, the air flows
horizontally through the fins, and the water flows in the tubes. These three fluids are interacting through coupled
heat, matter, and momentum transfer phenomena. In addition, depending on the operating condition, the falling
film of the liquid solution may experience partial wetting of the transfer surface. Therefore, it is necessary to build
a model that captures these interconnected phenomena. The mathematical modeling is performed by dividing the
contactor into elemental control volumes, as shown in Figure 1.

Figure 2 shows a schematic diagram of the local transport phenomena within the three fluids inside the gas-liquid
contactor. In wetted areas, heat transfer occurs between air and solution, between solid walls and liquid solution,
and between the solid wall and the cooling/heating medium flowing within the tubes, whereas mass transfer occurs
between air and solution. In dry areas, heat transfer occurs between the air and the solid walls, and between the
solid walls and the cooling/heating medium flowing within the tubes. Additionally, the possibility of direct
dehumidification due to water vapor condensation on the dry areas is accounted for.
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Figure 1 — Three-fluid gas-liquid contactor. Figure 2 — Schematic diagram of the (a) heat and mass transfer
on a wetted wall and (b) heat transfer on a dry wall.

The formulation of heat, mass, and momentum conservation, along with the constitutive correlations is described
by Varela et al. [2], where a validation of the numerical results is also presented.

2.2 Optimization

The objective function to be optimized through the evolutionary search of genetic algorithm (GA) is the volume
of the gas-liquid contactor, which is to be minimized for a given dehumidification duty. The optimization
parameters are height H, width W, and depth L, which are related to the size, and mesh_x for the number of
horizontal pipes, mesh_y for the number of vertical pipes, mesh_z for the number of fins, and D_o for pipe

2 107



TU Berlin August 22" to 25% ISHPC 2021 #85

diameter, which are related to the internal structure as shown in Figure 3. Table 1 shows the search range for
design each parameter determined so as not to be an unrealizable search range.

Table 1 — Search range of the design parameters L
/ mesh_y
Design parameter Search range A
L 0.08~0.2 m
w 0.08~0.2 m
H 0.3~0.6 m H
mesh_x 10~12(2 each)
mesh_y 17~30
mesh_z 23~36 v
D_o 3~5mm W\‘

Figure 3 — Design parameters

Constraints are set to ensure that the outlet air absolute humidity is lower or equal to 10.46 g/kg(D.A.).
Additionally, the value of the fan power and pump power are set to 1.83 W or less, to control the maximal pressure
drop of the air and cooling/heating medium. These values are selected from the experiment data of the actual three-
fluid liquid desiccant air conditioning experimental equipment.

Table 2 shows the external conditions set when performing the optimization calculation. The case of
dehumidifying operation is investigated when external conditions representative of summer in Tokyo are assumed.
As for the optimization method, in this study, continuous parameters such as size and discrete parameters such as
the number of fins are mixed and optimized, the use genetic algorithm (GA) is suitable for handling variations of
parameters with such different characteristics when searching for the optimal solution. The elite selection method
was used for the generational change algorithm, and Kobayashi’s [8] Real-Coded Ensemble Crossover (REX) was
used for the crossover algorithm.

Table 2 — External/operating conditions.

Conditions Parameter Value
Temperature T, 34°C
Inlet air Humidity ratio x, 19.5g-kg(D.A)™!

Mass flow rate 7, 0.0337881kg-s™!
Temperature T 17.5°C

Inlet solution IL mass fraction Xj;, 75%
Mass flow rate ring 0.06kg-s™ !

Inlet cooling Temperature T, 17 °C

water Mass flow rate M, 0.1kg-s™t

3 Results

Figure 4 shows the process of searching for a solution by GA. The volume is converging as the search progresses.
Figure 5 illustrates the actual gas-liquid contactor experimentally tested in Sato et al. [9] as a benchmark for the
comparison with the volume of the optimized gas-liquid contactor. Table 3 lists the geometrical characteristic of
the experimental and calculated cases. It is possible to reduce the volume of the contactor by 53% compared to
the original size of the contactor at the selected conditions.

The optimized contactor features a length L less than half than that of the actual contactor, which caused a
significant reduction in the size of the actual contactor. On the other hand, the number of fins increased to have
sufficient transfer area for achieving the same dehumidification rate. Overall, the resulting change in these two
parameters results in a higher wetting rate. Also, as the number of fins increases, the fin pitch becomes narrower.
Therefore, it is expected that the air flow path will be narrower and the fan power will be increased. However, by
reducing the pipe diameter, and increasing the height of the contactor, the original air flow path is restored and the
fan power is prevented from increasing. On the other hand, when the pipe diameter is reduced, the friction of water
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within the tubes is expected to increase, and the pump power would increase. However, as the pump power is
relatively small compared to the fan power, the total power is balanced by a minimal variation on the fan power.
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Figure 4 — Process of searching for a solution by GA.

Solution 0.0837 m
O-Em/L P 26.9]___‘ )
1 mm || |
3 % all
0.538 m
0.4m 2.6mﬁ
Cooling
water ! % |
0.1 m~ 0.0838 m™x
(a) b
Figure 5 — (a) Actual three-fluid contactor (b) Optimized three-fluid contactor.
Table 3 — Quantitative comparison of the actual and optimized three-fluid contactor.
Experimental contactor Optimized contactor
Volume 0.008 m3 0.00379 m3
Power 1.83 W 1.83 W
Fan power 1.71W 1.26 W
Water pump power 0.12W 0.57W
Wetting ratio 63 % 71 %
Tube diameter 7.38 mm 4.74 mm
Vertical tube 17 20
Horizontal tube 5 6
Fin 23 32
Vertical tube pitch 23.5 mm 26.9 mm
Horizontal tube pitch 20 mm 7.0 mm
Fin pitch 4.3 mm 2.6 mm

4 Conclusions

A design optimization method for a three-fluid IL desiccant contactor is investigated using GA for minimizing the
volume of the device while achieving a given dehumidification rate. As a result, it was clarified that it is possible
to realize the same dehumidification rate while reducing the contactor volume by 53 % without increasing the
total power for circulating the three fluids. The results contribute to overcoming cost and size limitations for the
practical application of liquid desiccant technologies not only for industrial-scale application but also for
residential applications. This will lead to a less expensive and smaller liquid desiccant air conditioning system,
which will facilitate highly efficient humidity control and is expected to provide both comfort and energy savings.
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Abstract:

The cold production in a NH3-H>O absorption machine requires the use of a rectifier to remove traces of water in
the ammonia vapor produced. The quantity of water to be removed mainly depends on the type of generator and
its geometry. The present modelling work investigates the behavior of a flat plate falling-film combined generator,
associating vapor generation and vapor purification functions, producing sufficiently pure ammonia vapor, not to
require a rectifier at its output. A numerical model is developed to describe the heat and mass transfers within the
combined generator. It implements correlations from the literature, balance equations and equilibrium conditions
at the liquid-vapor interface. A combined generator prototype is implemented into a NH3-H>O absorption chiller
of 5 kW cold capacity. Comparison between the experimental and numerical data shows good agreements,
validating the developed model in normal ranges of operating conditions.

1 Introduction

Absorption machines are interesting for cold production compared to conventional vapor compression machines
when abundant and cheap heat sources are available at medium temperature (20°C — 30°C) for heat rejection, and
at high temperature (80°C - 180°C) for heating. The often-used couple NH3-H,O takes advantage of high-pressure
operating conditions, and is favorable to internal transfers and compactness of the system. However, absorption
chillers require the use of a rectifier at the generator outlet in order to eliminate water traces in the ammonia vapor
produced. The heat lost by the rectification process affects the coefficient of performance of the NH3-H,O
absorption chillers, which is lower than the one of H,O-LiBr machines. It is all the more important as the fraction
of water in the vapor at the exit of the generator is important. Combination of vapor generation and vapor
purification in a single component is an interesting ideal solution, which allows reducing operating costs and at
the same time avoids the need of separations bottles and pipes at the generator outlet. Flooded desorption column
combining generation and rectification of NH; vapor as developed for example by J. Golden [1] enable this, but
the compactness of such components is relatively low.

The fraction of water in the vapor at the exit of the generator mainly depends on the design of the generator used.
Falling-film plate generator is a profitable configuration limiting the water fraction in the vapor produced, by
taking part of the liquid-vapor equilibrium along the exchanger. They have high thermal efficiency, flexibility,
reduced cost and can reach a desired efficiency by adjusting geometry [2] [3]. Their use also improves the
absorption chiller compactness since no additional components are needed for phase separation. The counter-
current flow configuration (ie. when the ammonia solution flows downwards while the vapor rises up from the
combined generator bottom to the top) shows better performance compared to the co-current configuration [4].

The purpose of the study is to develop a new combined generator, integrating vapor generation and vapor
purification functions that generates sufficiently pure ammonia vapor, not to require a rectifier at its output. This
falling-film and plate exchanger is developed for a NH3-H>O absorption chiller of about 5 kW of cold production.
The combined generator performances are evaluated through a numerical model and experiments. We investigate
the impacts of different inlet parameters and validate the numerical model by comparison to the experimental data.

2  Fundamentals

2.1 Combined generator design
The combined generator is composed of two sets of vertical plates (heated and adiabatic), involving falling-film.
In the upper part, the ammonia-water mixture with a high concentration of ammonia is injected into a distributor
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and spread over the adiabatic plates. Then, the solution flows downwards along heated and grooved plates,
arranged perpendicular to the adiabatic plates. In this heated part, the heat transfer fluid (HTF) flows in counter-
current mode compared to the falling-film. The vapor generated circulates from the bottom to the top of the
exchanger, and interacts with the falling-film flowing along the adiabatic plates. Its partial reabsorption by the
solution reduces the fraction of water it contains and thus purifies it.
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Figure 1 — Combined generator geometry and heat and mass transfers involved.

2.2 Numerical model developed

A 1-D model of NH;3-H,O falling-film heat exchanger was developed, based on the previous work of Triché [5],
to calculate the heat and mass transfers, the balance equations and equilibrium conditions at the interface between
the falling-film and the vapor flow. Compared to Triché [5], we improve the robustness of the model resolution
by implementing a new numerical method, allowing the simulations in both co and counter-current configurations.
We can also simulate both absorption and desorption processes, which occur in the new combined generator [4].

3 Numerical model results
3.1 Nominal operating conditions
The falling-film combined generator design is presented Figure 1. The NH3-H>O solution flows within 4 mm thick

grooves insuring negligible head losses in the vapor phase, while vapor pressure is assumed to be imposed by the
saturation pressure at the condenser.

Figures 2a and 2b show the evolution of the temperature and the ammonia concentration according to the position
inside the combined generator. The inlet conditions are chosen according to the operating conditions of the
absorption chiller prototype, with a pressure of 12 bar. The solution enters the heat exchanger superheated (+1.5°C)
compared to the saturation condition.
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Figure 2 — Temperatures and ammonia concentrations evolutions along the combined generator for
nominal case.
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The HTF enters at the bottom and heats the ammonia-water solution along the heated part of the combined
generator. The solution falling-film is heated by the HTF at the wall, and cooled at the liquid-vapor interface
because of evaporation process. At the interface, the liquid and vapor phases are at equilibrium. The interface
temperature 7;depends on the pressure and on the ammonia fractions in both liquid and vapor phases x; and y;. The
vapor flow rate is zero at the bottom, and vapor temperature at that position corresponds to the interface
temperature 7;. The vapor temperature 7y along the exchanger depends on the temperature of the interface where
it is generated and on the temperature of the vapor produced upstream with which it mixes. This explains the
decrease of Ty from bottom to top while remaining above the interface temperature 7;. At the inlet of the combined
generator, the solution is superheated, then at the outlet of the injecting flutes (see Figure 1) it undergoes a “flash”
desorption, resulting in a sudden drop of the solution temperature 7} to the equilibrium temperature 7;. The solution
stays in equilibrium condition until the end of the adiabatic part.

Along the heat exchanger, the solution ammonia concentration x; decreases by desorption process with a light
slope in the adiabatic section from 0.58 to 0.575 and a stronger slope in the heated section, to reach 0.43. Due to
the decrease of the interface temperature from bottom to top along the vapor flow, the water fraction in the vapor
flow decreases. The vapor ammonia fraction is then minimum at the bottom of the combined generator, where it
is equal to the equilibrium fraction at the interface yy=0.968. Then it increases along the exchanger to reach 0.983
at the outlet of the heated part and becomes maximum at the top of the combined generator, where yy = 0.988.

4  Numerical model validation

4.1 Inlet parameters

The new combined generator prototype is implemented in a NH3-H,O absorption chiller available in our
laboratory. For the experimental set, Table 1 presents the ranges and the nominal operating conditions of the
absorption chiller, with the values of the temperatures and the mass flow rates at the inlet of the external circuits
and of the rich solution at the combined generator inlet.

Table 1 — Ranges and nominal operating conditions of the external circuits and the rich solution.

Combined generator ~ Absorber/Condenser  Evaporator ~ Solution

Nominal Temperature [°C] 95 27 18 -
Mass flow rate [kg.h''] 1600 1230 1100 100

Range Temperature [°C] 80 - 106 22 -28 16 -22 -
Mass flow rate [kg.h'!] 600 - 1800 1230 1100 80-115

A total number of 37 tests were led with different inlet operating conditions. The measured values of the HTF and
of the rich solution temperatures (Tcg, Trs), the mass flow rates (7icg, ritrs), the ammonia concentration of the rich
solution (xzs), as well as the pressure (P) at the inlet of the combined generator are used as input values for the
numerical model. The results of the simulation are then compared to the measurements.

Figure 3 compares the measurements of the heat supplied to the combined generator (Qcg) with the results of the
modelling. The model overestimates the heat supplied. The deviations between the experimental and the numerical
values are less than 20% for 76% of the values. The experimental uncertainties are included between 2 to 7% of
error. The deviation between experiment and modelling can be attributed to wettability and distribution problems.
Some extreme deviations (detailed in Figure 3, between 20% and 40% of error) correspond to the following cases:
high inlet rich-solution mass-flow rate (sizrs > 105 kg.h™!), high inlet HTF temperature at the absorber (7,5 > 28°C)
and low outlet HTF temperature at the evaporator (7., < 13°C). At these extreme conditions, the inlet solution
temperature is super-heated by more than 4°C vs. the saturation condition.

Figure 4 represents the calculated mass flow rate of the generated vapor exiting the combined generator as a
function of the measured mass flow rate. The relative deviations between the experimental and the numerical
values are less than 20% for 70% of the values. The numerical model overestimates the refrigerant mass flow rate
produced. As for the heat supplied (Figure 3), the extreme deviations correspond to extreme inlet operating
conditions of the absorption chiller.
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Figure 3 — Numerical heat supply at the combined  Figure 4 — Numerical mass flow rate of the generated
generator vs. the measured heat. vapor vs. the measured vapor mass flow rate.

Figure 5 compares experimental and numerical temperatures differences of the HTF, the solution and the vapor
between the inlet and outlet of the combined generator. The HTF temperature decrease is included between 4°C
and 15°C, and is slightly overestimated (~1°C) by the numerical model, probably because of wettability and
distribution impacts. The falling-film solution temperature increases between 13°C and 30°C along the heated
plates. The highest deviations appear when the HTF mass flow rate is low (sizcg < 800 kg.h™!). For the vapor, the
difference of temperature is calculated between the outlet temperature of the liquid, at the bottom of the combined
generator (where the generated vapor appears first) and the outlet temperature of the vapor exiting at the top of the
combined generator. The vapor temperature decreases along the plates between 8°C and 30°C experimentally, and
between 12°C and 23°C numerically. The highest deviations between the model and the experiments appear when
the inlet operating conditions are extreme: low mass flow rate of the HTF (rizcg < 800 kg.h™!), low temperature of
the absorber (7us < 25°C) and high temperature of the combined generator HTF (7¢g > 100 °C).
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Figure 5 — Comparisons between numerical and experimental temperature differences.

5 Conclusions

Performances of a combined generator falling-film plate exchanger for NH3-H>O absorption chillers is studied
through simulations and measurements. The results show a good agreement between the numerical and
experimental data, with less than 20% of error when the inlet operating parameters are not in extreme conditions.
When the combined generator replaces the boiling generator and the rectifier initially implemented in the
absorption chiller, the coefficient of performance increases by +0.1, because there is no need of a rectifier. Further
works are needed to analyze the experimental data in order to have a better understanding of the physical
phenomena occurring in the combined generator and thereby to improve the model accuracy.
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Abstract:

Research on Sorption Thermal Energy Storage (STES) is conducted in our laboratory. In this paper, we
discuss the modeling of heat transfer from a fluid flow tube heat exchanger to a sorbent bed containing activated
carbon and methanol. In order to calculate the heat transfer, the finite differences numerical method is selected,
aiming to determine the optimum mechanical design of the heat exchanger for seasonal or daily thermal energy
storage systems. The numerical model shall comply with different heat exchanger configurations, such as tube
banks, inline or staggered, helical tubes, finned tubes, and more. Finally, preliminary results are presented and
discussed. Future work will include further development of the model and the construction of a demonstrator,
which shall validate the model.

1 Introduction

Many pieces of research are published in the field of sorption thermal energy storage [1-3]. The most common
working fluids are water and methanol [1,2], where many adsorbents are considered [2,4], such as activated
carbons, silica gels, zeolites, and other sophisticated materials [9].
Our research focuses on optimizing the mechanical design of the heat exchanger, for any adsorbent — adsorbate
pair. Some examples are a tube bank heat exchanger [2], or a honeycomb heat exchanger [8]. The current research
is based on our experience in modeling heat and mass transfer of sorption machines [5-7], and our capabilities in
measuring thermal properties of sorbent beds.

2  Method

2.1 Heat transfer modeling

The numerical model aims for optimizing different fluid heat exchangers, such as tube banks, inline or
staggered, helical tubes, finned tubes, and more. By calculating the radial affected area from a single tube and
thruogh axisymmetry constructing a tube bank. Fig. 1. Shows two types of tube bank heat exchangers: inline and
staggered. The figure also shows radial areas around every tube, which covers the majority of the entire volume.
These circled areas around the tubes refer to the affected area by the tubes. The circled areas in the inline
configuration equal 78% of the total rectangular area (sorbent bed) , and for the staggered configuration this ratio
is 80%. Therefore, we decided to model the complex heat exchangers, which will be considered down the road of
our research, by a single tube model, with a cross-section view shown in fig. 2.

e o @ 0 @ Tube

HTF

Lo e o o | Affected area
e ! e | e @ by a tube

Figure I Inline and staggered tube banks, including the radial affected area of every tube
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Aiming for the temperature distribution around a tube, in which a heat transfer fluid (HTF) flows, the following
cylindrical energy balance has to be solved:

etk b D)4 ) b "

Where p is the density (kg/m?®). c is the specific heat capacity (J/kg-K). T is the temperature (K), ¢ is time (s), & is
the conductive heat transfer coefficient (W/m-K), » and z are the radius and length of the heat exchanger (m),
respectively, and Ggep is volumetric internal heat generation (W/m?), which for the adsorbent sections equals the

adsorption and desorption heats.

Sorbent bed

Figure 2 A cross-section view of the heat exchanger

A two-dimensional numerical heat and mass transfer model is being developed and implemented in a
Matlab™ code. The model is fully parametric to comply with various design options. The current model is based
on the finite differences method for predicting the temperature distribution by dividing the heat exchanger into a
predefined number of elements, see fig.3. Every element acts as a lumped capacity with the ability to absorb or

generate heat. The numerical energy balance for each element is:
TP.—1P
|yl

At ij . .
’]‘ip]_"'l =TP -+ m(hin - hout) + qgeni’j ' Vi.j (2)

BT cipi Vi Rij
Where i & j represent the element coordinates (see figure 3.), At is the size of the time step (s), p is the number
of time steps, V is the volume of an element (m?), and 1 is the mass flow rate (kg/s), which is valid only for the
HTF elements. R; is the thermal resistance between any pair of elements in contact (K/W), which consists of
conduction, convection, and contact resistance. 4;, and /.., are the enthalpies of the incoming and outgoing HTF

flow, respectively.
The size of the time step (At) is determined according to the minimum ratio between the heat capacity and thermal
resistances among all the elements:

Cij

1
Z(Rij) min

At = Aty = 3)

Where C is the heat capacity (J/K).

2.2 A test case

In this paper, a single test case is presented. The HTF is liquid water, flowing in a copper tube, which is
surrounded by activated carbon. The edge of the heat exchanger is connected to a stainless-steel vessel. The
material properties are provided in table 1 and the physical dimensions and the flow properties are provided in
table 2. The Reynolds number equals 45.6, therefore the flow is laminar, the Prandtl number equals 3.42 and the
Nusselt number equals 3.66. The initial temperature of the system is 300 K and the HTF enters the heat exchanger
at a constant temperature, which equals 350 K.
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Table 1 Material properties

Water Copper Sorbent SS316
Thermal conductivity (W/m-K) 0.645 395 0.416 54
Density (kg/m®) 1000 8933 250.11 7833
Specific heat capacity (J/kg-K) 4182 385 2285 465

Table 2 Physical dimensions

Outer Copper Heat Vessel Sorbent’s  Lengthof  Timestep  HTF flow
copper tube tube exchanger wall radial an element rate
diameter thickness length thickness thickness
(mm) (mm) (m) (mm) (mm) (mm) (s) (g/s)
6.35 1.2 3 4 15 30 0.0748 0.24
| Vessel
r 1 A\
. — A Point ¢ =)
Point a [T I
1=n 1 1 1 1 1 1 1 1 1 1 1
CCTTT T T T T T T T T AT T ¢
Sk
Sorbent bed - > L r 1= q=a-—-=F-F-r=1-3-—---| &
. L _L_Ll_ _J__I__I__L_L_L_J__l__?
1=3 1 1 1 1 1 1 1 | | | |
. bk Rl bl Tl il il il et Bl b
Copper tube - > 1=2__:_ L o oty Ty o it e
1 1
HTF — > i=1 1 : 1 : [ T TR T T T | ? X
‘ g dx<_ ‘ g
Point b Pointd

Figure 3 schematic cross-section of the heat exchanger

3  Results

Fig. 4 shows the temperatures at points a, b, ¢, and d (see fig.3) as a function of time. In addition, the
average sorbent temperature (AST) as shown, which is calculated by:
Tis X7t TiVis

n m-—1
i=32j=1 Vij

AST = 4)

The results in fig.4 show that an AST of 312 K is obtained after 130 minutes, and the temperature
distribution in the sorbent bed is expressed by the temperatures of points a, b, and c¢. Point d indicates the
temperature of the HTF which leaves the heat exchanger. When this temperature reaches the inlet HTF
temperature, one shall conclude that heat is no longer transferred from the HTF to the system. The calculated
temperature distribution allows determining the pressure in the vessel, by the adsorption isotherms of the
adsorbate-adsorbent pair. In addition, the adsorption isotherms are used to evaluate the heat of adsorption and
desorption, which can be incorporated into the numerical model.

4  Conclusions

Sorption thermal energy storage systems have much potential for short terms and seasonal applications,
with high energy density, relative to sensible and latent heat storage systems. Our research aims to develop a
simple numerical model for describing a large range of heat exchanger configurations and to allow the optimization
of the mechanical design for every application. The model is fully parametric, and is, therefore, suitable for any
working pairs, any size scale, and operating conditions. Preliminary results are presented and discussed, to describe
the predicted capabilities of the model in our future work.
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Abstract:

The development of low-carbon heating technology contributes to realizing energy conservation, emission
reduction and carbon neutrality. Adsorption thermal storage using open sorption bed to handle moisture water in
the air was considered as one of the most promising thermal storage technology, commonly adopts air forced
convection strategies to overcome the high pressure drop in the high energy density packed system, which
consumes additional energy for adsorption dynamics enhancement. Herein, a passive adsorption heat release
process using chimney effect was demonstrated by a proof-of-concept experiment and corresponding numerical
simulation. A single channel adsorption module with different heights was established and studied. The
experiment results with a short length of adsorption bed show that, a temperature lift of 2.5 °C between outlet
and inlet occurs due to the adsorption heat, and with the increase of height, a larger temperature lift and more
steady temperature output can be obtained. In order to further investigate the chimney effect of the adsorption
heat release process, a numerical simulation is carried out. The results confirm that the temperature lift can be
improved by increasing the height of adsorption channel, and further demonstrate the performance of
temperature, relative humidity, and air velocity due to chimney effect.

1 Introduction

Since thermal energy accounts for a large part of the total energy consumption in modern society, it is urgent and
necessary to deal with the “hard bone” by developing the low-carbon heating technology to realize the energy
conservation, emission reduction and carbon neutrality around the world [1-2]. Energy storage technology can
accurately regulate and match the supply and demand of thermal energy. Adsorption thermal storage, considered
as one of the most promising thermal storage technology in the field of energy saving and low grade heat
utilization, can realize ultra-high thermal storage density, long period, safe and controllable thermal storage
process [3-4]. An adsorption thermal storage system could be designed as an open-looped adsorption process
that captures water vapour and at the same time, release adsorption heat to the surrounding air.

For the active adsorption system design, which is the mainstream research for adsorption thermal storage, the
pressure drop along the air transport channel is usually high to realize a higher thermal storage density [5].
Meanwhile, the high power density must be achieved by way of air forced convection to strengthen the heat and
mass transfer during the adsorption heat release process, and therefore, additional energy are needed for
adsorption dynamics enhancement in the system [6]. To reduce the energy consumption, in recent years,
researchers pay more attention to the optimization of the air flow distribution and diffusion path. Several typical
structures are developed, such as module reactors separated by diffusion paths, segmented reactors, open-
adsorption pipe reactors and honeycomb-like consolidated adsorbent reactors [7-8]. However, such Active air
supplying strategies achieve good performance of increasing heat and mass transfer at the expense of noise and
extra energy consumption, which limit their applications in the field with strict requirements on space and
weight. In this way, a passive adsorption system is much attractive and worthy.

Herein, a zero-energy-consumption adsorption heat release process using chimney effect was demonstrated by a
proof-of-concept experiment and corresponding numerical simulation. To date, it is desirable but remains a great
challenge to investigate the contribution of chimney effect to the performance of adsorption heat release process.
Therefore, in this paper, a single channel adsorption module with different heights was experimentally

1 120



TU Berlin August 22" to 25™ ISHPC 2021 #90

established and studied, followed by a numerical simulation for further investigation of the chimney effect of the
adsorption heat release process.

2  Method

2.1 Experimental Set-up

Considering that the chimney effect needs a rising channel in the same direction as gravity, a proof-of-concept
module unit with a vertical air flow channel was designed and constructed. As shown in Fig. 1, the module unit
consists of a cylindrical metal screen, a circular glass tube with an insulating cover, and an air flow channel
between the mesh and the glass. The mesh screen with a diameter of 7 mm is used to hold adsorbents. The
circular glass with two open ends acts as a side wall to form a vertical air flow channel. The module unit was
placed 5 cm above the ground to allow the free convection of air. Considering the direction of buoyancy, the
bottom end of the air flow channel is set as the air inlet, while the top end is set as the air outlet. Zeolite 13X
with a diameter of 1.5 mm was selected as the adsorbent material. The adsorption module unit is placed inside
the acrylic glass-made windshield to prevent the interference by external air convection.

Both of the temperature and humidity were measured using K-type thermocouples and high-precision
hygrographs. All the measuring instruments have been calibrated. The zeolite particles are dried in the drying
oven at the temperature of 150 °C over 8 hours, and then cooled to room temperature before filled into the device.
During the experiment, the inlet and outlet temperature, 7; and 7,, and relative humidity, RH; and RH,, were real-
time monitored to evaluate the performance of adsorption heat release process. The experiment began to record
the data after filling adsorbents into the module unit. Three different heights of the module unit, 10 cm (Case 1),
15c¢m (Case 2) and 20 cm (Case 3), were introduced to test the influence of height to the performance.

)

Warm dry air

Cold moist air
Fig. 1. (a) The experimental set-up of the adsorption module unit; (b) a schematic diagram of the chimney effect
during the adsorption heat release process.

2.2 Numerical simulations

In order to further investigate the performance of chimney effect induced by adsorption heat, a numerical
simulation was carried out. The non-energy-consumption heat release process of the module unit was simulated
using a self-developed 2-dimenstional simulation model. A cylindrical computational domain with open
boundary conditions was established to calculate the thermal behavior of the storage unit and its surrounding air.
For model simplifications, the transient simulation of water adsorption of dry adsorbent was conducted at a
constant ambient temperature of 15 °C and relative humidity of 80%. The side wall of the air flow channel is set
to the adiabatic condition. The heat capacity of the mesh screen and glass is neglected. Some important input
parameters of adsorption kinetic and thermodynamics are diffcult to test at the laboratary level. Therefore, some
empirical formula and hypothesis are used in the simulation modeling.

The governing equations of the model coupling heat and mass transfer were derived from the Ref. [9].

(1) Mass balance equation

op Oc l-g, dgq (1)
—+V-(m)=0, —+u-Vc+V-(-DVc)+ —=0
o (a) ot ¢ ( ) & Prai

The above equations represent the overall mass balance and water vapor mass balance, respectively. p, ¢ and p,
is the density of moist air, concentration of water vapor and the density of zeolite 13X, respectively. u is the air
velocity, D is the diffusion coefficient of water vapor, & is the porosity of the adsorbent, g is the adsorption
capacity.
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(2) Momentum balance equation
P2 V=V | <l (Tu) )2 5 )| - g =0 @

The above equation consists of the convection term, diffusion term, pressure gradient and gravity term. p, x4 and
g is the local pressure, the viscosity coefficient of moist air and the gravity coefficient, respectively.

(3) Energy balance equation
pcp%+pcpu-VT+V-(—kVT)—(1—gb)pp%AH=0 (3)

The terms from left to right on the left side of the equation are the total heat capacity, heat convection, thermal

conductivity and the released adsorption heat, respectively. ¢, is the specific heat capacity of the gas or zeolite
13X, and £ is the thermal conductivity.

(4) Sorption kinetics model
d
ﬁszDF(qeq _(*I) )

This equation is a generally employed LDF (linear driven force) model, where kzpr is the kinetics coefficient,
and q., is the equilibrium sorption capacity.

(5) Isotherms model

_ Gua(00,)” (5)
)"
The water isotherm of the adsorbent is calculated by Langmuir-Freundlich model, where p. is the local water
vapor pressure, gmax is the maximum adsorption capacity of the adsorbent material.
The characteristic properties of Zeolite 13X, including adsorption kinetics and thermophysical properties,
together with the moist air environment were employed based on Ref. [4].

3 Results
3.1 proof-of-concept experiments

Fig. 2 shows the evolution of the temperature characteristic and the temperature lift (A7) calculated by 7o-T;. For
Case 1, AT reached its maximum with the release of adsorption heat during the initial adsorption stage. With the
weakening of the adsorption driven force and reduction of the adsorption heat, 7; gradually decreases and this
indicates the decline of output thermal power capacity. The maximum temperature lift of Case 1 is 2.5 °C. Case
2 also performs a similar phenomenon.
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Fig. 2. The evolution of the temperature characteristic for (a) Case 1; (b) Case 2; (c¢) Case 3; and (d) the
temperature lift comparison of three cases.
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For Case 3, the result shows a different trend, experiencing an initial adsorption stage of decreasing first and then
rising. It is also found that a temperature plateau of AT appears as the height of the module unit increases to 20
cm, which indicates a more steady heat release process. This can be explained that, with longer height, the
beginning heating-up stage will lasts for a longer time because more adsorption heat released should be used to
warm up the upper adsorption bed and walls. Besides, the amount of adsorbents increases with the height, thus
extending the thermal power time. The maximum A7 of Case 3 reaches 3.2 °C.

3.2 Numerical simulations

Fig. 3 shows the temperature and velocity field of air within the computation domain and the evolution of outlet
temperature, RH and velocity characteristics of the outlet air. The chimney effect induced by released adsorption
heat is demonstrated and clearly shown in Fig. 3(a). The blue arrows with different dimension and direction
represent the local air velocity. Due to some model simplifications and assumptions, the simulation value of
temperature lift is higher than the experiment results. However, the trend of the temperature lift increased with
the height of the module unit is still consistent with the experiment. RH, decreases sharply at the beginning as
the adsorption starts, followed by a slow rise because of the decline of adsorption capacity. The velocity of air
flow shows a similar curve with the temperature characteristic, which indicates that the cause of chimney effect
in the adsorption process is the temperature difference induced by the released adsorption heat. The air velocity
of natural convection is small, which makes it difficult to correctly measure the air velocity by experimental
methods. Through the numerical simulations, the performance of temperature, relative humidity, and air velocity
due to chimney effect is clearly demonstrated. Besides, the correlation between temperature and velocity of air
provide a valuable reference for further experiments.

(@) °c (b)
40
i 27 =10 cm
25 %) 20 cm
23 s 307
2
L=10 cm 21 s
2 20
-9
19 E
17 =
z
g ix | 15 10 . T
0 100 200 300
(c) d) Time (min)
100 0.08
@ w10 cm
< 80 - 2 0.06 - 20 cm
iy w10 cm e
E 60 4 20 cm :
E £ 0.04 A
= 40 - 3
£ G
E 20 - » 0.02
=3
3 |
&0 - r T 0 T T i
0 100 200 300 0 100 200 300
Time (min) Time (min)

Fig. 3. (a) The temperature and velocity field of air within the computation domain; (b) the evolution of
temperature, RH, and velocity characteristics of the outlet air.

4  Conclusions

Herein, a zero-energy-consumption adsorption heat release process using chimney effect was demonstrated by a
proof-of-concept experiment and corresponding numerical simulation. The experiment results with a 10-cm
length of adsorption bed show that, a significant temperature lift of 2.5 °C is observed and with the increase of
height, a larger temperature lift and more steady temperature output can be obtained. The simulation results
indicate that, by adjusting the height of natural convection adsorption bed, the temperature lift could be
adjusted. The performance of temperature, relative humidity, and air velocity due to chimney effect is clearly
demonstrated. In a further study, we might focus on the strategies to obtain an optimized performance of a
large temperature lift and stable output. The temperature lift could be improved by increasing the height of
adsorption channel. The air volume could also be regulated through the cross-section size of adsorption bed
and flow channel. The natural convection performance of adsorption heating could be further improved by
selecting superior adsorption materials. In this way, the actual heating demand of a practical adsorption
thermal storage system, which is 15~20 °C to be heated to 30~35 °C, can be achieved through the passive
adsorption heat release process.
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Abstract:

The investment costs and compactness of absorption heat pumps are largely determined by their heat exchangers.
According to the state-of-the-art, tube bundle heat exchanger are commonly used in large capacity heat pumps and
chillers. Aiming at implementation of compact units, the utilization of falling film plate heat exchangers as main
components of the absorption heat pump, i.e. evaporator, absorber, condenser or generator, is investigated in the
present study. Emphasis is placed on the analytical calculation of the pressure drop in the channels of the heat

exchangers. For a conventional plate heat exchanger configuration operating at a saturation temperature of 10 °C,
a reduction of the thermal duty up to 25 % due to pressure losses in the vapor flow has been found. In order to
alleviate the negative influence of the pressure drop, an innovative concept is presented, where the vapor enters or
leaves the heat exchanger through an opening orthogonal to the plates.

Keywords: plate heat exchanger, absorption heat pump, pressure drop, falling film evaporator

1 Introduction

Absorption heat pumps [1] using the working pair water/lithium bromide (H,O/LiBr) operate at very low pressure
conditions. Adding small portions of LiBr to the refrigerant in the evaporator expands the operational range of the
absorption heat pump down to -10 °C, which corresponds to a saturation pressure in the evaporator of
approximately 0.3 kPa. As under these conditions fluid temperatures at vapor-liquid equilibrium vary largely with
pressure, the pressure drop in the evaporator is a decisive factor for the performance of the whole system. Whereas
in conventional H,O/LiBr-heat pumps the falling film heat exchangers are formed by tube bundles, a plate heat
exchanger (PHE) is the object of interest in the present work. The pressure resistance in the channels of the PHE
is determined by analytical calculations and the effect on the performance of the system is analyzed. Afterwards,
an innovative design of the falling film evaporator is presented, which enables the vapor to leave the evaporator
through an opening orthogonal to the plates. This configuration shall avoid the entrainment of droplets by the
refrigerant vapor and offers reduced pressure resistance along the flow path of the vapor.

2 Analytical model for the pressure drop in a plate-type evaporator

The analytical calculation of the pressure drop is conducted for a typical falling film plate heat exchanger operating
as an evaporator. Its schematic is presented in Figure 1. The liquid refrigerant enters the evaporator on the top and
flows down along the plates driven by gravity. The interaction of the vapor flow with the falling film is neglected.
Only the situation of the vapor phase is modelled.

The falling film on the secondary-side of the heat exchanger receives heat from the counter-flowing primary-side
heat transfer medium, resulting in evaporation of a certain portion of the liquid film. In a conventional falling film
plate evaporator, the vapor follows the channels formed by adjacent plates and leaves the heat exchanger block
via the lateral cross-section. In general, the pressure drop of the vapor during its passage Ap contains both the
pressure change caused by friction Apy,; and the dynamic pressure drop Apg,,, resulting from acceleration of the
vapor flow with decreasing density [2, 3].

1
= Apfric + DPgyn-= = { pp U2 + pp (V2 — V2
L
Ap pr‘lC pdyn 2 Pv Pv Vout n) (1)

Considering a rectangular cross-section of the channels, the pressure loss coefficient { is determined with the
length of the channel [, the hydraulic diameter dj,, the friction factor A and a correction factor k..

l
{ =kpec A Z 2

The friction factor A depends on the present flow regime, i.e. laminar or turbulent flow, and is calculated by
established correlations [3]. The correction factor k,... [2] depends on the aspect ratio of the channel a,/b, and
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on the flow regime. Considering a narrow channel, where ay, > by, the correction factor for a laminar flow is
kreciam = 1.5 and that of a turbulent regime is ky¢¢ 1,y = 1.1.

Falling Film
A-A .
y Plate Falling film
Ry 7 Heat transfer medium Vapor /
Vapor | /
LR l> 1
TS
LR l>
A |A by
Qo | o k=D IS
LR ->
I l

l

Figure 1 — Schematic of the falling film plate evaporator

Neglecting the transfer of sensible heat in the evaporator, the vapor mass flow can be determined as follows.

Q

My tor = Y 3)
P

Ahgyqp denotes the enthalpy change from evaporator inlet to outlet, taking into account the throttling loss at the
inlet to the evaporator. The heat, which is transferred from the heat transfer medium to the refrigerant, is calculated
with the heat transfer area of the evaporator 4, its heat transfer coefficient U and the logarithmic mean temperature
difference LMTD.

Q=UALMTD @)

To take into account that the vapor mass flow increases along the length of the channel [, the plate is divided into
n elements, according to Figure 2. For each element, the vapor mass flow m;, velocity v;, friction factor A;,
correction factor K, ;, pressure loss coefficient ¢; and finally the pressure drop Ap; are determined. The total
pressure drop of the evaporator is obtained by the sum of the resistances within each element.

Apior = X Ap; (5)

Ay, my, Uy, Rey, Ay, Krecis Cio ADfric,i APayn,i

Figure 2 — Discretization of the evaporator

Assuming vapor-liquid equilibrium during evaporation, the saturation temperature of the boiling refrigerant will
vary along the flow channel depending on the determined pressure profile. Figure 3 shows the temperature
distribution in the evaporator with the saturation temperature of the refrigerant T,,, the inlet temperature of the
heat transfer medium Ty, ;,, and the profile of its outlet temperature Ty, ,,¢. The pressure drop in the evaporator
leads to a decrease of the saturation temperature along the vapor flow channel. Consequently, the driving
temperature difference of the evaporation process and finally the transferred heat is diminished by AQ. Similar to
the calculation of the total pressure drop in the evaporator, the heat transfer area A is divided into finite elements
A; to quantify AQ. In order to determine its value, the trapezoidal technique was applied as follows.
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: 1
AQ; = U A; 5(ATs; + ATg ) (6)

Summing up AQ;, the total reduction of the heat transfer rate can be expressed as:
AQ =Y AQ; (7

The total heat transfer rate results from the heat transfer in each section, according to equation (4), taking into
account the lossesAQ;.

—Tch,in —Tchou =—Tsat

T/ PCl

—— L]

AT

UA | [KW/K]

Figure 3 — Temperature distribution in the evaporator

It is obvious that the reduction of the heat transfer leads to a lower vapor mass flow and therefore decreases the
vapor velocity in the channel. This effect is taken into account by modifying the vapor mass flow in each section
by the amount Am;.

. o AQ;
mi+1_mi_Ami_mi_h ®)
evap

Consequently, an iterative method has to be applied to calculate the pressure drop in the falling film evaporator
analytically.

3 Pressure drop and heat rate in a plate-type evaporator

The results of the analytical calculation are presented in Figure 4. To properly assess the results of the investigation,
the pressure drop is expressed as a fraction of the saturation pressure pg,; and the reduction of the transferred heat
as a fraction of the total heat transfer rate Q. The calculations are conducted for three different saturation
temperatures and a gap size of by = 4 mm between the two liquid films, covering the walls of the channel within
the heat exchanger. Increasing the gap size further would decrease the pressure drop, yet limitations set by the
manufacturing process are to be obeyed. The heat exchanger plates are assumed to be flat. Resorting to data of
typical applications, for the heat transfer coefficient U = 2 kW / (m? K) and for the driving temperature
difference LMTD = 2.5 K have been assumed.

, , ) 80 . .
=-10° Apt t =-10° . A
20 *Tsu = 10°Cp = =20 Fau 10,0 = &
aT,,~0°C Dsat T, =0°C Q
=10° 60 r —=10°
15 T, =10°C = T =10°C
=, i 1]
= =40
< e
< 4 L
20+ 1
0 J
0.1 0.2 0.3 0.4 0.5
1/ [m]

Figure 4 — Results of the analytical calculations: Relative pressure drop vs length of the evaporator (left);
relative reduction of the transferred heat vs length of the evaporator (right)
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Analyzing the graphs above, the importance of an optimum heat exchanger design in terms of flow resistance,
especially at low operating pressures, becomes obvious. At a saturation temperature of 10 °C, the relative pressure
drop does not exceed 6 %, equivalent to an increase of the saturation temperature by less than 0.9 K. Due to a
higher vapor velocity in the channel, the frictional pressure drop increases considerably at lower saturation
temperatures. Regarding a saturation temperature of -10 °C, the relative pressure drop amounts to 20 % at a
channel length of 0.5 m. In this chase, the saturation temperature is increased by approximately 2.3 K. While the
reduction of the transferred heat remains rather low at a saturation temperature of 10 °C, a huge relevance is found
at lower saturation temperatures. For a length of 0.2 m and a saturation temperature of -10 °C, the heat rate drops
by about 38 %, resulting in an increase of the required heat transfer area by about 60 %.

4  Geometric concept for an innovative falling film evaporator

In previous investigations [4—6], experiments were conducted to assess the performance of a falling film plate heat
exchanger as shown in Figure 1. As a common result, all experiments have revealed the problem of droplet
entrainment in the vapor flow. Yet, this phenomenon is not covered by the analytical calculation of the single-
phase vapor flow. In order to overcome this issue, an innovative configuration for falling film heat exchangers for
sorption heat pump cycles is proposed, where openings in the heat exchanger plates are provided, allowing the
separation of the liquid and the gaseous phase. As shown in Figure 5, the vapor leaves the apparatus orthogonally.

A-A
Falling Film . Plate Falling film
Heat transfer medium Vapor
h 2 \
4 7
...... > "4 rnnnnsn
v
. S1
Vapor [AFF\ I — -l S oo
P ; P
Allasf A —— | —
""" h | ao ITOTS H P TIITI
. ; [
< — . —
| N R m—
B . Sa
c

Figure 5 — Schematic of the innovative falling film evaporator — vapor leaves the evaporator orthogonally to
the plates

Deviating from the basic geometry shown in Figure 5, shape, position and size of the openings may vary from
plate to plate in order to achieve an optimum design of the heat exchanger stack with regard to the following
criteria:
e Reduction of the length of the flow path parallel to the heat exchanger plates in order to limit the pressure
drop
e  Merging vapor flows require a larger size of the openings towards the vapor outlet of the stack.
e Alternating positions of the openings induce a change of the flow direction and allow for enhanced droplet
retention
In the next steps, a more detailed design taking into account the flow behavior of the falling film and the
requirements set by the secondary-side heat transfer will be elaborated.

5  Conclusion

This paper has highlighted the relevance of the pressure drop for the design of plate heat exchangers in absorption
heat pumps at low operating pressures. With help of analytical calculations, the pressure drop of a falling film
plate evaporator has been determined at three different saturation temperatures. Due to a higher velocity of the
vapor, the flow resistance increased and therefore, the heat transfer rate decreased considerably at lower saturation
temperatures. In order to overcome these limitations, an innovative falling film plate-type evaporator has been
presented, where the vapor leaves the apparatus orthogonally to the heat exchanger stack and therefore the vapor
flow path is shortened.
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Abstract:

When integrating an absorption heat pump (AHP) with a biomass boiler, the evaporator of the heat pump provides
a low-temperature heat sink for heat extraction from the flue gas of the boiler at temperatures below the dew point
of the flue gas. An AHP unit is developed that aims at reduced electrical energy input and intends to forgo the use
of a solution and a refrigerant pump. For this reason, the evaporator has been designed as a vertical falling film
evaporator with shell side evaporation of refrigerant and tube side cooling of the flue gas. Evaporator tubes with
a structured surface are used to sustain complete wetting for lowest amounts of refrigerant. Wetting behavior and
heat transfer characteristics for mass flow rates per unit wetted perimeter down to 27 kg/(m h) have been
experimentally investigated. Experiments with low amount of refrigerant result in a mean value of the overall heat
transfer coefficient (HTC) up to 4.1 kW/(m?>K), with a decrease down to 3.4 kW/(m?K) when the amount of
refrigerant is increased by a factor of 4. This corresponds to correlations from literature that indicate a significant
increase of the HTC with decreasing film thickness. The complete evaporation of the supplied amount of
refrigerant over a tube length of 1.4 m has been achieved.

Keywords: absorption heat pump, water-lithium bromide, falling film evaporation

1 Introduction

Heat recovery of biomass fired boilers reduces flue gas losses and increases the boiler efficiency. The integration
of heat pumps in flue gas condensation systems is particularly useful to provide low cooling temperatures and to
ensure cooling the flue gas down to temperatures below the dew point. In comparison to electrically driven
compression heat pumps, heat input is the dominant driver for the operation of AHPs. To reduce the electrical
consumption to a minimum, the AHP cycle can even be operated without a refrigerant and without a solution
pump. For the intended application of flue gas heat recovery of a biomass fired boiler by means of an AHP, the
operation of the heat pump cycle can be almost completely based on renewable energy. In previous studies [1],
the concept for the AHP cycle, operated with lowest input of electrical energy has been developed and considers
a vertical tube falling film evaporator with complete evaporation of the refrigerant along the tube length. To match
this requirement, it is decisive to obtain a completely wetted tube surface for smallest amount of refrigerant. In the
evaporator, heat is transferred from the flue gas to the evaporating refrigerant. Aiming at lowest pressure losses
on the side of evaporation and appropriate flow velocity on the flue gas side, the falling film evaporator has been
designed with flue gas directed downstream in a vertical tube bundle and shell side evaporation of the refrigerant.
An experimental setup has been erected to particularly investigate the heat transfer of the evaporator and
subsequently derive a construction of the evaporator unit for the flue gas-driven AHP. This research paper focuses
on the experimental investigations of the wetting behavior and the heat transfer of the evaporator.

2 Falling Film Evaporation

2.1 Experimental setup

The experimental setup serves for investigating the falling film evaporation of water as refrigerant with low film
thickness on the outer surface of vertical tubes with structured surface. The setup has already been presented
previously [1] and includes an evaporator section consisting of four vertical tubes with a tube length of 4 x 1.4 m
and a condensing heat exchanger coil. The feed tray system has been improved stepwise and finally provides even
distribution of 2.4 g/s refrigerant flow on the evaporator tubes. This corresponds to a mass flow rate per unit wetted
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perimeter of 27 kg/(mh) on the top end of the tubes. With regard to the targeted application, the evaporator is
operated at the saturation pressure of about 26 mbar, corresponding to an equilibrium temperature of about 21 °C.

cooling
circuit
Hﬂ
= heating
condenser|_— circuit
Y

e @ refrigerant flow to

hq%leﬁed distribution system
refrigerant Ul=
o
H J\\
vapor feed tray
4,
evaporator
M tubes with

structured surface

Figure 1: Experimental setup of falling film evaporator [2]

A hydronic circuit supplies heat input to the evaporator test rig. For the evaporator tubes, a concentric configuration
has been chosen. The heating medium enters at the top, flows downwards inside the center tube, is reverted at the
bottom end and flows upwards in the outer annular gap. Thereby, heat is transferred across the outer tube wall to
the evaporating refrigerant film. The refrigerant is distributed at the top end of the evaporator tubes, flows
downwards and evaporates. The vapor is liquefied in the condenser and can either return directly back to the feed
tray or is led to the refrigerant collecting tank underneath the evaporator. From the collecting tank an adjustable
amount of refrigerant can be pumped into the feed tray. The vacuum housing is composed of glass components
allowing for visual inspection and evaluation of the tube wetting.

2.2 Fundamentals

A reference value for the falling film evaporation HTC as a function of the Reynolds number is obtained by
correlations from literature [3]. Yet, validity is claimed for a pressure range down to 50 mbar only. According to
equation (1) the Reynolds number is determined by the mass flow rate of refrigerant per unit circumference I' in
kg m’'s™! and dynamic viscosity .

Re = — (1)

The Nusselt number for a laminar flow is calculated by equation (2) and the heat transfer coefficient HTC
subsequently results from equation (3), with the thermal conductivity A, kinematic viscosity v and gravitational
constant g.

1
Nuygm = 0.9 Re™3 ()
1
HTC [v?)\3
Nuygm = 1 (?) 3)

Figure 2 shows the calculated values for the falling film evaporation HTC depending on the specific mass flow
rate per wetted perimeter at a saturation pressure of 26 mbar, 50 mbar and 100 mbar.
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Figure 2: HTC of falling film evaporation as function of the mass flow rate

At saturation pressure of 26 mbar and an initial mass flow rate of 2.4 g/s the HTC increases from about 6 kW/(m?K)
to 15 kW/(m?K).

According to the state of the art, horizontal tube bundle evaporators are designed for specific refrigerant flow per
wetted tube length of about 150 kg/(mh) for both sides of the tube, corresponding to a refrigerant mass flow rate
in the test rig of 6.7 g/s. In this conventional constellation of a horizontal tube bundle, the supplied refrigerant flow
is only partly evaporated. The dominating amount is collected in the sump of the apparatus and recirculated to the
refrigerant distribution at the top of the heat exchanger. Although the above cited correlation (eq. (2), (3)) refers
to falling film evaporation at a vertical wall, it gives a clear indication for an increase of the HTC when the
evaporator is operated with lower refrigerant mass flow rate. For lower amount of refrigerant a pronounced
increase of the HTC is found, when the specific refrigerant flow is lowered by a factor of 5 compared to the
conventional design.

For the intended design of a falling film evaporator without recirculation, it has to be taken into account that the
film thickness is reduced along the flow path of the falling film. In the best case, dry out is reached at the bottom
end of the tube. Consequently, the wetting situation changes along the vertical tube and an increase of the local
HTC coefficient may be expected as expressed by the graphs shown in Figure 2. As a result, in the chosen
experimental configuration, the analysis of the heat transfer experiment can only yield a mean value of the HTC,
which represents an average of the local heat transfer characteristics given by the change of the thickness of the
falling liquid film.

3  Results and discussion

The evaluation of the measured data determines the overall heat transfer coefficient by the energy balance, the
driving temperature difference from heating fluid to refrigerant evaporation and the active heat transfer area. The
heat transfer area of the tubes with structured surface refers to the outer diameter. The heat flow of the heating
medium is determined by heating medium volume flow and inlet and outlet temperatures. Based on the evaporation
capacity and the evaporation enthalpy, the quantity of the evaporated refrigerant mass flow can be estimated.

The experimental results for the overall HTC and the ratio of evaporated refrigerant mass flow to initial refrigerant
mass flow with respect to the heating medium volume flow are shown in Figure 3. The obtained results can be
compared to literature data for subatmospheric evaporation of water at enhanced surfaces. For capillary assisted
evaporation of water at low pressure at finned horizontal tubes highest values of the overall HTC up to 7.0 kW/m?K
for thinnest film thickness have been found [4] [5]. For the vertical tube arrangement presented in the current
study, even higher external HTC values can be expected due to complete wetting of the outer tube surface.
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Figure 3: Overall HTC and ratio of evaporated refrigerant mass flow to supplied refrigerant mass flow over
the Reynolds number of the heating medium, ps=26 mbar, values for minimal amount of refrigerant
(ref _min) 2.4 g/s and maximal amount of refrigerant (ref max) 10 g/s, LMTD=3.2-4.5 K

The increasing values of the overall HTC with increasing Reynolds number indicate that the tube-side heat transfer
represents the dominating heat transfer resistance for the examined flow range. Furthermore, operation with low
refrigerant mass flow leads to higher values of the overall HTC. For a supplied amount of 2.4 g/s, the refrigerant
is almost completely evaporated and values of the overall HTC up to 4.1 kW/(m?K) are found. Visually, the tube
surface has been completely wetted throughout all measurements. The values of the overall HTC obtained with a
refrigerant flow rate of 2.4 g/s are up to 20 % higher, compared to the values with the maximal amount of 10 g/s.
Due to the enhanced inner geometry of the evaporator tubes, no established correlations are available for the
evaluation of the internal HTC, allowing for determination of the external HTC for falling film evaporation.
Therefore, the Wilson plot method has been applied to estimate the external HTC. By that means, the information
about the impact of the increasing volume flow of the primary side heating medium is used for determination of
the secondary side HTC. For the experiments with high refrigerant mass flow rate per unit wetted perimeter, a
rather constant film thickness along the evaporator tubes may be assumed. Thus, even for changing heat rate, a
constant value of the external HTC is to be expected, representing a precondition for the application of the Wilson
plot method. The evaluation of the measured data results in an external HTC for evaporation about 5.0 to 6.3
kW/(m?K) for high mass flow rates of refrigerant per unit perimeter. For low amounts of refrigerant mass flow
with minimal film thickness, almost complete evaporation of the supplied refrigerant is reached and the analysis
yields an increase of the film side HTC by a factor of 2.5. Since the estimation provided by the Wilson plot method
contains a considerable uncertainty, further measurements shall be conducted for confirmation and more detailed
characterization of the impact of different operating parameters. Yet, the order of magnitude of the obtained values
for the falling film HTC conforms to the predictions given by the correlations above.

4  Conclusions

In this study, the heat transfer characteristics and the wetting behavior of a falling film evaporator with vertical
tubes with structured surface have been investigated. Even for smallest amounts of refrigerant per unit wetted
perimeter of 27 kg/(m h) complete wetting over the whole length of 1.4 m has been achieved. The measured values
of the overall HTC are higher for lower mass flow rates of refrigerant conforming to correlations from literature
that indicate the dependency of the film side HTC from the refrigerant mass flow rate and thus film thickness. For
the application as flue gas condensing heat exchanger of an absorption heat pump, the wettability and the heat
transfer characteristics are promising.
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Abstract:

A crossflow type heat exchanger coated with aluminophosphate zeolite was tested for desiccant dehumidification.
This adsorber has unique features, for example, the coated adsorbent can be directly heated by hot water and
adsorption heat can be removed by evaporative cooling using the remained hot water. In special, evaporative
cooling can accelerate the dehumidification performance. In this paper, a possibility of such thermal swing
operation, which is a combination of direct hot water heating and evaporative cooling was experimentally
confirmed. Then the influence of the adsorption / regeneration cycle time on the dehumidification amount was
investigated. The result showed that time averaged dehumidification amount or dehumidification amount per unit
time become larger at a shorter cycle time 120 s. But, the minimum humidity is obtained at a longer cycle time.
This means that adsorption time and regeneration time should be controlled independently.

1 Introduction

Nowadays, air conditioning system is an essential technology for our life. However, the conventional vapor
compression type refrigeration system consumes a large amount of electricity. This is one of the major concerns
for worldwide energy consumption. To overcome this issue, alternative air-conditioning technologies such as
desiccant cooling process were proposed [1] [2]. Desiccant coated heat exchanger DCHE is more interesting since
the dehumidification performance can be enhanced by direct heating and direct cooling of the coated adsorbent
[3]. A low-grade thermal energy such as waste heat can be used for regenerating the coated desiccant.
Simultaneously, DCHE requests a cold medium in order to make the difference of thermal swing larger. But, cold
medium is not obtained as easy as hot water. In this study, a crossflow type heat exchanger coated with
aluminophosphate zeolite was tested. Although this type of DCHE is normally regenerated by hot air and cooled
by ambient air [4], this study apply direct hot water heating and evaporative cooling using the remaining hot water
to DCHE. At the beginning of this study, a possibility of such thermal swing operation was experimentally
confirmed. Then influence of the adsorption / regeneration cycle time was investigated.

2 Experimental Set-up

2.1 Apparatus description

A Schematic diagram of the experimental apparatus is shown in Figure 1. This consists of crossflow heat exchanger
type adsorber (CF-DCHE), air control boxes, hot water tank, heater, flowmeter, air separators, etc. CF-DCHE
locates between rectangular acryl ducts with 230 mm x 230 mm x 75 mm length and thickness of 10 mm to supply
well develop air. Dimension of the tested crossflow heat exchanger type adsorber coated with aluminophosphate
zeolite was 200 mm of width, 200 mm of length, and 198 mm of height with 46 paths of the primary flow channel
and 47 paths of the secondary flow channel. The fin height, fin pitch, and wall thickness were 1.43 mm, 2.83 mm,
and 0.1 mm, respectively. The total effective surface area of the heat exchanger was 9.1 m?. Aluminophosphate
zeolite (1-8 mol% of iron and had a pore diameter 0.73mm, Mitsubishi Chemical Holding group) coated on the
wall surface of the primary flow channel and its corrugated fins. The weight of the aluminophosphate zeolite layer
per unit coated area approximated 61.6 g/m?.

2.2 Experimental condition

Airflow velocity is calculated using the effective cross-sectional area of the heat exchanger. Two air control boxes
are used as process air (PA) and cooling air (CA). At the beginning of the experiment, PA is continuously supplied
to CF-DCHE for regenerating the adsorbent until the inlet and outlet of PA have the same absolute humidity. In
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the desorption process, hot water is directly sprayed to the secondary flow channel of the adsorber, simultaneously
desorption inlet air is supplied to the primary flow channel from the left side of the heat exchanger as shown in
Figure 2b. In the adsorption process, process inlet air flows through the heat exchanger from the opposite side.
Concurrently the cooling air introduces to the secondary flow channel to remove the heat of adsorption as presented
in Figure 2a. All experiments were carried out at constant hot water temperature (Tuw) 75 °C and flow rate (Fuaw)
0.5 L/min. Process air and cooling air were set to the same absolute humidity of 16 g/kg-dry air (DA) and velocity

of 1.0 m/s, respectively. Cycle time varied from 60 s to 300 s. The experimental condition is summarized in Table
1.
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Figure 1 - Schematic diagram of the experimental apparatus (a) adsorption step (b) desorption step

Table 1 — Experimental condition.

Temperature Air velocity Absolute humidity Cycle time
['C] [m/s] [g/kg-DA] [s]
Regeneration step
Process air 30 1.0 16
Hot water 75 - - 60, 120, 180, 300
Adsorption step
Process air 30 1.0 16
Cooling air 30 1.0 16

2.3 Performance indexes and error analysis

The important index is the difference in air humidity between the process air inlet and outlet. AS [g/kg-DA] for
the adsorption step and DS [g/kg-DA] for the desorption step are defined by the following equations.

AS = AS;, - ASyue eq. 1
DS = AS,us — DSout eq. 2
In the cycle operation, time averaged humidity difference ASay, for adsorption step and DS, for desorption step
is defined by eq. (3) and (4), respectively.

ASqpg = fot (ASi — ASpy)dt/t eq. 3
DSapg = fot (DSoue — DSin)dt/t eq. 4
Where t is cycle time.

The accuracy of measurement results depends mainly on the error caused by the sensors and instruments. In order
to minimize the measuring error induced by the sensors, all the sensors are calibrated in the initial step. In addition,
each testing is repeated at less three times, aiming to eliminate the deviation caused by a single experiment. The
error of sensors and measurement are calculated by using roots of sum square [5]. As a result, the maximum error
of absolute humidity was 4.3 % and the maximum error of temperature was approximately 1 °C. In addition, the
maximum error between adsorption amount and desorpton amount in each experiment were 5.2 %.
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3 Results and Discussion

Figure 2(a) and (b) respectively illustrated the time profiles of outlet air humidity and temperature at different
cycle times. At the beginning of desorption step, during approximately 15 s, the outlet air humidity DS was lower
than that of inlet air. It was caused by the remaining process air of the previous adsorption step inside the piping
system. After that, desorption outlet humidity quickly increased to the maximum value within 40 s, and then it
gradually dropped until the end of cycle time. While the time variation time of desorption outlet air temperature
was relatively simple. This means that heat could be transferred from hot water to the desorption air, ensuing in
the gradual increase of temperature in the desorption step. As soon as the adsorption process started, adsorption
outlet air humidity once increased at the beginning because of a large amount of the residual heat in the CF-DCHE
heated during the previous desorption step. Then the adsorption outlet air humidity rapidly dropped to the
minimum point. After that, its humidity backed to the inlet air humidity as the adsorption amount approaches
saturation. Similarly, the adsorption outlet air temperature once increased at the beginning stage of the adsorption
step due to released heat from the CF-DCHE. After the evaporative cooling developed, adsorption outlet air
temperature fell below the adsorption inlet air temperature.

At the shorter cycle time up to 180 s, adsorption/desorption of the coated adsorbent seems to be incomplete since
the desorption outlet air humidity was higher than the inlet one, and adsorption outlet air humidity was lower than
the inlet humidity. Further, the adsorption minimum humidity produced at a long cycle time lower than those
produced at a short cycle time. e.g., at the cycle time 60 s, the minimum value was 11.0 g/kg-DA, whereas 9.9
g/kg-DA was obtained at cycle time 300 s.
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Figure 2 — Effecte of cycel time on (a) outlet air humidity (b) outlet air temperature.
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Figure 3 — Effect of cycle time on (a) adsorption amount (b) desorption amount.

Figure 3(a) showed the influence of cycle time on time averaged adsorption amount (AS,y,) and adsorption amount
per hour (ASw). It can be found that the largest AS.,, and ASwm appeared at cycle time 120 s. As the measurement
error was mainly coused during a short time period at the bigining of the adsorption or desorption step, the result
at the short cycle time of 60 s tended to be affected significantly. Of course, the impact of cycle time on the time
averaged desorption amount (DS,v) and desorption amount per hour (DSwm) were completely same as adsorption
amount as indicated in Figure 3(b).
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4  Conclusions

In this study, a cross flow type desiccant heat exchanger CF-DCHE coated with aluminophosphate zeolite was
tested for effective dehumidification. The most important feature of this study was the thermal swing adsorption
combining direct hot water heating and evaporative cooling using the remaining hot water. At first, the possibility
of such a thermal swing operation was experimentally confirmed. Then the influence of the
adsorption/regeneration cycle time was investigated as a significant operating parameter. The result proved that
time average dehumidification amount or dehumidification amount per unit time became larger at a shorter cycle
time of 120 s. But the minimum humidity can be obtained at a longer cycle time. This means that adsorption time
and regeneration time should be controlled independently.
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Abstract:

Asymmetric plate heat exchangers for water-lithium bromide absorption refrigerating plants were developed by
ILK and EAW. The heat exchangers have different channel heights for two different media streams, liquid side
and steam side. Also the plate design has been adapted to specific conditions. Optimum flow and thus heat transfer
conditions of the media and favorable plate wetting are achieved. After the development of heat exchangers
absorption refrigerating plants with different capacities were built which use only machine-made plate heat
exchangers as heat and mass exchangers. This created a completely new generation of absorption refrigeration
systems which represents for water-lithium bromide a world first. The systems are extremely compact. The size
reduction is on average 40%. The manufacturing costs have been reduced. The new plants can also be used as
absorption heat pumps, heat transformers or as resorption refrigeration systems for cold temperatures below 0°C.

1 Introduction

Higher costs and larger construction volumes of absorption refrigerating plants make their use more difficult
compared to compression refrigeration systems. However absorption refrigerating plants have energetic and
ecological potential within energy compound systems as the coupled generation of electrical, heating and cooling
energy or the conversion of waste heat into cooling energy. Additional the natural refrigerant water is used in
water-lithium bromide absorption refrigerating plants.

Currently all manufacturers on the world market use straight or spiral tube bundles made of copper or stainless
steel as heat and mass exchangers in the water-lithium bromide absorption refrigerating plants except for the
solution heat exchanger. Therefore constantly rising copper prices impair the profitability of absorption systems
despite various system optimizations and system improvements in recent years. Plate heat exchangers are
considerably more compact and more cost-effective than tube bundle heat exchangers.

Water-lithium bromide absorption refrigerating plants work in a vacuum (10 ... 100 mbar-a). The pressure losses
esp. of the vapor flows need to be small in the plant because the absolute pressure differences are very small. Due
to the high specific volume of water vapor large flow cross-sections are necessary. Large flow cross-sections are
not good for a compact system design. The specific volume of water vapor is, for example, 1000 to 2500 times
higher in comparison to the refrigerant vapor of R134a depending on the saturation temperature. Against it the
external media in absorption refrigerating plants, heating water, cooling water and chilled water, require smaller
flow dimensions for a good heat transfer.

Therefore conventional plate heat exchangers which have the same channel heights on both media sides cannot be
used in water-lithium bromide absorption refrigerating plants. Different channel heights are required. But
asymmetric plate heat exchangers that meet the special requirements for use in water-lithium bromide absorption
refrigerating plants did not exist up to now.

The flow conditions need to be adapted on both sides in asymmetric plate heat exchangers. The heat exchangers
should have different channel heights for the two media flows, liquid on one side and steam on the other. That
leads to better heat transfer conditions.

The development target was therefore to develop new asymmetric plate heat exchangers with different optimal
channels heights for the product and media side as well as with plate stampings which are adapted to the conditions
of water-lithium bromide absorption refrigerating plants and improve the flow conditions and the plate wetting.
This type of plate heat exchanger can be used as absorber, generator, evaporator and condenser in water-lithium
bromide absorption refrigerating plants.

With the successful development of asymmetric plate heat exchangers water-lithium bromide absorption
refrigerating plants can be built much more compact and cost-effective.
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2 Development of Asymmetric Plate Heat Exchanger

Two types of asymmetric plate heat exchangers with different sizes have been developed. The two types have
areas of 0,035 m?%/plate and 0,203 m?/plate, for the respective application in small and medium scale absorption
refrigerating plants. Both types are used to manufacture absorption chillers. Plants with a nominal cooling capacity
of up to 30 kW with the smaller types and over 50 kW with the larger types. An increase in the number of plates
per heat exchanger should enable the capacity range to be extended to 400 kW per system in the near future. In
order to use more plates per heat exchanger, solutions regarding the material stability, dimensional stability,
compressive strength, plate fixation and soldering procedure must be found. A competent cooperation partner as
heat exchanger manufacturer is involved in the previous and further development.

The plate heat exchangers are copper-soldered and open to the outside on the product side (fall film side) at the
top, bottom and partly lateral on the steam side. The falling film is applied by a distribution device above the open
channels. The external medium flows through the heat exchanger on the medium side in closed channels
horizontally (cross-flow). The mean channel heights of the heat exchangers are on the product side (B channels)
with 3.5 and 7.0 mm around twice as high as those on the media sides (A channels, 1.7 and 3.3 mm) and that with
a thin plate thickness.

Calculations of a numerical flow simulation helped to evaluate a homogeneous, well-developed channel flow of
the external medium (flow with water and 35 vol% ethylene glycol, 20 ° C) (see Figure 1). Different barriers and
dimple arrangements on the plate were taken in the calculations for the test models. A preferred variant was
selected for the construction of the test models. The evaluation criteria were the avoidance of excessive local flow
velocities (red), the reduction of flow shadows behind the stampings (blue) and the avoidance of bypass flows on
the plate. A homogeneous media distribution was aspired.

Figure 2 shows a picture of the larger asymmetric plate heat exchanger and a partial section of the product channels
that are open to the outside. The media side can be designed with one or more passes.

Velocity: Magnitude (m/s)
P & 0.0000 07)01’41!] 0.40000 . 0.60000 0.80000 1.0000
* | i

Figure 1 — Two examples of a flow simulation for an optimal plate design (design flow rate)

Liduw
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Figure 2 — Picture of the larger asymmetric plate heat exchanger and a partial section of the open product
channels
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3 Results of Measurement
3.1 Measurement of Plate Heat Exchanger

At first, test models were measured under vacuum conditions in the functions of the evaporator, condenser,
desorber and absorber. The heat transfer coefficients for the heat exchangers were calculated with measurement
data. Pressure losses on the media side were measured and the liquid distribution on the product side and the inert
gas removal were investigated.

The plate heat exchangers have low external pressure losses. This is important to limit electricity consumption in
the thermally driven refrigeration or heat pump systems. During the measurements the dependencies of the heat
transfer coefficient on the falling film strength and the flow velocity of the external medium (see Figure 3) were

2 140



TU Berlin August 22™ to 25% ISHPC 2021 #104

investigated. In addition the inlet temperatures of the external media and the solution as well as the solution
concentrations were varied. Moreover the absorption efficiency for the absorber, the quotient of the real
concentration enrichment in the solution to the maximum possible saturation state, was also investigated depending
on the falling film strength.

i 2|
W Evaporator A Absorber @ Desorber M Condenser k — heat transfer coefficient [W/m?K]
1.200 6000 t - temperature [°C]
1100 LE e Q —thermal capacity [kW]
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Figure 3 — Heat transfer coefficients depending on the flow velocity of the external medium in the A - channel
for evaporation, condensation, absorption and desorption

The heat transfer coefficient increases with increasing falling film strength. But the absorption efficiency in the
absorber decreases because more heat is extracted from a larger solution mass flow and the surface of the falling
film which absorbs the refrigerant vapor remains the same.

The subcooling of the incoming solution in the absorber and desorber has an influence on the heat transfer
coefficient. Higher subcooling is beneficial in the absorber and disadvantageous in the generator. This confirms
the need for a sufficiently dimensioned and well-functioning solution heat exchanger within an absorption
refrigerating plant.

The developed asymmetric plate heat exchangers worked very satisfactorily in the functions of evaporator,
absorber, condenser and generator as well as in the corresponding functional units. The targets were achieved for
the average k values of the heat exchangers. The venting of the A channels (external medium) is ensured by the
medium flow. The inert gas removal from the condenser and absorber is ensured even while the plant is in
operation. Only small suction volume flows are required for this. The pressure losses of the external media are
low. A good liquid distribution is guaranteed. The fall film strength in the B-channel of the plate heat exchanger
should be > 40 g/ms. The flow velocity of the external medium in the A channel should be > 0.4 m/s. Adequate
protection against corrosion can be ensured by corrosion inhibition. This is associated with a long service life for
the devices.

3.2  Use of the Asymmetric Plate Heat Exchangers in Absorption Refrigerating Plants

After the successful development of the asymmetric plate heat exchangers the new plate heat exchangers were
integrated into a series of absorption refrigerating plants. A completely new generation of water-lithium bromide
absorption refrigerating plants type Maral from EAW was created. This means that, worldwide for the first time,
a water-lithium bromide absorption chiller is made exclusively with plate-heat exchangers. The smaller plants
have 15, 30 and 65 kW refrigerating capacity at the nominal point and have been successfully tested and measured.
Absorption refrigerating plants with a refrigerating capacity of up to 400 kW can be built with the larger plate heat
exchangers and with a higher number of plates. Figure 1 contains picture of the absorption refrigerating plant with
a nominal refrigerating capacity of 30 kW with and without housing.

Nomograms were created for the absorption refrigerating plants from which the achievable refrigerating capacity
depending on the temperatures of the cooling brine inlet, heating water inlet and chilled water outlet can be quickly
taken. The systems can be used as absorption refrigerating plants as well as resorption refrigeration systems, heat
pumps and heat transformers.

The absorption refrigerating plants can be used very well in district heating networks or in waste heat recovery
systems also in systems with require a high degree of heating water cooling down (low required return temperature)
(see Figure 2). Cooling downs of the heating water of 25 K and higher and heating water return temperatures of
55°C and below are possible. Of course the refrigerating capacity is reduced compared to the nominal condition.

Figure 3 shows that the new absorption refrigerating plants can also be used to generate cold below 0°C. The cold
generation below 0°C and the thermal generation of liquid ice are the next challenges of the new systems.
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Figure 1 — Water-lithium bromide absorption refrigerating plant with 30 kW nominal cooling capacity with and
without housing
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Figure 2 — Heating water outlet temperature and refrigerating capacity depending on the change in heating
water volume flow (measurement of absorption chiller with 15 kW nominal cooling capacity)
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Figure 3 — Refrigerating capacity and EERy, ({) of the absorption chiller type Maral 1 in resorption mode
depending on the chilled brine outlet temperature for inlet temperatures 85°C heat and 27°C cooling water

4  Conclusions

The results of the development of asymmetric plate heat exchangers for water-lithium bromide absorption
refrigerating plants can be assessed as very positive. In terms of design and channel height the plate heat
exchangers are unique on the world market and can be used as generator, condenser, evaporator and absorber with
the refrigerant water. Compared to the use of tube bundle heat exchangers the completely new series of absorption
refrigerating plants from EAW reduces the costs of the absorption refrigeration systems while at the same time
improving the system compactness (reduction of the construction volume to around 60%). Industrial property
rights to the solutions developed have been registered [1] [2]. The developed asymmetric plate heat exchangers
can also be requested at EAW for other applications such as heat transfer between water vapor and liquid.
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Abstract:

In this paper, the application of data-driven tools for exit parameters prediction of hollow fiber membrane liquid
desiccant dehumidifier (HFLDD) is investigated for the first time. Although HFLDD is widely investigated both
numerically and experimentally, the application of data-driven tools has not yet investigated for HFLDD. To fill
this gap, three data-driven models ANN-AI, ANFIS-AI, and KNN-ML tools were applied using thirty-four
experimental datasets. The air outlet enthalpy, air outlet specific humidity, and desiccant outlet enthalpy were
considered as outputs and air temperature, air specific humidity, desiccant concentration, desiccant temperature,
airflow rate, and desiccant flow rate are taken as inputs. The results indicate that the ANFIS-AI tool gives the best
performance in predicting all the targeted output parameters with R? values of 0.991, 0.996, and 0.98 for air outlet
enthalpy, air outlet specific humidity, and desiccant outlet enthalpy, respectively. Further, the KNN-ML tool
performance was observed to be weak for predicting the HFLDD exit parameters among the three Al and ML
tools but the error predictions of the KNN-ML tool are found to be in the acceptable range for the HFLDD exit
parameters prediction purposes. This study also suggests that data-driven tools such as ANN-AI, ANFIS-AI, and
KNN-ML tools can be implemented with confidence for predicting the exit parameters of any energy exchanging
or heat and mass transfer driven devices.

1 Introduction

For improving the indoor air quality, removing air borne pollutants and enhancing the moisture removal process,
in recent years, direct contact based liquid desiccant dehumidification system became prominent. But due to carry
over issues, indirect contact based LDD came into existence. The indirect contact LDD is divided into two types,
they are flat plate and hollow fibre membrane based LDD. Among these, hollow fibre membrane is chosen in the
present investigation instead of flat plate membrane because of high energy and mass exchange efficacy, low
pressure drops, ease in manufacturing and large-scale utilization features. The hollow fibre membrane based liquid
desiccant dehumidifier (HFLDD) shown in Fig. 1 consists a bundle of 200 PVDF polymer based hollow fibre
membrane tubes with 1.2 mm diameter, 300 mm module length and 150 um thickness each whereas shell diameter
is 40 mm. The specific surface area of the HFLDD is 750 m?/m?. Lithium chloride (LiCl) is chosen as the liquid
desiccant in the present study. This HFLDD is a shell and tube type configuration in which shell side, ambient air
is made to flow and in tube side LiCl solution is forced to flow in counter flow direction. While flowing in counter
flow direction, ambient air and liquid desiccant comes in indirect contact through hollow fibre membrane. At that
instance, due to hydrophobic nature of membrane and due to vapour pressure difference between these two fluids,
water vapour allowed to flow through the membrane from ambient air to liquid desiccant i.e., liquid desiccant
vapour absorption occurs. Thus, conversion of strong liquid desiccant to weak liquid desiccant takes place and the
dehumidified air is obtained at the exit of the HFLDD. From the literature, it is observed that for performance
prediction of thermal systems, usually ANN-AI and ANFIS-AI based data driven tools were often reported [1-4].

Further, several researchers, investigated the HFLDD Air et Sl Hatton Fibre Membrancs
performance experimentally and numerically [5—10]. But to ‘ é / < N .
the best of authors’ knowledge, none of them reported the 1 . /\‘ : \\
implementation of ANN-AI, ANFIS-AI and KNN -ML - mm;{\ P } -\ \ .
tools for predicting the exit parameters of the HFLDD. — m« [ LiawdDeiccant
Therefore, in the present investigation afore-mentioned Al L o

tools are chosen to predict the HFLDD exit parameters. Figure 1 — Schematic of HFLDD

2 Al and ML Tools Methodologies
In the present investigation, and ANN-AI, ANFIS-AI and KNN-ML based data driven tools are chosen to predict
the exit parametersthe exit parameters such as air enthalpy, air specific humidity and desiccant enthalpy for the
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given inlet parameters such as air and desiccant mass flow rates, air and desiccant enthalpies, desiccant
concentration, and air specific humidity. The methodology to implement the afore-mentioned data driven Al and
ML tools is elaborated in detail as follows,
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Figure 2 — Framework for MLP based ANN-AI tool Figure 3 — Framework for ANFIS-AI tool
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Figure 4 — Framework for KNN-ML tool

2.1 ANN-AI Tool

Classical artificial neural network based artificial intelligence (ANN-AI) tool is generally implemented in
predicting the output parameters of thermal systems from the multiple inlet parameters. To establish the neural
network for predicting the output parameters from the given multiple input parameters, multilayer perceptron
(MLP) network with the Levenberg-Marquardt backpropagation method is observed to be best approach in the
ANN-AI tool [2, 4]. Therefore, in this investigation, by choosing above-mentioned method, a neural network is
framed based on no. of hidden layers, neurons, input and output layers as well as by forming the neurons and
layers through the connecting weights (Fig. 2). A neural network with ¢; input, one hidden layer consisting of
weights (M;), and bias (k), and one linear output (y) provides an approximation as depicted in Eq. 1. To predict
the given outputs in terms of provided multiple inputs (¢i), summation of weighted inputs and transfer function
are considered (Fig. 1 and Eq. 1). Governing equation to predict output parameters is given as,

y=f(9)= 13 0M, +k] M

where ¢, M and k represent input, weight, and bias.

2.2 ANFIS-AI Tool

Adaptive neuro-fuzzy interference system based artificial intelligence (ANFIS-AI) tool is basically a rule-based

fuzzy logic which is framed based on five layers, fuzzification, multiplication, normalization, de-fuzzification and

summation. The framework for developing the ANFIS-AI tool is presented in Fig. 3. Governing functions for each

layer to predict output parameters in terms of input parameters is presented as,

Fuzzification layer (Oy,): wj (p;) for i=1,m, j=1,n (2)

where L denotes the jth membership function of the input ;.

Multiplication layer (O;;): In this layer, the output represents weighting factor (firing strength) of the rule k. The

output M is the product of all its inputs and it is denoted as,

O3 = Hui(p;) fori=1, m, k=1,R 3)

Normalization layer (O3 x): The output of each node k in this layer represents the normalized weighting factor My

of the k" rule and it is depicted as,
_ M, =

O, = szk for K=1,R )

Defuzzification layer (O4x): Each node of this layer gives a weighted output of the first order Sugeno-type fuzzy

if-then rule and it is designated as,

O =M fi3 i =2 Batry forl=1,mk=1R ®)

where fi represents the output of the kth rule. pii and ry are the consequent parameters
Summation layer (Os): This single-node layer illustrates the overall output y of the network as the sum of all
weighted outputs of the rules. It is given as,

O, =Y. M,f, fork=1,R (6)
k
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ANFIS requires sets of training data of the input/output pair (¢1,¢2,...,¢n/y) to attain the target system, which
needs to be modelled. ANFIS can model the inputs (@i, ¢2,..., ®m) and output relationship by the rule base,
membership functions, and the correlated parameters emulating the specified training datasets.

2.3 KNN-ML Tool

K-nearest neighbour-based machine learning (KNN-ML) tool usually compares the given tuples (input and output
parameters) with trained tuples for determining the nearest point. The overall structure of this ML tool involves
data exploration and visualization of input parameters, data preprocessing, mapping, evaluation, and prediction of
output parameters. The detailed framework for KNN-ML tool is presented schematically in Fig. 4. Governing
equation for predicting the output parameter depending on input parameter is defined as

7
Euclidean distance (A, ): \/((01 1) (D= ,) F e +(p,-y,) @
where @1, @2....... @ n is observed input data and yi, y»......... yais predicted data

2.4 Error Prediction Criterions

For validating whether the predicted data obtained based on KNN-ML, ANFIS-AI and ANN-AI tools are reliable
for performance prediction of hollow fibre membrane based liquid desiccant dehumidification system, following
error prediction criterions are chosen for validation purpose,

Mean absolute error (MAE) = 1< .
e ZII v, v, |

(®)
S 2
z (l//i - V/i)
Root mean square error (RMSE) = 4= 9
Mean absolute percentage error (MAPE) = %i (‘//,-‘;‘/’i) %100 (10)
i=1 i
S 2
Coefficient of determination (R?) = (- ; Wi=v) a1
K —
Z ('//; —Vi )2
i=1
where . and K are experimental data, predicted value, mean value of experimental data and number of
samples.
3 Results and Discussion
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In this section, the error prediction criterions (MAE, RMSE, MAPE and R?) achieved for the three output
parameters (air enthalpy (Ha,), air specific humidity (wa,0) and desiccant enthalpy (Hs,)) from the given six inlet
parameters (air flow rate, air enthalpy, air specific humidity, desiccant enthalpy, and desiccant concentration) of
the HFLDD based on ANN-AI, ANFIS-AI and KNN-ML tools is presented in Figs. 5-8. To predict the output
parameters, thirty-four experimental data sets are chosen from the reported literature [5]. In this study, 70% of
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datasets are used for training and rest of them are used for testing/validating the accuracy of the proposed tools.
The HFLDD operating range taken for the present investigation is presented in Table 1. The optimal hyper
parameters obtained for predicting the HFLDD exit parameters based on afore-mentioned Al and ML tools are
summarized in Table 2. For the given operating range presented in Table 1, the best optimal hyper parameters are
achieved after performing the tuning process in between the inlet and exit parameters and by obtaining accurate
MAE, RMSE, MAPE and R? error predictions for the above-mentioned Al and ML tools. Moreover, it is also
found that beyond the specified optimal hyper parameters of the ANN-AI, ANFIS-AI and KNN-ML tools such as
no. of neurons, clusters, hidden layers Euclidean points etc., the error prediction criterions found to be similar.
Also, while training the datasets no overfitting is observed. Further, the weights and bias coefficents of the ANFIS-
Al, and ANN-ALI tools are adjusted based on the obtained mean squared error (MSE) value during the first trail
run. If the value is greater than 0.20, then the weight and bias coefficients are adjusted in such a way that it can
reconcile the difference between the actual and predicted data for subsequent outcomes.

Table 1 — Input, experimental data and corresponding ranges [5].

Parameter Mass Temperature Specific Mass flow Temperature Desiccant
flowrate of of air (°C) humidity of rate of of desiccant  concentration
air kg/hr air (gwv/kgda) desiccant (°0) (kgrici/kgsol.)

(kg/hr)
Range 5.3-10.19 25-35 9-24 6.36-15.65 25-27 0.31-0.35
Table 2 — Hyper Parameters for Al and ML tool for exit Parameters.
Model ANN ANFIS KNN
Hyper Parameters Number of neurons in Number of Euclidean distance calculation
for Hao, mao and Hidden layer: 6 clusters: 4 Ranks {1,2,3} considered
H;s,o Number of hidden layers: 1

Type of transfer function: logsig
Number of neurons: 6

The performance of the chosen Al and ML tools for the prediction of air enthalpy, air specific humidity and
desiccant enthalpy is determined in Figs. 5-8. As it is observed from Figs. 5-8, the ANFIS-AI tool found to be
superior compared to ANN-AI and KNN-ML tools for predicting the exit parameters with an MAE, RMSE, MAPE
and R? of 0.049, 0.038, 0.19 and 0.99, respectively. Further KNN-ML and ANN-AI tools has high training time
requirement compared to ANFIS-AI model. Although, the KNN-ML and ANN-AI tools showed the least
performance compared to ANFIS-AI tool but the MAE, RMSE, MAPE and R? are within the acceptable range.
This suggests that all the above-mentioned tools perform well for the HFLDD exit parameters prediction purpose
but while comparing the three tools the ANFIS-AI tool found to be the better data driven tool. Further, it is also
found that KNN-ML has least accuracy followed by ANN-AI tool and ANFIS-AI tool for the predicted output
parameters.

4 Conclusions

In this study, the HFLDD exit parameters are predicted and analysed for the given operating range and inlet
conditions using data driven models such as ANN-AI, ANFIS-AI and KNN-ML tools. Thirty-four experimental
datasets of HFLDD reported in the literature is collected to train and test the three Al and ML tools. The air
temperature, air specific humidity, desiccant concentration, desiccant temperature, air flow rate and desiccant flow
rate are considered as input parameters, while air outlet enthalpy, air outlet specific humidity and desiccant outlet
enthalpy are determined as outputs of abovementioned Al and ML tools. By tuning to optimal hyper parameters,
the capability of the three Al and ML tools are assessed using error prediction criterions such as MAE, RMSE,
MAPE and R?. From the error prediction criterion analyses, it is found that among the three Al and ML tools,
ANFIS-ALI tool gives the superior performance compared to other ANN-AI and KNN-ML tools. Moreover, the
ANFIS-AI tool achieved best reliability with the MAE, RMSE, MAPE and R? values of 0.049, 0.038, 0.19 and
0.99, respectively. Further, it is also found that the exit parameters predicted based on ANN-AI, ANFIS-AI and
KNN-ML tools has good agreement with the experimental data. Thus, from the error prediction analysis, it is
found that for a given range of inlet parameters, the three Al and ML tools can be implemented for predicting the
HFLDD exit parameters. Furthermore, present investigation also demonstrates that data driven tools such as ANN-
Al, ANFIS-AI and KNN-ML are robust tools for assessing the HFLDD. In addition, this study opens the gateway
for researchers to implement above-mentioned Al and ML tools for analysing the energy exchanging or heat and
mass transfer driven systems.
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Abstract:

In the present study, the Buckingham 7 theorem based thermal model is developed to predict the energy and mass
exchange performance of the desiccant coated energy exchanger (DCEE). Dimesional analysis is a path for the
simplification of a physical problem via dimensional homogeinity to decrease the number of related variables.
Therefore, by implementing Buckingham m theorem, deducement of 25 independent parameters for energy
exchange and 11 independent parameters for mass exchange into 5 and 3 dimensionless terms is carried out,
repectively. The developed model is validated with the experimental data available in the literature and found
reliable for DCEE performance assessment with a maximum possible error of +14.7%. Using the developed model,
the effect of inlet parameters such as cycle time, desiccant temperature, process air mass flow rate, and process air
inlet specific humidity on the performance parameters are assessed and the obtained results are discussed in detail.

1 Introduction

In the present scenario, enhancing thermal comfort as well as decreasing &][ﬂ ________ E]E]

the energy consumption in the indoor environment became a crucial factor o

for air conditioning buildings. There are several conventional air | —— iIH==1— fan
conditioning systems available for providing the required thermal comfort S~ o B

in the indoor spaces of a building. Among that, desiccant coated energy e

compared to the conventional air-conditioning systems because of in- [f] tomidiy semsor

exchanger (DCEE) based air conditioning system gained more attention 4—‘ Temperature sensor
expensive, eco-friendly, ease in the utilization of low-grade energy @  Fowmee

sources, and low maintenance features. Therefore, this study emphasizes =~ coavier e
the DCEE performance and its energy exchange phenomenon in ]
accordance with the thermal comfort/process air moisture removal aspect. Figure 1. Schematic of DCEE.

The operating principle involved in DCEE is the adsorption of vapour by

coated desiccant on the fin-tube surface, thereby reducing the latent load in the process air. Here, the thermal-
driven mass exchange is the driving force for the adsorption of moisture/water vapour by the DCEE. In this energy
exchanger, initially, the process air is forced to flow onto the DCEE, where the coated desiccant adsorbs the water
vapour present in the ambient air and attains a saturation state (Fig. 1). During this water vapour adsorption process
(dehumidification process), adsorption heat is generated, and it is removed by passing cooling water through the
coated fin-tube. When the DCEE reaches saturation state, the hot water generated using non — renewable source
(low-grade heat sources) is passed through the coated fin-tube and the process air is passed across the DCEE
simultaneously. Thus, regeneration of desiccant takes place. Then, cold water and process air are passed through
the tube and across the DCEE, respectively, for simultaneous dehumidification and cooling of process air and this
adsorption-desorption (dehumidification-regeneration) cycle continues.

Several efforts have been made to analyse the adsorption dynamics of the DCEE [1-4]. But the complex nature of
the adsorption dynamics, complications involved in developed thermal/numerical models reported in the literature,
difficulties in assessing the multidimensional energy exchange phenomenon and barriers associated in solving the
energy and mass exchange occurrence at the air and coated desiccant fin-tube interface during the unsteady
process, makes the researchers look for alternative approaches [4—8]. Thus, in this paper, Buckingham m theorem
based thermal model which depends on dimensional analysis in compliance with homogeneity of the dimension
is explored for analysing the DCEE performance and energy exchange phenomenon in a simplified yet effective
approach. Further, this model explores the potentiality of dimensional interpretation of operating parameters with
exit parameters.

2 Thermal model

A thermal model based on Buckingham 7 theorem is developed to predict the performance and exit parameters of
the DCEE for the given operating parameters. The assumptions made to simplify the developed model are, a)
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Thermophysical properties of process air, desiccant and water remain constant within the considered operating
range; b) Fluid flow is uniform and fully developed; ¢) Heat and mass transfer coefficients at the air-desiccant
interface of entire DCEE is constant with variation in time; d) Energy and mass exchange phenomenon occurring
in the control volume will be same for entire DCEE; and ¢) The temperature lift of the desiccant and water is
assumed to be almost equivalent with respect to each ohter but not constant [6]. Based on the above-mentioned
assumptions, the energy and mass balance governing equations as well as initial and boundary conditions for a
control volume of desiccant, water and process air are defined in Table 1. Further, to simplify the assessment of
DCEE exit parameters and to implement the Buckingham m theorem, governing equations, initial conditions, and

boundary conditions are converted into non-dimensional forms and they are listed in Table 1.
Table 1. Governing equations for assessing the DCEE exit parameters [4,5].
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2.1 Implementation of Buckingham m theorem

To predict the DCEE performance, the non-dimensional form of governing equations provided in Table 1 is further
simplified by incorporating the Buckingham 7 theorem. Usually, this theorem depends on correlating the
independent parameters with the dependent parameters (fundamental dimensions) in a non-dimensional form. The
main criteria for applying the Buckingham = theorem is the existence of dimensional homogeneity. The advantages
of'this theorem are the given set of dimensionless parameters can be extracted from the given variables even from
those equations not having a particular form, a group of dimensionless quantities can be used to characterize a
physical phenomenon without analysing the original dimensional variables and besides, it decreases the number
of parameters requiring individual attention while conducting the experiments. Thus, by using this theorem, 25
independent variables such as distance from air inlet (x), time (t), air and desiccant density (p. and pa), air, water,
and desiccant temperatures (Ta, T4, and Ty), convective water and air heat transfer coefficients (h. and h,,), mass
transfer coefficient at the air-desiccant interface (Ky), air, water, water vapour, and desiccant specific heat
capacities (Cpa, Cpd, Cpv, Cpa), air and water velocities (u. and uy), perimeter of overall flow passage (c), area of
cross-section for DCEE (A.,), area of cross-section for water passage (Avw), area of cross-section for desiccant
passage (Aq), perimeter of water flow passage (cw), humidity ratio of desiccant and air (Xaand Xg), specific surface
area (as), and thermal conductivity of copper (k;) are correlated with the dependent parameters such as air, water
and desiccant temperature difference ratios (¢, ¢w and ¢q) for developing the energy balance correlations of air,
water and desiccant. The Further, 11 independent variables such as desiccant thickness (84), slope of isotherm b
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(dY4/dXq) where Y is water content, a, X, t, Pa, Pd, Ua, Xa, Xd, and Ky are correlated with the dependent parameters
such as air/desiccant dimensionless humidity difference ratios (w., and wq) for developing the mass balance
correlations. The developed correlations for dimensionless ¢a, ¢w, Od, ¥a, and wq in 7 terms using Buckingham n
theorem are presented in Table 2 and the dimensions of the energy exchanger are shown in Table 3. The desiccant

layer thickness is 95 um the density of the desiccant coating is 120 g/m? [7].
Table 2. Correlations for dimensionless ¢a, Pn, Pa, ¥4, and wqin 1 terms.

Dimensionless corelation: 4}5 = afrl'b Eéﬂf?z‘j?z‘{ 3 W= azr,bﬂ'ng

Va = b _‘54,0([ , = —INTU,,,V,,_,; N TUm a-df Ma

Le, 2T ks, Ty = e e

b8, 4,P4
I)V,f ”l = b fd’pd = XIVTUm,a—d NTUM aid! ’;ta
- A= oy e

oPa b4 " bo, 4,0,

[0} ex C,, : C Le
¢ m=NIU,, ,—2(X,-X,) _ mact Gy T. =
1 a-d 4,C, ¢ 7, =NIU,  _, PGA: Cp, (X,-X,) 3 X,-X,
® m=nru, = 7= NTU,,., <
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Table 3. Dimensions of energy exchanger [7].
Parameters  Length Width Height Fin Fin Inner tube  Outer tube  No. of tube
Q) (w) (h) thickness  pitch dia (di) dia (d,) pass (Ny)
Values 200 mm 150mm 22mm 0.12mm 1.6 mm 9.5 mm 10.5 mm 6

2.2 Performance parameters
The performance parameters such as transient moisture removal (TMR) and energy exchange between coated
desiccant and process air (Q.) are chosen to assess the DCEE performance.

Transient moisture removal (TMR): AXa (Zwv/kgda) (1)
where AX,= X,i— Xa,oindicates dehumidification and AX,= X,,— Xaindicates regeneration.

Energy exchange (Q.): ha (haj—hao) (W) = 1ha (hao— haj) (W) (2)
where ha = CpaTat Xa(1.86T:+2501); Ahy = h,; — hay indicates dehumidification and Ah, = h,, — haj indicates
regeneration.

3 Results and discussion

3.1 Model validation

The developed correlations for dimensionless ¢a, ¢w, Pda, ¥, and wg based on Buckingham = theorem model are
validated with the experimental data available in the literature [1,2] and observed good compliance with a
maximum possible error of £14.7% as shown in Figure 2. Thus, this indicates that the developed Buckingham =

theorem based model can be applied with confidence for predicting the DCEE performance.
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Figure 2. Validation of predicted dimensionless air, desiccant and water temperature difference ratios
and air and desiccant humidity difference ratios with experimental data [1,2].

3 150



TU Berlin August 22" to 25 ISHPC 2021 #119

3.2 Performance parameters evaluation with different operating parameters
Table 3. Inlet conditions chosen for the present study.
Parameter m, T (°C) Xai my, Thwi By t
(kg/hr) (kgua'kgor) (L/min) (§®)] (°C) (s)
"Range 27.5 30 0.0215 2,527 50 30 600

Using the developed model, for a given inlet condition and operating range (Table 3), theoretically analyzed the
thermal performance of the DCEE by varying cycle time (t), process air mass flow rate (m,), process air inlet
specific humidity (Xa) and desiccant inlet temperature (Tq;) with TMR and Q. as shown in Fig. 3. The DCEE
dimensions and thermophysical properties of coated desiccant, water and air chosen in the present study are taken
from Vivekh et al. [1]. From Fig. 3a, it is observed that with the increase in ‘t’ from 0 to 600 s and 600 to 1200 s,
TMR and Q. decreases linearly by 46% and 45% during dehumidification and decreases linearly by 87% and 52%
during the regeneration process, respectively. This happens because during dehumidification/regeneration, as the
‘t” increases, the vapour pressure difference between the process air and coated desiccant decreases and reaches
vapour and energy equilibrium condition. As a result, in dehumidification/regeneration, the TMR and Q. show a
decreasing trend. As the ‘ri,” increases from 0.043 kg/s to 0.087 kg/s, the TMR and Q. increases linearly by 54%
and 37% during dehumidification and increases constantly by 72% and 57% during regeneration, as indicated in
Fig. 3b. It happens due to an increase in energy and mass interactions between coated desiccant with process air.
In Fig. 3c, it is found that with the increase in ‘X,;” from 0.0145 kguo/kgywy to 0.0215 kgaa/kgwy, the TMR and Q.
increase steeply by 95% and 80% during dehumidification and decreases abruptly by 92% and 30% during
regeneration process, respectively. This is because as the ‘X,;’ increases, moisture content present in the process
air increases. Therefore, during the dehumidification process, high moisture adsorption occurs, whereas during
regeneration, low moisture desorption takes place. Consequently, both TMR and Q. increase during the
dehumidification process and decreases during the regeneration process. With the increase in ‘7y;” from 10 °C to
36 °C, the TMR and Q. decrease straightforward by 87% for the dehumidification process whereas for the
regeneration process with an increase in ‘7,;’ from 41 °C to 81 °C, the TMR and Q. increases drastically by 78%
and 88%, respectively as shown in Fig. 3d. It happens because as the ‘7y;” increases, desiccant vapour pressure
increases since the temperature is directly proportional to vapour pressure. Subsequently, the vapour pressure
difference between process air and coated desiccant decreases during dehumidification and increases during
regeneration, respectively. Thus, TMR and Q. show linear decreasing/increasing trend during the
dehumidification/regeneration process, respectively.
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Figure 3. Variation of TMR and Q. with t, m. , Xai and Ty,
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4  Conclusions

The feasibility of incorporating Buckingham 7 theorem to predict the DCEE performance is assessed in detail by
developing a thermal model based on the aforementioned theorem. Several correlations for the dimensionless
parameters are developed in terms of m. The proposed model has been validated with the data reported in the
literature and found in good agreement. Thus, this signifies that Buckingham m theorem is well suited for
predicting the energy and mass exchange phenomenon occurring across the DCEE. Based on the developed model,
choosing transient moisture removal (TMR) and energy exchange (Q.) as performance parameters, the energy and
mass exchange characteristics of the DCEE is analysed by varying the cycle time (t), process air mass flow rate
(), desiccant inlet temperature (7)) and process air inlet specific humidity (X,;). The developed model based
on Buckingham 7 theorem can be used as a reference tool for the design and performance prediction of DCEE in
a simplified way. Further, one can quickly estimate the DCEE performance compared to computational/numerical
models. Moreover, the developed model is very compatible/well-suited/accordant in nature due to which this
approach can be stretched in near future to different sorption devices (thermochemical energy storage, Ad/Ab-
sorber , liquid desiccant energy exchanger etc.).
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Abstract:

Industry sector demands a quarter of the total energy demand in Europe. Around 70% of its demand is related to
thermal purposes; and it is estimated that 20-50 % of the energy used in industrial processes is wasted and rejected.
About 300 TWh per year are rejected from these industrial processes. Nevertheless, this waste-heat presents
temperatures below 150 °C, not being, in most cases, technically neither economically viable its recover or reuse.
Absorption Heat Transformers (AHT) are presenting as an interesting opportunity for this purpose, being able to
increase the temperature of approximately 50 % of the waste energy by up to over 50 K. The objective of the
Indus3Es Project is to develop an AHT solution for the industry, currently being demonstrated in real environment
at the Izmit petrochemical facilities of Tiipras and representing the first identified AHT deployments in Turkey.
The aim of this paper is to present the development of the AHT and the integration and the monitored results of
the development under the project, including the technoeconomical analysis of the installation.

1 Introduction

The Absorption Heat Transformers (AHT) represent a real opportunity for the recovery and revalorization of low-
temperature waste-heat. Current energy frameworks require the evaluation of all options to save thermal energy
and recover heat, and new efforts and developments are made to make the AHT a real alternative in the short-
medium term. To achieve this goal, there has been an increase in AHT related studies in the last decade, mainly
addressing the process temperature requirements in industries such as paper (during and lamination processes),
chemical and petrochemical (distillation and purification processes) and food and beverage (drying, sterilization,
fermentation and mold and bacteria processes) [1-4]. These works present installations with capacities between
100 kW and 5 MW, and agree that AHTSs presents attractive payback periods, between 2 and 5 years, depending
mainly on their capacity. Furthermore, over the past years some market installations by manufacturers Thermax
and Johnson Controls — Hitachi, offering AHTs between 0.5 and 10 MW, have been documented in their respective
websites.

The main objective of the Indus3Es Project (Horizon 2020 Project No. 680738) is to develop a single stage AHT,
an economically viable solution for industry, appropriate for existing plants and adaptable to various industrial
processes. The developed system is being under demonstration in a real environment at the Izmit facilities of
Tiipras, the main petrochemical industry in Turkey, enabling to analyze integration aspects, as well as operational
and business-related issues. This work presents the development of the AHT as well as its integration and
monitored results and economic analysis under the Indus3Es Project. The paper firstly presents the developed
system description, describing both, the AHT developed and the installation. Then the results obtained are
compared with those expected from designing and extrapolation from lab-scale. Finally, techno-economic analysis
and conclusions are summarized.

2  Developed system description

Single effect heat transformer has the same main components installed in a single effect absorption chiller working
in reverse: it consists primarily of one condenser, one evaporator one absorber and one generator. The difference
with absorption chiller is that the absorber and evaporator now operate at high pressure and the condenser and
generator at low pressure. The AHT works at three temperature levels: low exergy waste heat from industrial
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process activates the heat transformer at

the intermediate temperature level and

higher temperature stream is obtained in

the absorber external circuit, up to 50 K fijer box
above waste heat temperature level. Half
of the activation energy must be rejected at
ambient temperature. New developments
in absorption chillers were adapted to the
developed AHT; additionally, innovative
developments are included in the 200 kW
prototype project.

On one hand, a dedicated adiabatic
absorption chamber with atomizing spray
nozzles distribution system is installed Figure 1— Adiabatic absorption chamber and
before the solution enters the distribution distribution system design.

tray in the absorber. To optimize adiabatic absorption, the solution must have enough residence time, but an
increase in the contact area of the solution and vapor can also accelerate this process. This can be done by atomizing
the solution into-small droplets. This dedicated adiabatic absorption chamber can be bypassed and essentially cut-
off from the system by a controlled valve. It was designed this way for future research purposes to help isolate the
adiabatic absorption chamber and analyze its contribution.

In addition, the system includes an innovative motor-less non-condensable (NC) gases purge system solution. The
installation of the purge system will provide valuable data to characterize this new concept for the first time, giving
additional value to the machine developed during the project. Finally, a control strategy which prevents the cycle
from moving into risky operational conditions was developed. The advanced control system ensures safe operation
of the AHT, minimizing the risk of crystallization while it optimizes the performance characteristics. The
Characteristic Equation Method has been used for the definition of the control system, which implied
modifications from model already used in absorption chillers [5].

|2250

Spray line

T _AA Chamber |,
Vapor L 12x spray nozzles
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— R

Solution inlet line

2.1 Installation and design

The AHT system has been installed at the power plant of the petrochemical facilities of Tiipras in Izmit (Turkey).
In particular, the waste-heat source for the activation of the AHT system comes from the oily condensate flash
steam tank. In order to recover the heat from the oily condensate flash steam, demineralized water sent to the
boilers is first preheated by this waste source which is at about 100 °C ( ). The remaining of the
waste-heat is used for thermal activation of the AHT (generator and evaporator circuits), that upgrades heat to up
to 140 °C (absorber circuit). This upgraded stream heats up the demin-water circuit to 135 °C (final revalorized
stream) before it is sent to the boilers. The temperature of the water stream to be revalorized, referred as supply
header demineralized water, and considered constant throughout the year and equal to 65 °C.

>

Supply Header Demin water to be revalorized

out| out

Y ~65°C in| in
I = G |
pmd
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~95°C genin| absin  Absorber circuit | /Y in ~95°C out ont
Generator circuit ~130°C ; Preheating
gen.out abs,out out ~135°C
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A evain]  evaout conin con,out
A |
b ~30°C
Evaporator circuit Dissipation Circuit
~25°C

Figure 2 - Schematic diagram of an AHT and external installation.
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Waste-heat stream from the tank is also used to preheat the supply header demineralized water from approximately
65 to 95 °C (preheating circuit). The temperature of the supply header demineralized water temperature is boosted
to 135 °C with the heat supplied by the absorber of the AHT. In resume, these were the temperatures considered
during designing phase. Figure 2 presents the conceptual diagram of the AHT pilot plant, which is mainly
composed by six different system circuits: waste-heat stream, generator and evaporator, dissipation condenser,
absorber and supply header demineralized water. The addition of 30 % by volume of glycol to the external
absorber, evaporator and generator circuits was considered to minimize freezing risks in the installation during
non-operational time periods (e.g. maintenance repairs, system failures, etc.). With this percentage of glycol by
volume, the freezing point and specific heat decreases to —13.7 °C and 3.8 kJ/(kg'K) respectively.

2.2 Absorption Heat Transformer design

The final design of the equipment installed in Tiipras was based on the characterization of a lab-scale prototype
[6]. The Characteristic Equation obtained from the prototype was used to scale up the AHT. The characteristic
temperature difference (AAt) is an indicator of the heat transfer potential of the AHT and depends on the mean
external temperatures of the AHT components and R Diihring factor, about 1.15 for LiBr aqueous solution. The
average temperatures and the driving temperature difference of the Indus3Es demonstrator functioning nominal
point are: tabs ~ 135.0 °C; tgen ~ 97.5 °C; teva ~ 97.5 °C; teon ~ 27.5 °C and AAt ~ 30 K. Near this installation design
point, the heat fluxes obtained at the laboratory-scale AHT’s absorber, generator, evaporator and condenser were
about 4682 W-m? — 4468 W-m? — 7891 W-m? and 6929 W-m™ respectively. This data was then used for the
prototype design extrapolation, resulting in design capable to revalorize 200 kW at nominal temperature
conditions, with following design specifications: Qaps ~ 198 kW; Qgen ~ 208 kW; Qeva ~ 233 kW; Qcon ~ 229 kW;
Coefficient of Performance (COP) of about 0.45 and a gross temperature lift (GTL) of about 45 K.

3 Performance analysis

From November 2019 to June 2020, the AHT has been working with different sets of conditions, with the objective
of characterize the AHT performance under a wide range of conditions. The testing conditions were defined by
the external temperatures, and are listed below:

= AAt ~ 40 K (tabs; teen; teon = ~115; 85; 20 °C); = AAt ~ 40 K (tabs; tgen; teon = ~120; 90; 30 °C);
- AAt ~ 50 K (tabs; teen; teon = ~115; 85; 15 °C); = AAt ~ 45 K (tabs; teen; teon = ~125; 90; 20 °C).
- AAt ~ 45 K (tabs; teen; teon = ~120; 85; 20 °C); Where AAt = R:(teva-teon)-(tabs-teen) and R ~ 1.15.

As shown in the Figure 3, the capacities obtained by the demonstrator in the absorber working with no-use of the
adiabatic absorption vessel lied between 218 and 245 kW under the range of temperatures and near to testing
conditions mentioned above. Although the AHT was designed for revalorizing about 200 kW for AAt value of
about 30 K, in the tests performed the dissipation stream was about 10 K colder than the design value, resulting
then in driving temperature differences (AAt) in the AHT between approximately 40 and 50 K. The lab-scales
prototype was not tested under these conditions, but the adjusted Characteristic Equation model has been used for
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Figure 3 —Indus3Es AHT’s absorber capacity and COP under Non-adiabatic(0) and Adiabatic(A) modes from
November 2019 to June 2020 in the installation in Tiipras.
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comparing the results obtained by both AHTs. It was observed that the capacities in each component are lower
than those expected by the design. Even though the capacity obtained is lower, the COP of the AHT is maintained
in values near to 0.5. Two main reasons have been considered for the lower performance comparing to the expected
one: on one side, the dissipation temperature in the condenser was lower than expected. While the nominal
dissipation temperature was 25 °C, the one in the demonstrator in the dates of this tests was between 15 and 20 °C
in most of the cases. There are scientific evidences that the lower the pressure of the lower pressure vessel, the
influence of the NC gases could be increased, which would result in the decrease of the performance [7]. On the
other hand, the solution flow rate in these tests was 13 % lower than the one defined from the design phase. During
the design phase, the flow rate was set in order to have the same specific flow rate along the tube’s length. Because
of cavitation risk, the solution flow rate was set to about 2600 kg-h™!, representing a decrease of the 13 %. During
the second test campaign the AHT was set to work under adiabatic mode. The solution was sent to the installed
adiabatic-absorption-vessel. Using the adiabatic absorption vessel (AAV), the performance of the AHT, was
significantly improved, comparing to the previous tests. It is estimated that the revalorization capacity of the AHT
using the AAV is about 12 % higher comparing to the non-adiabatic mode. The main advantage of the use of the
AAV is the increase of the temperature entering to the absorber’s tube bundle. With higher temperature at the first
row of the tubes, higher temperature energy could be transferred to the external circuit. During the tests performed,
it was estimated that the 13 % of the absorption rate occurs in the AAV, increasing in about 20 K the entering
solution temperature.

4  Economic and environmental analysis

According to the environmental impact assessment made, the scenario with the AHT strongly contributes to the
avoidance of environmental impacts. Considering that the saved energy would be obtained from natural gas the
Indus3Es system will prevent the emission of 10335 tons of CO; equivalents during 20 years, operating 8760 hours
per year. Considering the costs of the prototype and installation developed in the project investment would be
recovered in between 10 — 11 years. However, as result of an internal analysis, the ready-to-market system
implementation would be about 420000 €, i.e. about 1500 €/kW revalorized by the AHT (preheating included).
Results show that during the sixth year after the implementation of the market Indus3Es, the initial investment
would be completely recovered. The internal rate of return and the net present value would be 16 % and
1023285 € respectively. At the end of the 20 years life cycle, more than 1.7 million euros would be saved thanks
to the Indus3Es implementation. Considering 600 kW prototype the payback period would be reduced to 3 years,
and to 2 years in case 1.2 MW AHT is considered.

5 Conclusions

e This work presents the results of the AHT installation performed in the Indus3Es Project. The system has
been installed in a process petrochemical plant, by developing a fully stand-alone system which would help
to reduce the CO, emissions in the plant.

e  This system could work in two main different operation modes: non-adiabatic and adiabatic absorption modes.
This did allow the consortium to make an estimation of the improvement of the AHT performance by the
addition of an adiabatic absorption vessel, where nozzle-based distribution system was considered:

—  Working under non-adiabatic mode, presented a deviation of 12 % from the design value. The main
reasons for this deviation are that, in one hand, lower dissipation temperature was available in the
condenser, increasing the effect of the NC gases. In the other hand, lower solution flow-rates were set
because of cavitation of the solution pump.

— The implementation of the adiabatic absorption vessel could be a very successful improvement added to
the system. It is remarked that during the tests under this operation mode not fully and long-time
stationary operation could set, but promising results were observed. The temperature of the solution
entering to the absorber increases in about 20 K by the AAV, and it was observed that the capacities by
the implementation of the AAV could increase the design capacities about the 12 %.
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Abstract:

This paper is an updated version of paper number #57 from the online pre-conference ISHPC2020.

The development and design of a flexible two-stage absorption heat pump system comprising a directly biomass-
fired desorber is presented. A nominal heating capacity of 100 kW is provided with a biomass utilization efficiency
BUEhea = 2 what in this context is the supplied heat referred to the lower heating value of the ligneous biomass
input. For this purpose, the integrated sorption process replaces valuable renewable biomass energy with thermally
upgraded heat from any additional low-temperature source. A steady-state simulation-study with input and output
parameters close to reality was conducted. The results lead to an optimized design and partition of heat exchanger
area and fluid circuits. The subsequent engineered system-unit allows for several operation-modes, such as double
effect and double lift. The chosen design temperatures fit to common ambient heat-sources, new and old buildings
and industrial processes, as the heat-input can be lowered to 4 °C and the output can reach 90 °C. Additionally,
the system directly provides cold from biomass-combustion with a BUEq =~ 1.1. Based on the simulations, a
pilot-plant was manufactured and commissioned in a test-rig. The operation under laboratory conditions showed
economically and ecologically sound results, which makes the concept viable for a commercialized realization.
Thus, there is need of further development by optimizing the interaction of combustion and system control and
reducing heat losses by simplifying the system-setup.

1 Introduction

Completive to wind and solar, biomass represents one of the most important renewable energy resources and
already contributes substantially to a climate-neutral energy supply. Although there is further development
perspective, for instance regarding residual and waste materials, respecting the available state of the art, the
economic potential is limited and almost fully tapped. Therefore, highly efficient usage is eminent.

Beside the use of the energy stored in ligneous biomass for electricity generation, it was particularly the heat
supply from district heating stations and smaller scaled boiler, which covered the heat demand in Germany by
10.7% in the year 2016 [1]. For nominal conditions, heat units reach a biomass utilisation efficiency of
approximately BUEe = 0.9. By application of innovative flue gas condensation, this value rises to BUEpe =~ 1.1
[2]. A thermally driven, two-stage heat pump process enables an even better utilisation of the exergy from the
biomass. Starting with a simple Proof of Concept in the joint German-Finish SET-plan research project “Solar
Heating and Cooling for Northern and Central Europe” [3], the development of the directly biomass-fired
absorption heat pump here was continued in cooperation with a biomass boiler manufacturer. The research project
focused on an economic and reliable heat pump design and performance tests under lab conditions. This paper
describes the basic sorption process design and results of the simulation of the research. The test rig setup as well
as defined key figures for testing are shown. Finally, the most important measurement results for nominal operation
are presented.

2 Fundamentals and experimental setup

The combination of a biomass combustion and sorption process offers a quite efficient way for low temperature
heat supply with a certain share of ambient heat and minimal consumption of electricity. Multi-staging reduces
the biomass input significantly. Nevertheless, its pros and cons have to be carefully balanced regarding economic
feasibility as well as a simple, robust and reliable system design.

2.1 Advantages of a two-stage heating and cooling system with biomass-combustion

The benefits of multi-stage absorption heat pumps have been theoretically investigated sufficiently and are well
known. For instance, Ziegler [4] has shown, that using the driving energy in a cascade leads to a significant higher
efficiency. Coming along with that, the feasibility is limited by the necessarily rising temperatures of the driving
energy source and of the working fluids. The fluid used in the apparatus presented in this essay is aqueous lithium
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bromide (H,O/LiBr) with water as refrigerant. It has a common upper range for application temperatures between
150 °C and 170 °C, regarding rising corrosivity. Carrying out a multistage concept therefore is limited by
economical acceptable variety and uncomplicated availability of construction materials. Moreover, an increasing
quantity of stages rises the complexity and expense for heat exchangers, piping valves and instruments.

As the refrigerant H,O limits the evaporation temperature to 1 °C to avoid internal freezing, ambient heat-sources
seem to be limited for H,O/LiBr-heat-pumps. In fact, the potential of ambient heat-sources delivering temperatures
higher than 8 °C, such as groundwater, wastewater or geothermal probes is notable. Here it also has to be
considered, that in rural areas, where biomass as fuel is more common and available than in cities, these kind of
ambient heat-sources also are more probable. Additionally, in current research projects reliable and sufficiently
efficient evaporator-systems for modified refrigerants are investigated. Presuming successful research, ambient
heat sources delivering energy with temperatures below the freezing point of water could be integrated.
Respecting these constraints, a two-stage concept was chosen for the system presented here as a good compromise
of performance, cost and complexity. Regarding the heat ratio { as the quotient of net energy and driving energy,
the increase in efficiency is evident: Modern absorption single stage heat pumps enable a (sg ~ 1.8, relating to the
generation of heat. A two-stage type enables values up to {pg = 2.4.

Commercial two-stage units typically range in capacities of a megawatt. Beside directly gas- and oil-fired systems,
an implementation of steam-driven or pressurised hot water is economically justifiable in this higher capacity
class. In general, one falls back to single stage hot-water-driven absorption heat pumps for lower capacities. To
replace fossil energy sources in smaller systems, the attention has to be turned to waste heat, solar heat or on the
best storable, locally available fuel biomass for directly driving absorption heat pumps. Ligneous biomass here
succeeds as standardised fuel and its combustion is technically mature.

Without the detour of the initial generation of hot water, a directly biomass-fired two-stage heat pump in the
medium capacity range is viable, respecting an increase of efficiency (Cpe / se) up to 33%. The additional expenses
by purchasing an absorption heat pump (AHP) are even more accommodated for the two-stage system: A rough
estimate shows that the capital investment in the biomass direct-fired, two-stage absorption heat pump (bioSHC-
system) is nearly the same as for a single stage AHP connected to a biomass-fired boiler.

Additionally, the efficiency of the combustion unit concerning the provided fuel is equal for both systems. The
common exhaust temperature for wood firing at nominal operating conditions is set to 160°C or higher, which
enables to use most of the smokestacks installed in buildings. Concerning the maximum working-fluid
temperatures, the exhaust temperature of the two-stage heat pump-system is similar.

The bioSHC-system theoretically reaches a biomass utilisation efficiency up to BUEpe = 2 referred to the lower
heating value (LHV) of the fuel and the heat from an ambient low temperature reservoir included. With halve of
the conventional fuel input providing the same amount of useable heat, emissions (dust, CO2, etc.) may be reduced
in the same scale. The following section implicates, that the multi-stage structure induces further advantages
regarding variety of operation modes.

2.2 Implemented modes of operation

The bioSHC-system has been developed based on the analysis of appropriate ambient heat sources for absorption
heat pumps, so the goal was to utilize the lowest possible temperature of the refrigerant.

Substantially the system consists of three main subsystems - a directly biomass-fired second-stage desorber plus
condenser, a single effect absorption heat pump and a pre-fabricated hydraulic-system, which helps for an easy
implementation and interaction in buildings and their control systems.
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Figure 1 — schematic diagram of the three main operating modes of the bioSHC-system
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The guideline for engineering was the double effect mode (DE). For this operation mode, the realised concept
requires six main heat exchangers. The lower four exchangers evaporator (Ey), absorber (Ao), condenser (C,) and
desorber (D)) are realised as tube bundles in two vessels and form a separate entity, that could be operated as a
single stage or single effect-system (SE). A high-temperature-desorber (HTD or D) and a second condenser (C>)
are added for building a double effect system (DE). The second desorber D, herein is the innovative core piece. It
is a directly biomass-fired desorber with a driving capacity of about 50 kW and a combustion power of 55 kW.
The cascade of energy-use from the combustion is carried out by coupling C, and D, via an external heat carrier.
In Figure 1a) this external heat transport is displayed as a double line arrow between these main components. The
connecting, continuous lines follow the logarithmic depiction of the pressure curve (ordinate) for constant salt
concentrations depending on equilibrium-solution-temperatures (abscissa). Dashed lines represent the vapour flow
of the refrigerant between the components. Therefore, the resulting four temperature- and three pressure-levels of
the bioSHC-system are visible. These levels are quite similar for the three suggested modes of operation.
Comparing Figure 1a) and Figure 1b) it can be seen, that the external circuit between C, and D; allows an additional
mode for an efficient and very high temperature-lift, by lifting the heat Qgo coupled into the evaporator Eo two
times. This double lift-mode (DL) requires the condenser C; to operate as a second evaporator (E;) and the D, as
another absorber (A;) at a higher pressure-level. A further operation mode named “single effect for cooling and
heating” is also possible within the bioSHC-system. Figure 1c) shows that in this case, cooling and higher
temperatures as in common single effect AHP can be provided at the same time without the need of a middle
pressure stage.

3  Results

3.1 Modelling of the heating and cooling system

The shown system-concept was modelled in a component-based simulation on physical property data and balances
of mass, sorbent and energy. The steady-state simulation-study with the Engineering Equation Solver (EES) leads
to an optimum of heat-and-mass-transfer-area by variation of temperature spread as well as different internal and
external hydraulics. The main results of theoretical capability, heat ratio, design temperatures and the biomass
utilisation efficiency for the double effect and double lift mode at nominal conditions are given in table 1.

Table 1 — Key figures of the bioSHC-System

Key figure Abbreviation and/or Unit Efficiency mode Temperature-lift mode
Equation double effect mode double lift mode
chilled water Teold (supply | return) °C 4 |8 4| 8
heating water Theat (Supply | return) °C 41 | 31 90 | 70®
temperature lift Thift = Theat supply — Teold supply K 37 86
nominal capacity Qheat | Qcold kW 111 | 62 66 | 16
C_,(b)heat\cold Qheat : (.QHTD_1 | Qcold : (ZHTD_1 - 2.22 | 1.23 1.31 | 0.3
; eat i ue LHV) -l - 1.99 1.18
BUE® heatea Qe+ (i
heaticold Qcold - ( Mt - LHV) ! - 1.10 0.27
@ Max. 85 °C feasible ® Heat Ratio © Biomass Utilisation Efficiency,; Reference lower heating value (LHV)

As boundary conditions, the maximum allowable salt-concentration and temperature of the solution, external and
internal temperatures, realistic heat transfer rates and heat-exchanger-efficiency were set. In addition, the wetting
of the tube bundles and therefore the solution- and refrigerant-circuits have been considered based on
measurements.

The key figures in table 1 are gained from the series flow-model, which is the required continuous flow of the
aqueous lithium bromide fluid passing the HTD first and the desorber D, second for regeneration.

Considering that the design-point in practice may not always perfectly match, for example in external conditions,
the system has to be resilient especially to changing supply-temperatures of the fluid-circuits. A variation of
temperatures and their spread in the cold- or cooling-water shows a low sensitivity regarding the cooling-
performance and . As the temperature Tcoiq is varied from 3 °C to 6 °C as well as the temperature-spreads from
3K up to 10K, the cooling-capacity and { change merely 2% regarding to the nominal conditions. The
temperature-variation of Theat from 38 °C to 44 °C and a change in temperature-spreads from 5 K up to 12 K show
the same results.
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3.2 Developed plant and test-rig setup

As mentioned before, the innovative core piece of the system is the desorber HTD. It was drafted based on an
existing combustion chamber geometry. The layout as a pool-desorber with natural circulation enables a
homogenous allocation of temperature and solution-concentration. The design of the heat exchanger on the
solution-side was based on extensive research.

In the zone of the combustion-chamber a heat flux up to 80 kW-m? may appear, which will not cause critical wall-
temperatures above 180 °C due to best heat transfer resulting from flow-boiling, following evaluations from Riepl
[5][6]. Nevertheless, the design of the desorber HTD seems very similar to any standard wood-chip-boiler with
flue-tubes, except the built-in components supporting natural convection and vapour flow and the mounted high-
temperature-condenser. Therefore, it was fabricated with the conventional methods of a boiler manufacturer. Due
to the effective remodelling, the HTD can be produced with similar costs regarding to a commercially available
hot-water boiler of the same combustion capacity.

E— (1) Biomass-fired desorber HTD

(2) Absorption heat pump (AHP)
(3) Storage, supply and scale for
biomass-fuel

(4) Control and hydraulic system

Figure 2 — Picture of the system-setup integrated in a HIL-laboratory environment

The single stage absorption heat pump unit (AHP) has been realised for a perfect match to the high-temperature-
desorber HTD. As shown in Figure 2 the entire installation of the components was assembled in a laboratory. With
the aid of a hardware-in-the-loop-test-rig (HIL), measuring of the bioSHC-system was carried out close to reality.
3.3 Testresults

Operational measurements of the bioSHC-system show very good agreement with the simulated process
parameters as given in Table 1. Solely the heat and cold output as well as fuel efficiency is lower than expected
due to the high ambient heat losses of the HTD setup. In the laboratory tests of the double effect mode, a fuel-
related efficiency for heat supply of BUEne = 1.7 could be shown. The heat ratio achieved a very good value of
Cheat = 2.21. Further data from measurements including absolute uncertainties (referred to a 1-c probability) are
given in Table 2.

Table 2 — Measured performance of the bioSHC-System at nominal conditions

Key figure Unit Efficiency mode Uncertainty Temperature-lift mode Uncertainty
double effect mode (abs.) double lift mode (abs.)
Teold °C 56 ]9.0 +0.10 57| 8.0 +0.10
Theat °C 39.9 | 31.3 +0.19 90.2 | 80.0 +0.3
T K 344 +0.19 84.5 +0.3
Qneat | Qeold kW 95.7 | 52.3 +3.9|+2.1 579 | 13.2 +2.6 | £1.5
{® heatlcold - 221 | 1.21 +0.12 | +0.01 1.3010.30 +0.03 | £0.02
BUE®hcatcold - 1.70]0.93 +0.07 | £0.04 1.03]0.23 +0.05 | +0.01
@ Heat Ratio ® Biomass Utilisation Efficiency; Reference lower heating value (LHV)

The low electrical energy demand of about 1 % of the usable heat Qpea is to be emphasised. Emissions (dust, CO)
could be kept low and amounted to only about 54 % of the emissions of conventional systems related to the same
heat output. The system has potential for optimisation in terms of efficiency. By omitting all installations, sensors
and actuators which are not relevant for real-life operation mandatory for scientific purposes, thermal losses could
be reduced enormously. In combination with an improved combustion control, another 15% of additional heat
output could be provided in the double effect mode.
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4  Conclusions and outlook

The presented directly biomass-fired absorption heat pump system nearly doubles the heat-output compared to
conventional biomass boilers, fired with ligneous biomass. This was proven by laboratory measurements. Essential
precondition is a sufficiently available low temperature heat reservoir (e.g. geothermal probes), feeding the
implemented sorption heat pump process. The modular design of the three main components allows for switching
between operation modes such as single effect, double effect, double lift or the “single effect for cooling &
heating”. Thus, a high biomass utilisation efficiency and/or high temperature lift for solely or simultaneous heating
and cooling is obtained.

In addition, the system can directly and highly efficient convert biomass energy into useable cold for cooling
purposes. Furthermore, the overall very low electricity consumption relieves the electrical grids. The chosen design
temperatures fit the requirements of new building-standards but are also appropriate to old buildings. This enables
prospective numerous applications in real buildings or industrial processes.

The combination of biomass-combustion and heat pump technology offers further applications such as extracting
heat from flue gas by utilisation of condensing. Referring to Hermann [2], cooling the flue gas of a wood chips
fired desorber down to 25°C, the gained sensible and latent heat may reduce the required ambient low temperature
heat source by 18% in double effect setup and 70 % in double lift setup respectively.
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Absorption Chiller Control for 100% Turndown
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Abstract:

The Absorption Refrigeration Cycle Turbine Inlet Chiller (ARCTIC) system can chill the inlet air of a combustion
turbine to maintain optimum performance at all ambient temperatures. However, to optimize performance and yet
avoid bell-mouth icing, the inlet air temperature has to be maintained within a narrow range throughout the year.
These considerations require strict control of the chiller performance over a wide range of ambient conditions and
down to 100% turndown. This paper summarizes the controls strategy and presents field performance data for a
600RT chiller for a Solar Turbines Mars 100 turbine.

1 Introduction
Ambient conditions greatly affect combustion turbine performance. For a MARS 100 turbine, power output
drops nearly 17% as ambient temperature increases from 7°C to 35°C. Turbine efficiency also degrades by 4% on
hot days with corresponding increase in carbon
emissions. The Absorption Refrigeration Cycle
Turbine Inlet Chiller (ARCTIC) system, shown in
Fig. 1, uses exhaust heat—powered absorption
| ﬁl refrigeration to provide inlet air chilling to the
/ turbine. With ammonia as the refrigerant, the
ARCTIC can optimize turbine performance by
maintaining inlet air temperature at 7.2°C even on
the hot days. The ARCTIC system is comprised of
five major assemblies: Turbine Inlet Air Coil
(TIAC); Heat Recovery Vapor Generator (HRVG);
Condenser; Cooler; and the ARCTIC skid
(containing rectifier, absorber, SHX, RHX, and
Compressor i pumps). The Condenser and Cooler are dry air-
cooled compared to the evaporatively cooled
r:ret _m ) Turbine System ARCTIC presented by Anand et al. [1]. The TIAC
2 is also chilled by an intermediate chilled water loop
TiAC compared to direct refrigerant chilling [1].
Figure 1. ARCTIC System Diagram
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Economics and chiller performance guarantees require maintaining the inlet air temperature below a specified
maximum temperature throughout the year. With ammonia as the refrigerant, the ARCTIC can provide very low
chilling temperatures. However, two external factors limit the minimum inlet air temperature. First, some turbines
such as the GE LM6000 have an optimum inlet air temperature [2]. Chilling the air below this temperature will in
fact degrade turbine performance. Second, adiabatic flow acceleration of the cold saturated air in the turbine bell-
mouth results in a further drop in air temperature based on the concept of stagnation enthalpy. This can lead to
icing conditions in the bell-mouth [3,4,5]. The ice can break off and be ingested by the turbine causing severe
damage and subsequent failure.

Thus, the inlet air temperature must be maintained within a narrow range with the upper limit set by
economics and performance guarantees and the lower limit set by turbine characteristics and icing considerations.
These specified inlet air temperature conditions must be met even as the ambient temperature varies from over
35°C (95°F) to below 8.9°C (48°F), as the humidity varies from 100% to below 20%, and correspondingly as the
chilling load varies from 100% down to zero percent load. These considerations require strict control of the chilled
air temperature over a wide range of operating conditions.
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2 Controls Summary

A simplified schematic of the major components and controls is shown in Figure 2. The system is designed
to operate completely automatically with no need for operator attendance. The ARCTIC senses when the gas
turbine starts and automatically comes ON. When the gas turbine shuts down, ARCTIC automatically shuts
down after a short cool-down period. When the ARCTIC System is operating, the several controls become
active. The various controls set points for these controls were obtained by detailed simulation of ARCTIC
performance over a wide range of ambient conditions. These parameters can be adjusted remotely, if needed,
based on actual performance with varying ambient or plant operating conditions.

VFD m
—= v ‘
—_—— - _I/rUUU‘LDH RECTIFIERE|

Fm————————
x.; VAPOR BYPASS VALVE

PRESSURE

HP Pumps,

VFD

Solution
RCVR

VFD

—=

COOLER

Absorber

Cooler

Expansion VFD
Pump

Valve l
To TIAC

Figure 2. Schematic of ARCTIC Components and Controls on Pressure, Temperature Coordinates

:
(i) macrPump
VED

TEMPERATURE

A. Solution pumps- VFD controls speed of solution pumps to accommodate startup sequence and changes in
load and ambient temperatures.

B. Rectifier level control (LTD-CV) - This is a motor operated valve which uses Rectifier level as a control
parameter to control letdown flow. This control occurs in a standard industrial stand-alone electronic
module.

C. Refrigerant flow control-expansion valve controls superheat at the exit of the evaporator. This control
occurs in a standard industrial stand-alone electronic module.

D. Condenser fan speed- VFD speed logic is stand-alone in Condenser control panel and controls to high side
pressure set point. A set point of 14.8 Bar (200 psig) is provided by the ARCTIC PLC.

E. Cooler fan speed- The cooler fan VFD controls coolant temperature at the outlet of the coolers. There are
two Cooler bays having independent temperature measurement and fan speed control. The outlet
temperature setpoint is 41.4°C (106.5°F).

F. TIAC loop controls- Maintaining desired turbine inlet air temperature is critical. Detailed TIAC coil model
and loop analysis was performed to develop and specify these controls [6,7,8]. These controls can be
considered as stand-alone controls except for the specification of the Evaporator chilling temperature.

G. Cooler water circulating pump speed - controlled to maintain desired low side pressures and thereby the
Evaporator temperature. Desired LP pressure setpoint changes with ambient temperature. Pump speed is
adjusted according to low side pressure (LP)- lower speed to increase LP pressure for cooler ambients.

H. Vapor bypass control valve - Its primary function is to compensate for the low refrigeration duty of the
TIAC on cooler days. Its normal control function is to open to a fixed position, proportional to the ambient
wet bulb temperature — more open on colder ambient temperature. The valve opening varies linearly from
0% open at ambient wet bulb (WB) of 24.4°C (76°F) to 45% open at WB of 7.2°C (45°F), and remains at
45% open at lower ambient temperatures.

I.  Liquid bypass control valve - during low loads, part of the refrigerant liquid is bypassed from the high side
to the low side. Its primary function is to compensate for mismatch between the relatively fixed heat input to
ARCTIC from the HRVG, and the highly variable refrigeration load of the TIAC coil. On cooler days the
refrigerant flow into the Evaporator is much lower than the refrigerant flow out of the rectifier; the liquid
and vapor bypasses makes up for the difference. The liquid bypass valve normally keeps the refrigerant
receiver level at a specified set point. The level set point varies linearly with ambient WB.
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On colder days, the vapor bypass ensures enough vapor flow to the absorbers enabling proper flow regimes
in the absorbers and adequate loading of the Coolers; whereas the liquid bypass ensures enough condenser load
and turndown control.

3  Field Performance

Since commissioning at the end of summer 2020, the ARCTIC has provided inlet air chilling over a range of
ambient conditions. Typically, the inlet air/TIAC air leaving dry bulb (LDB) is maintained at 7.2°C (45°F). On
cooler days, if the inlet air temperature drops to 5.6°C (42°F) the chilled water pump turns OFF automatically to
prevent further chilling and bell-mouth icing. On colder days, the ARCTIC continues operating till the ambient
temperature drops below 1.7°C (35°F) and then turns OFF. The chiller turns back ON when the 8-hr average inlet
air temperature exceeds 10°C (50°F).

Figure 3 shows ARCTIC performance in the chilling mode on a cooler day when many of the controls are
active. Ambient dry bulb (EDB) temperature was initially about 6.7°C (44°F) and the WB was 5°C. The chiller
was operating with minimal chilling load and the inlet air temperature is nearly same as ambient temperature.
Around 1:28 AM the inlet air temperature dropped below 5.6°C (42°F). The TIAC pump turned OFF in order to
stop chilling the air due to icing concerns. The ambient temperature dropped to a minimum of 3.5°C (38°F). The
chiller kept operating overnight. The inlet air temperature varied between 3.5°C and 7.7°C, the lower temperature
being actual ambient temperature without any chilling. The minimum chilling load was zero, i.e. the chiller
operated with 100% turn down. Only the HRVG heat input had to be rejected by the Condenser and Coolers with
the loads being regulated by the vapor and liquid bypasses. Due to the reduced loads the fan speeds decreased,
with the Condenser fans nearing zero speed and Cooler fan speeds dropping to 15 Hz.

With the morning sun rise, the ambient temperature started increasing. The TIAC pump turned back on
at minimum speed when the inlet air temperature reached 7.5°C at 8:42 AM. The ambient EDB peaked at 21.7°C
(71°F) around 3:00 PM with a maximum WB of only 12°C. The maximum chilling load for this mild day was 447
kW (127 RT). With higher EDB and TIAC load the Condenser and Cooler loads and fan speeds increased and the
vapor and liquid bypasses decreased.

The Evaporator chilling temperature varies with low side pressure (LP) which is directly controlled by cooler
pump speed. However, in an absorption system the pressure is also dependent on solution temperature and
concentration which are controlled by refrigerant level and cooler fan speed. There is an interdependence between
these controls and the TIAC pump speed as shown in the performance data.

4  Conclusions

This article presents initial operating data of the Absorption Refrigeration Cycle Turbine Inlet Chiller
(ARCTIC) system providing inlet air chilling for a MARS 100 turbine. A key feature of the ARCTIC is the controls
strategy. The controls help maintain the inlet air temperature at desired setpoint to maximize turbine capacity and
efficiency during most of the hot/warm days, accommodates 100% turndown, helps maintain performance
guarantees, and in avoiding TIAC operation in icing conditions.
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Figure 3 — ARCTIC Cold Day Performance and Control
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Abstract:

The continuous improving performance of the mobile devices urges a larger capacity of heat dissipation, while
its improvement is encountering a bottleneck due to the inherent property of the natural convection and radiation.
Fortunately, the recent development of a novel passive cooling strategy, moisture sorption-desorption process,
offers new opportunities for enhancing heat dissipation by involving the mass transfer process. In this paper, we
demonstrate the practice of the moisture sorption-desorption cycles on a state-of-art commercial smartphone.
About 1.7 g MIL-101(Cr) is coated on the back surface of the smartphone, and different benchmarks, including
the graphics-intensive gaming applications are tested. The experimental results show that an extra 0.6 W heat
dissipation capacity can be achieved, which accounts for about 10% of the total value. Furthermore, a maximum
25% performance improvement in gaming benchmarks is obtained, strongly proving the effectiveness of the
proposed cooling method.

1 Introduction

Thermal management has been one of the major challenges for electronic devices [1]. And for mobile devices,
since using fans is usually not a viable solution [2], its heat dissipation capacity is hard to improve due to the
inherent property of natural convection and radiation. Currently, there are mainly two directions to improve the
heat dissipation of the mobile devices: improve the temperature uniformity of the exterior surfaces and energy
storage technology. Limited by the user experience, the temperature of devices surface (skin temperature) should
be controlled under a certain threshold [3] (generally 45 °C), thus the only way to improve the heat transfer at the
devices boundary is to improve the temperature uniformity, and the heat dissipation capacity will reach its upper
boundary once the distribution of the surface temperature is uniformed. Materials with high thermal conductivity,
such as graphene films [4], cubic boron nitride (c-BN) [5], and isotopically purified diamond [6], can help to
improve the temperature uniformity and has become a hot topic in the thermal management of electronics [7].
Ultra-thin heat pipes [8] and vapor chambers [9] can also achieve an equivalent high thermal conductivity and be
considered in mobile devices. On the other hand, the intermittent use of mobile devices offers the opportunity to
use energy storage technology such as phase change materials (PCMs) [10] to temporarily improve the power
consumption. But the heat transfer at the devices boundary is still limited by natural convection and radiation.
Recently, with the development of solid desiccant materials, a novel passive cooling strategy, moisture sorption-
desorption process, has been widely discussed. Researches have shown its successful use in the field of
electronics [11], photovoltaic panels [12], and battery thermal management [13]. In general, when the device is
operating, the solid desiccant materials will absorb the waste heat and generate the desorption process, and the
desiccant will capture the moisture from the air when the device is idle (cooled). The abovementioned desorption
process intrinsically enhances the heat transfer rate by involving the mass transfer process, providing tremendous
potential in helping the mobile devices breaking the heat dissipation boundary caused by the threshold of the
skin temperature. In this paper, we demonstrate the practice of the moisture sorption-desorption cycles on a
state-of-art commercial smartphone. The experimental set-up and results will be discussed below.

2 Experimental Set-up
The schematic illustration of the desiccant coating and the direction of heat and mass transfer are shown in
Figure I (a). In particular, about 1.7 g (containing ~20 wt % binder) MIL-101(Cr) powder is coated on a 50pum-
thick copper substrate. This copper substrate is then pasted on the back surface of the mobile devices by thermal
interface materials (TIMs). In our experiment, four such cooper substrates with MOF coating, with a total area of
63cnr’, are attached to a state-of-art commercial smartphone (Mi 10 Ultra), as shown in Figure 1 (d). The water
sorption isotherms of MIL-101(Cr) measured at 25 °C are shown in Figure I (b), indicating the water uptake of
about 1.05 g/g in a typical ambient condition (25°C, 60%). The experimental condition is shown in Figure I (c),
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the mass change is obtained by a precision electronic balance with a resolution of 10 mg. Three thermocouples
(K-type) are attached at the back surface of the smartphone (shown in Figure 1 (d)) and are connected to a data
logger. These thermocouples from top to bottom are denoted as Tiy;,-2, Ty-1, and Ty,,-3, respectively. Besides,
the temperature distribution of the back surface is recorded by an infrared camera. Furthermore, the temperature
of the system-on-chip (SoC), the frames per second (FPS), and the power consumption of the smartphone are
measured by its internal sensors and be further recorded by a commercial software called PerfDog. Before
experiments, the smartphone with MOF coating is initially exposed to the environmental condition at 25 °C and
RH 60% until reaching both temperature and mass equilibria. All experiments are conducted at an environment-
controlled chamber with the swings of temperature and RH below 0.5 °C and 2%.

X 7, MOF coating (~300 pm) Computer Thermocouples
Copper substrate (50 pm) o n— y r )

— TIM Material
Mobile devices
(a) —> Heat flow —> Mass flow
12 s e
—— Desorption o
510+
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©
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=
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' : e ‘ ' Infrared camera Precision balance A MOF Coating
(b) (c) (d)
Figure 1 Experimental set-up and property of MIL-101(Cr)
3 Results

A professional benchmark (AnTuTu) and a popular graphics-intensive gaming application (Genshin Impact) are
considered to validate the effectiveness of the proposed cooling strategy. In particular, three test scenarios are
employed on the platform (Mi 10 Ultra) with MIUI 12.0.13 system, including 55-min AnTuTu (6 continuous
cycles), 65-min Genshin, and 95-min Genshin, as shown in Figure 2. For comparison, the same tests are run on
both the device with bare surface and the device with MOF coating. The temperature, performance, and power
consumption of the devices are shown in Figure 2.

Due to the feedback control strategy already existed in commercial smartphones, such as dynamic power
management (DPM) and dynamic voltage-frequency scaling (DVFS) [14], the extra heat dissipation caused by
MOF coating is reflected in the increase of power consumption and performance, instead of the decrease of the
temperature discussed in previous researches [11-13]. In order to eliminate the influence of different initial
conditions and corresponding DVFS strategy, only the performance at steady state (the gray shadow in Figure 2)
is taken into account. As shown in Figure 2 (a, d, g), the skin temperature of the devices with the MOF coating
is almost the same as it of the baseline, while the SoC temperature with the MOF coating has a little increase due
to the improvement of the power consumption. Besides, the power consumption of three test scenarios and their
frequency distribution are shown in Figure 2 (b, e, h). Compared with the baseline situation, the average power
consumption (measured by the current and voltage sensors at the battery of the smartphone) is increased by
about 0.57 W, 0.61 W, and 0.6 W, respectively. Furthermore, the performance of three scenarios, evaluated by
normalized score (for AnTuTu) and FPS (for Genshin), are presented in Figure 2 (c, f, i), showing an average
9%, 25%, and 19% performance improvement compared with the baseline situation.

The mass change measured by electronic balance and the corresponding transient cooling power is shown in
Figure 2 (j) and (h) respectively. The average improved power consumption due to the moisture evaporation is
0.556 W, 0.629 W, and 0.563 W respectively in our three test scenarios. Although similar, the power
consumption improvement evaluated by mass change rate has a little difference with it evaluated by the power
consumption of smartphone battery obtained by PerfDog software due to the heat capacitance and deviation
caused by curve fitting and measurement accuracy. Besides, the maximum mass change of the desiccant coating
is about 1.22 g obtained in the 95-min Genshin test scenario. Considering about 1.7 g (containing ~20 wt %
binder) MIL-101(Cr) powder is coated, the overall water uptake of the desiccant coating is 0.72 gyater/Ecoating-
Furthermore, in the scenario of 95-min Genshin, the moisture contained in the desiccant coating is used up in the
first 87 minutes (seen in Figure 2 (j)), resulting in a sudden decrease in the power consumption and performance
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(seen in Figure 2 (h, j)). At the stage of 87-95 min, the average power consumption is about 5.8W, showing little
deterioration compared with the baseline situation. As a result, although the complete-desorption desiccant
coating will bring extra thermal resistance [11], it has an ignorable negative impact due to complicated heat
transfer and temperature control systems in practical mobile devices.
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Figure 2 - The temperature (a, d, g), performance (b, e, h), power consumption of the smartphone (c, f, i), mass
change (j) and the transient cooling power derived from the desorption rate (k)

4  Conclusions
In this paper, we demonstrate the practical use of the moisture sorption-desorption process on mobile devices.
The results show that an ultra-thin MIL-101(Cr) coating can achieve an extra 0.6 W heat dissipation capacity,
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namely a 10% improvement of the start-of-art smartphone. In our test scenarios, this improvement can lead to a
maximum 25% performance increase (measured by FPS) when running the graphics-intensive gaming
applications. The moisture sorption-desorption process can break through the limitation of heat dissipation
capacity caused by natural convection and radiation, providing new opportunities for the cooling of mobile
devices.
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Abstract: The absorption refrigeration system is a waste heat recovery technology, which could be applied in the
precooling process of LNG (liquified natural gas) stations to reduce energy consumption. In order to improve
energy utilization efficiency and cooling capacity, this paper proposes an improved absorption system with high-
temperature and low-temperature generators introduced, where both the high-temperature flue gas and low-
temperature jacket water are recovered, respectively. By flowing part of the solution to the low-temperature
generator, the system could recover low-grade heat sources, and the split ratio is optimized by the heat capacity of
the two sources. Given the specific heat sources from the LNG plant with daily natural gas production of 30,000
m?, simulation result shows that the proposed system could achieve cooling energy of 333.7 kW with the optimal
split ratio of 0.6, which is 70% higher than that of the single-effect system. Economic analysis shows that adopting
the proposed system to replace the compression system for the precooling process could save 432,710 CNY per
year. The payback period is 1.9 years, which is 0.1 and 2 years shorter than that of the single-effect and single-
effect/double-lift (SE/DL) absorption systems, respectively, indicating its promising perspective in the application.

1 Introduction

Liquefied Natural Gas station consumes a large amount of energy during the precooling and liquefication
process. For some LNG stations far away from the electric grid, the gas engine is adopted to produce the required
power, where an amount of heat is discharged to the atmosphere directly via flue gas, jacket water, etc. Some
studies pointed out that the heat-driven absorption refrigeration system (ARS) is a proper way to replace the
compression refrigeration cycles in the precooling process of LNG [1], which could produce great energy-saving
benefits. Paul et al. analyzed the potential replacement of propane chillers with the absorption system in the
precooling process. It is found that the system could save 1.9 MW of electric consumption from a 9 MW power
generation process [2]. Mehdi et al. introduced a new process configuration for the LNG process, where the vapor
compression cycle was replaced with an ammonia-water absorption refrigeration system. The numerical results
showed that the power consumption of the station could be reduced by 31% [3]. He et al. studied an absorption
refrigeration system using zeotropic R134a+R23 refrigerant for the precooling process. By utilizing exhaust engine
heat with a temperature of 145 °C, the absorption system obtained the evaporation temperature of -30 °C with a
theoretical COP of 0.47 [4]. However, most of the systems mentioned above are single-effect systems driven by
high-temperature flue gas, which are not suitable for recovering multiple heat sources with different grades.

It should be noted that recovering multiple heat sources of different temperatures is vital to increasing energy
utilization efficiency. In order to improve the efficiency of the direct-fired absorption system, Lu et al. proposed a
novel system where the heat from the combustor and flue gas is utilized in the generator and intermediate
evaporator, respectively [5]. Wang et al. introduced a mix-effect absorption system for air-conditioning, where the
waste heat in the flue gas and jacket water is recovered [6]. Yan et al. studied a novel system that combined the
double-lift and single-effect (SE/DL) system to obtain a large temperature utilization span of the exhaust gas [7].
The study pointed out that the SE/DL system could be applied to the multiple heat sources recovery, but such work
was not specifically analyzed. In addition, the double-lift vapor exchange (VX) systems with two generators are
proposed to recover low-grade heat sources, while few researches paid attention to recovering two kinds of heat
sources. Aiming at improving energy efficiency and cooling capacity, this paper proposes an improved VX
absorption refrigeration system to recover the high-temperature flue gas and low-temperature jacket water. Given
the specific data of heat sources from an LNG station with daily production of 30000 m3, the operation parameters
of the proposed system are optimized. Compared with the compression system, single-effect system, and SE/DL
system, economic analysis is carried out to show the application potential of the proposed system.
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2 System description

LNG stations usually contain two cooling processes: the main cooling and precooling process. Conventional
LNG station uses the compression system to precool the natural gas and refrigerant of the main cooling process,
which is shown in Figure 1. This paper proposes an improved VX absorption refrigeration system to replace the
compression system for the precooling process in LNG, which could recover the waste heat from the flue gas and
jacket water to increase energy efficiency. The electrical power demand is about 600 kW/h for an LNG plant with
daily natural gas production of 30000 m® in the Ordos in China. The parameters of the waste heat, including the
flue gas and jacket water, from the ICE Jenbacher JGS312, are shown in Table 1. The absorption and condensation
temperature of the absorption system is set as 31°C, determined by the air temperature in summer. The cooling
temperature of the precooling process is required to be -15°C. For the single-effect system driven by flue gas, the
generation temperature usually varies from 120~170 °C. Therefore, the temperature of the generator driven by flue
gas is set as 165 °C in this paper. The temperature of the generator driven by the jacket water is set as 85 °C. The
working conditions are summarized in Table 2.

Power generation unit Precooling Process (with compression system)

Sle ot g,
Electric - - =
Air[ I

Power Outlet |

\) -

Natural Outlet Outlet
Gas

Main cooling Process

Figure 1 —Schematic diagram of the LNG process

Table 1 —Parameters of the waste heat from flue gas and jacket water.

Waste heat source Mass flow Dlschargecl temperature
(kg/h) C
Waste flue gas 3387 454~
Jacket water 22656 90~74

Table 2 — Baseline working conditions of the absorption system.

Item Temperature
/°C
Generation temperature of HTG 165
Generation temperature of LTG 85
Absorption and condensation temperature 31
Evaporation temperature -15
Jacket water Flue gas
| Flue gas l — -
[con 1 wec H{efe™| | con HRECH’ (1 ||Vm‘%’“|
7 [

GEN:generator; REC:rectifier; CON:conderser; EVA:evaporator; SUB:subcooler; ABS:absorber;
SHX:solution heat exchanger; HPA:high-pressure absorber; LPA:low-pressure absorber; P:pump

a) Single -effect system b) Single -effect/double-lift system c¢) Improved Vaper exchange system

Figure 2 —Different types of the absorption refrigeration system
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Figure 2 shows the three types of absorption systems, including the single-effect system, the SE/DL absorption
system, and the proposed system. The single-effect system has one generator, and it could not make sufficient use
of the low-grade heat sources. Therefore, only flue gas is recovered for the single-effect system. The SE/DL system
and the proposed system have two generators (HTG and LTG) where the flue gas and jacket water is recovered,
respectively. For the proposed system, waste heat carried by the jacket water is recovered in the LTG and the pre-
heater (PH). Some major assumption of the work are given as follows:

1) The system runs in a steady state. Heat losses to the surroundings and pressure drops along the pipelines

are neglected.

2) The refrigerant leaving the condenser, and the solution leaving the generators and absorbers are saturated.

3) The subcooling degree of the SUB is 5 °C. The pinch temperature of the solution heat exchanger is 5 °C,
and the pinch temperature of the flue gas and jacket water to the solution is 20°C and 5°C, respectively.
The COP and exergy efficiency are two significant parameters to evaluate the thermodynamic performance,
which is given as follow:
O,

COP = (D
QHTG + QLTG + QPH
Mex = £ )
° flue + AE jacket water +E pump

Where Q. and E. are the cooling capacity and cooling exergy of the system. Qurg, Or16, and Opy are the heat load
of the HTG, LTG, and PH. A Eqye and A Ejacket water are the inlet and outlet exergy differences of the flue gas and

jacket water. Epump is the electric consumption of the pumps.

3 Results

3.1 Influence of the split ratio

For the proposed system, part of the solution from the LPA enters the LTG to recover the low-grade heat from
the jacket water. Therefore, the split ratio of the solution entering the LTG is a significant parameter affecting the
system performance. As the split ratio rises, more solution enters the LTG with more ammonia vapor generated,
which would be absorbed by the HPA to produce the richer solution. As shown in Figure 3, the concentration of
the rich solution increase from 0.43 to 0.91 as the split ratio increase within the range of 0 to 0.99. The intermediate
pressure corresponds to the saturated pressure of the rich solution produced in the HPA, and thus the intermediate
pressure increases from 0.24 MPa to 1.09 MPa as the split ratio increases from 0 to 0.99. When the split ratio is O,
there is no solution enters the intermediate pressure stage. The intermediate pressure is equal to the evaporation
pressure, and the system works like a single-effect system.
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Figure 4 — the influence of the split ratio on the
system performance

Figure 3 — the influence of split ratio on the
intermediate pressure and solution concentration

As shown in Figure 4, the COP decreases from 0.56 to 0.4 as the split ratio increases. In contrast, the exergy
efficiency increase from 0.18 to 0.22 at first, resulting from the low-grade waste heat recovered from the jacket
water. For the given heat sources from the LNG plant, the optimal value of the split ratio is determined by the
maximum cooling energy that the system could produce. Figure 4 shows the heat load of the two generators, pre-
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heater, and evaporator under different split ratios. When the split ratio is 0.1, a small part of the heat from jacket
water is recovered in the LTG. Moreover, the rich solution entering the PH reach over 90°C after being heated by
the SHX, causing the PH to be unable to recover waste heat from the jacket water. As a result, the cooling capacity
is low when the split ratio is 0.1, although the system has a relatively high COP. As the split ratio increases, more
energy is recovered in the LT-GEN, and the concentration of the rich solution increases. When the split ratio is
0.3, the PH begins to recover the surplus waste heat from the jacket water. When the split ratio is higher than 0.6,
the heat from the flue gas and jacket water is recovered completely. After that, the cooling energy decreases as the
split ratio increase, resulting from the COP decrease. As shown in Figure 4, the optimal value of the split ratio is
0.6, and the maximum cooling capacity of 333.7 kW is obtained.

3.2 Energy and economic analysis

In this part, the performance of the proposed system with the optimal split ratio of 0.60 is analyzed. The system
performance is compared with the single-effect system and the SE/DL system. As shown in Table 3, the proposed
system and SE/DL system could recover around 422 kW heat from the low-grade jacket water. The COP of the
single-effect system is higher, but the cooling capacity is about 60% of that of the proposed system. The DL/SE
system obtains a slightly higher cooling capacity than the proposed system, but it combines the single-effect and
double-lift systems, and the configuration is more complex.

Table 3 — The comparison results between the absorption systems

System imputenery P SEE - Coolimg
. of the flue gas Capacity cop
Description (kW) water (kW)
kW)

Single-effect system 353.12 0 197.71 0.56

Improved VX system 353.12 422.64 333.70 0.43

SE/DL system 353.12 422.64 335.02 0.43

To carry out the economic analysis, the cooling cost of the systems are defined as follow:
C=C,.+C, =C, +EI+B+R )

where the system cost includes the energy cost (C.c) and non-energy cost (Cnc), the non-energy cost of the system
comprises equipment investment £/, the auxiliary fees B, and the operation and maintenance cost R [8] (where B
and R are totally about 19% of EI).

For the LNG station with daily natural gas production of 30000 m3, the cooling energy requirement of the
precooling process is around 300kW. Conventional LNG stations adopt vapor compression refrigeration systems
for precooling process, and the investment cost of a compression system per unit of cooling capacity is about 1,200
CNY/kW (1 CNY = 0.1473USD). Therefore, the initial investment for the compression system with a cooling
capacity of 300kW is about 360,000 CNY. The compression system needs electric energy from the combustion
engine consuming additional natural gas. Assuming that the COP of the compression system is about 2, and the
power generation efficiency of the internal combustion engine is 0.39, the compression system will consume
332,854 Nm? of natural gas per year. If the single-effect absorption refrigeration system is adopted to replace the
compression system, the system could produce cooling energy of 197kW by recovering the flue gas. However, it
requires additional natural gas burnt to supply more driving heat for the single-effect absorption system, in order
to meet the cooling capacity requirement. Considering the investment cost per unit cooling capacity of the single-
effect absorption system is about 2,500CNY/kW, the initial investment of the single-effect absorption system is
about 650,000CNY. The price of wellhead natural gas in China is about 1.3 CNY/Nm?, and the single-effect
system consumes 159,175 Nm? of natural gas, saving about 225.782 CNY per year.

For the improved VX system, only a generator, absorber, pump, and preheater is add, which causes about a 30%
increment in the initial investment than the single-effect system. The SE/DL system combines the single-effect
and double-lift system, having a more complex configuration. Therefore, the initial investment is increased
accordingly, which is about 1750,000 CNY. However, the proposed and the SE/DL system could produce cooling
energy to meet the requirement of the precooling process by recovering the low-grade heat from the jacket water,
meaning that there is no additional natural gas consumption. The economic analysis results are shown in Table 4.
Compared with the compression system, the proposed system saves 432,710 CNY per year, and the payback period
is 1.91 years, which is 2 years shorter than that of the SE/DL system. It indicates that the proposed system could
produce energy and economic benefits with a promising prospect in the application.
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Table 4 — The economic analysis of the different systems

System Initial investment Annual energy  Annual operation Payback
description cost/ CNY cost/ CNY cost/ CNY period /year
Cmopression system 360,000 432,710 68,400 /
Single-effect system 750,000 206,928 142,500 2.05
Improved VX system 1000,000 / 190,000 1.91
SE/DL system 1750,000 / 332,500 3.98

4  Conclusions

This paper proposes an improved VX absorption refrigeration system for the LNG precooling process to
improve energy efficiency. By recovering the high-temperature flue gas and low-temperature jacket water, the
system could obtain a significant increase in the cooling capacity. Simulation result shows that the COP of the
system decreases from 0.56 to 0.4 as the split ratio of the solution entering LTG increases. In contrast, the exergy
efficiency increase from 0.18 to 0.22 at first, resulting from the low-grade waste heat recovered from the jacket
water. Given the specific heat sources from the ICE, the optimal value of the split ratio is 0.60 with maximum
cooling energy of 333.70 kW obtained, which is 1.68 times of the single-effect system. Economic analysis shows
that it could save 432,710 CNY per year by adopting the proposed absorption system to replace the compression
system for the precooling process. The payback period of the proposed system is 1.91 years, which is 2 years
shorter than that of the SE/DL system.
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Abstract:

ECOSun project has as main objective a cost reduction of electricity and heat co-generation via a Concentrated
Photovoltaic/Thermal (CPV-T) system by applying low-cost materials and advanced industrial manufacturing
methods. In the CPV-T system, the solar radiation is captured in parabolic through concentrator based on a novel
support structure fabricated by injection moulding and focused on a Co-Generation Absorber Module (CAM),
where special c-SiPV-cells are operated under concentration. In this work, a preliminary assessment of the energy
produced by a polygeneration system (in summer conditions) based on this technology coupled with an absorption
chiller is carried out based on system simulations. The calculations are performed using NEST numerical platform,
which allows the linking between the different components (solar collectors, pump, valves, heat exchangers, etc.),
with high flexibility in the configurations. The simulations give information on the principal performance
indicators of the systems, e.g. solar fraction, collectors’ efficiency, PV modules’ efficiency, and thermal and
electrical COP of the absorption chiller. The simulations also estimate the electrical expenses of the auxiliary
components (pumps, fans, etc.). From the cases simulated, the electrical expenses resulted in up to 25% of the
electricity produced.

1 Introduction

Concentrated hybrid PhotoVoltaic/Thermal (CPV-T ) solar collector is an option of interest due to its flexibility,
manufacturability and high efficiency [1]. The main objective of the ECOSun project is a radical cost reduction of
electricity and heat co-generation via a CPV-T system by applying low-cost materials and advanced industrial
manufacturing methods. In this new hybrid solar collector, the solar radiation is captured in parabolic through
concentrator based on a novel support structure fabricated by injection moulding and focused on a Co-Generation
Absorber Module (CAM), where special c-SiPV-cells are operated under concentration. The heat dissipated
through the cells is transferred into a heat transfer fluid (HTF) and - in combination with the generated electricity
-, it can be used for various applications, such as solar cooling or heating, significantly increasing system
efficiency. In this work, a preliminary assessment of the energy produced by polygeneration system (for heating,
cooling and power generation) based on this technology coupled with an absorption chiller is carried out, based
on system simulations with fast calculation models, to allow seasonal simulations. In the simulation, a transient
model of an absorption chiller is used see reference [2] for further details. This model incorporates heat & mass
transfer empirical information as well as for the pressure drop in the heat exchangers. This approach allows
scalability studies, as the input data for the chiller are geometrical data of the machine (distances, surfaces, and
volumes), the n° tubes of the heat exchangers, the mass of the refrigerant, absorbent, and solid parts,
thermophysical properties, and characteristics of pumps and valves. Therefore, an ad-hoc experimental test
campaign of the absorption machine simulated has not been necessary. This model allows estimating electrical
expenses of the auxiliary components, data which is of interest in the ECOSUN project. These features are not
usual in other transient models found in the literature [3-5]. The present work presents calculations of the overall
performance indicators of a case study: a polygeneration system (30 kW of maximum cooling capacity) in
Barcelona for a 1-week simulation (July) and full summer season performance. The model used for the CPVT is
described and, the control strategy is also explained. The cooling load is estimated by a function depending on the
hour and month. The summer season results indicate that about 25% of the electrical energy produced is used for
the auxiliary components.

2 System description

Figure 1;Error! No se encuentra el origen de la referencia. shows a scheme of the system object of analysis. It
consists of three main parts: i) energy capture systems, i. e., hybrid collector field, and hot water tank; ii) absorption
chiller subsystem (in this case direct air-cooled without cooling tower); iii) cooling load subsystem.
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Figure 1 — Polygeneration system studied with the principal control signals, consisting in three parts: i) energy
capture systems; i) absorption chiller subsystem, iii) cooling load subsystem

2.1 Mathematical model
Energy capture system
For the CPVT collector, a simple model is employed [7], i. e. A steady-state efficiency curve is used to calculate
the instantaneous overall efficiency (thermal+electrical, n) applied to the incoming solar energy (see eq.1):
n=ay+ a;AT/G + a,AT/G? (1)
Where AT is the temperature difference between the collector inlet and ambient temperature, and G is the direct
normal irradiance. For calculating the electrical efficiency of the PV module (ne), another steady-state efficiency
curve is applied (see eq. 2):
Net = by + b1 Teens (2)
Where T,,;; is the PV module temperature. Therefore the thermal efficiency (nm) is obtained by extracting eq. 2
from eq. 1 (Nm=1-Me1). In this way, an estimated value of the collector outlet (Tco, ou™) is calculated using M:
coout = Tcoin NG A/MCp (3)
Where T, inis the collectors® inlet temperature, A is the solar collector area, and 11, Cp are the mass flow and the
heat capacity of the heat carrier fluid, respectively. The definitive outlet temperature of the solar collector stream
(Teo, our) is calculated through a delay response function with a time characteristic (1) to take into account thermal
inertia effects. The PV module temperature (Tcen) is calculated using an overall heat transfer coefficient (Ucen):
Teen = (Tco,in + Tco,out)/2 +q/Ucens “)
Where g is the captured solar radiation by unit area. For the storage tanks, an overall energy balance is performed
assuming a complete mixing of the liquid, i. e. no stratification effects are taken into account. The auxiliar heat for
the hot water tank is introduced as an internal heat source.
Cooling load
The cooling load is simulated using cooling load profile that depends on the hour and month of the year [6]. The
cold water tank is modelled in a similar way as to the hot water tank. In this case, there is no auxiliary internal
heat, as the cooling load is introduced by a secondary stream, as indicated in Figure 1.
Absorption chiller
A lumped parametric transient model based on mass, momentum and energy balances applied to the internal
components of the absorption machine has been used (see reference [2] for details). Transient models achieve
higher prediction capabilities in comparison to steady-state modelling [8, 9]. The model depends on heat and mass
transfer coefficients obtained through fundamental empirical correlations. The model has been extended to
estimate pressure drops in the secondary streams [10, 11], so the pumping power required. The thermal and mass
accumulation in each of the components is considered in the transient calculation. Indeed, the model is helpful to
obtain detailed information on the overtime evolution of the solar cooling system, which will depend on the control
strategy applied. It allows anticipating possible failure operations: crystallization, cavitation, etc.
2.2 Control strategy addressed
Energy capture system
The solar collector is activated/deactivated (pump 1) through a differential temperature controller between the
input and output. Moreover, an overheating protection system based on the disconnection of the solar tracker is
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applied. This switch is activated by a two-step controller that limits the temperature of the PV cell to 120°C. In
addition to this, the maximum temperature of the hot water tank is limited to 96°C (deactivating pump 1). On the
other hand, the backup heat source is activated for temperatures lower than 75°C in the hot water tank.

Cooling load

For this part of the system, pump 4 is activated if the cold water temperature is under 13°C, i.e. the cold water has
enough low temperature to attend the cooling load.

Absorption chiller

The generator pump is activated for temperatures over 75°C in the hot water tank (activation of pump 2). On the
other hand, the chilled water pump (pump3) is activated when the temperature of the cold water tank is over §°C.
The time when the cold water tank is over 13°C (outside limits) is considered fail time. There are also two
emergency controls in the absorption chiller: i) first, crystallization prevention: in this case, the temperature
difference between generator and absorber (activation on the fan and pump 3), and between evaporator and
condenser (deactivation of pump 2 and fan) is maintained under 40°C; ii) second, freezing prevention: the
temperature of the evaporator is maintained over 2.5°C (deactivation of pump 2 and activation of pump 3).

3  Results

3.1 Description of the case study

The case studied consists of a solar cooling plant with power generation located in Barcelona. The meteorological
data has been obtained using MeteoNorm software. Table 1 summarizes the principal data of the case. The data
for the absorption chiller is obtained from a prototype under development [2] (for a 10 kW machine, then it was
scaled to 30 kW). It has to be remarked the efficiency curves of the hybrid collectors are estimations at the present
stage of the project. The overall performance curve has been extracted from a commercial parabolic trough
collector [12], and the electrical efficiency has been estimated [13].

Table 1 — Main data of the case study

Concept Data Units
Solar collector area 30; 90 [m?]
Maximum capacity of the absorption chiller 10; 30 [kW]
Collector’s transient response (1) 1200 [s]
Collector’s overall efficiency parameter (a0) 0.683 [-]
Collector’s overall efficiency parameter (al) -0.28 [Wm?2C']
Collector’s overall efficiency parameter (a2) -0.0011 [Wm?2C?]
Collector’s electrical efficiency parameter (b0) 0.18 [-]
Collector’s electrical efficiency parameter (b1) -0.00072 [CN
Hot tank volume 1500-4500; 7500-22500 m
Cold tank volume 1000; 3000 1
Back-up heat source 35; 105 [kW]
Heat transfer coefficient PV cell — carrier fluid (U) 60 [Wm?2C1]
Maximum electrical consumption of auxiliary components 496, 1488 [W]
Maximum cooling load 12; 36 [kW]

3.2 Performance indicators

Table 2 shows the principal integrated performance indicators of the system, from left to right (starting at the 5
column): thermal COP of the absorption chiller (COPy,), electrical COP of the chiller (COPy), i.e. the cooling
capacity divided by the electrical consumption of auxiliary components, overall efficiency of the hybrid collector
(M), PV modules’ performance (me, in %), PV modules’ net performance (net e, discounting the electrical
consumption of the auxiliary, in %), the solar fraction, and finally the fail time, i.e. the time the pump4 is not
activated. Cases 1-4 are based on a 1-week simulation, while cases 5-6 on a complete summer season.

It can be observed that cases 1 and 3 and cases 2 and 4 show similar results as they are scaled. Moreover, cases 2
and 4, which have higher hot water tank capability if compared with cases 1 and 3, respectively, show better results
of the performance of PV modules, overall efficiency and solar fraction. This better result is because the higher
storage capacities of the hot water tank imply that the PV is working at lower temperatures. After all, for cases 2
and 4, the overheating protection system is much less activated due to the lower working temperatures at the hot
water tank. Moreover, in the cases with higher storage capacity, the maximum temperature control of the hot water
tank neither is achieved. Therefore it is not necessary to disconnect pump 1 of the collector loop, increasing solar
fraction and the overall efficiency of the hybrid collector. Another interesting result is the higher COP for the

3 178



TU Berlin August 22™ to 25% ISHPC 2021 #113

cases with lower hot water tank capacity due to the overheating protection system is activated more frequently.
Parallelly, the machine’s performance is more irregular due to the activation of the emergency control, so the fail
time is also higher. It is also important to remark that for the cases simulated, up to 25% of the power produced is
used for the auxiliary components (pumps and fans).

Table 2 — Main performance indicators of the cases studied.

N° Col. Hottank Max. chiller COPgy  COPg n Nel Netne  Solar  Fail
Case area capacity capacity ) ) ) (%) (%) Frac. time
(m?) ) (kw) ) (%)

1 30 1500 10 0.727 15.8 0.587 12.9 10.2 0.745 119

2 30 7500 10 0.744 14.1 0.657 13.6 10.7 0.681 10.8
3 90 4500 30 0.731 16.1 0.599 12.9 10.1 0.741 10.8
4 90 22500 30 0.749 14.1 0.657 13.6 10.7 0.684 11.1
5 90 4500 30 0.656 12.4 0.515 12.9 9.6 0.772 1.8
6 90 22500 30 0.660 12.1 0.561 13.0 9.8 0.847 1.3

3.3 Detailed assessment

Figure 2 shows temperature, cooling capacity, power produced and power consumption profiles for a 1-week
simulation (July). Two options are considered: i) low capacity hot water tank (table 2, option 3, left pictures); ii)
high capacity tank (table 2, option 4, right pictures). It can be observed that for the case of a low capacity hot water
tank, the overheating protection system for the PV module is often activated, and, as consequence, the maximum
temperature achieved is about 120°C. This fact leads to a limitation of the energy captured and the power produced,
leading to an overall decreased performance of the PV module, as observed in Table 2.
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4  Conclusions

A transient model plant of a complete polygeneration system for heating, cooling, and power production has been
developed. The system studied couples a new CPVT hybrid solar collector together with a direct air-cooled
absorption chiller. It has been possible to perform a preliminary assessment of the whole system based on an
estimated efficiency of the new CPVT solar collector. The summer seasonal performance indicators for a case
with a 30 kW of absorption machine in Barcelona (4500 -22500 1 of hot water tank) are: a seasonal COPy, of the
absorption chiller about 0.66, a COP, about 11, and efficiency of the PV module about 13%, with a solar fraction
of in the range of 0.77-0.85, and a collector efficiency ranged at 0.52-0.56. Based on the same simulation, it has
been estimated that about 25% of the power produced has to be used for the auxiliary components. When a detailed
analysis is performed, it can be observed that low capacity storages of the hot water tank lead to a decrease in the
efficiency of the PV module because it works at a higher temperature.
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Abstract:

Automotive manufacturers are continuously striving to reduce the energy consumption of their production process
due to economic, environmental, and policy compliance reasons. This study investigated the integration of the
liquid desiccant technology into the conventional air management system for painting operation. The technology
was appealing for its ability to control humidity, work independently as a dehumidifier and a regenerator, and store
energy in a thermo-chemical form. In addition, waste heat sources available in the paint shop can be used for the
regeneration of the liquid desiccant solution. Techno-economic assessment analysis of this novel process was
conducted in the study for two different outdoor air conditions. Economic savings in terms of electricity and fuel
consumption were achieved, resulting in a payback period of approximately 6 years and important benefits over
the technology lifetime.

1 Introduction

Among all facilities in an automotive manufacturing plant, the paint shop is the largest energy consumer [1], in
which air management systems that supply air to paint booths use up energy most significantly. As these systems
are crucial for temperature and humidity control to ensure the quality of the final painting product [2], any
ineffective control would result in paint defects and therefore require additional costs for reworking. This is
particularly important for water-based paints, as both evaporation and film formation processes are influenced by
the water content in the paint, which is in turn affected by the temperature and humidity of the surrounding air [3].
In such a scenario, the liquid desiccant technology could be appealing due to its temperature and humidity control
characteristics [4], ability to store thermal energy in thermo-chemical form [5], and be flexible, i.e. dehumidifiers
and regenerators can be located in different locations [6]. Figure 1a shows the conventional air management for
painting operation, which is comprised of two air supply units, one that supplies outdoor air to the painting booth
(ASU), while the other supplies recirculated air (ARU), and Figure 1b shows the possible integration of the liquid
desiccant technology into the 100% outdoor air ASU.
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Figure 1 — (a) Conventional air handling management for automotive painting and (b) the potential integration
of liquid desiccant technology into air supply unit with 100% outdoor air.

2 Background/Fundamentals/Experimental Set-up

The methodology included two main blocks for the performance and the economic analysis. The performance
analysis was based on the development of correlations to include in the energy and mass balance equations of the
liquid desiccant process [7]. Based on the analysis of experimental results [8-14] and correlations available in the
literature [13-20], Eq.(1) was developed for the prediction of the moisture effectiveness, €,, and enthalpy
effectiveness, &, of dehumidifiers and regenerators [21] with cellulose structured packing:
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where Cj, ..., C7 are the fitting constants, ms and m, are the mass flow rate (kg/s) of the desiccant solution and the
air, Tk sol and Tk, are the inlet temperature of the desiccant solution and the air (in Kelvin), /, and /eqso1 are the
enthalpy of the inlet air and the air in equilibrium with the desiccant solution (kJ/kg), @, and weq,so1 are the moisture
content of the inlet air and the air in equilibrium with the desiccant solution (kgm2o/kgair), ¢ is the contact time
between air and solution (s), a. and a, are the effective and the surface area to volume ratio of the packing material
(m%*m?). The calculation of ¢ and a. are described in [22] and [23, 24], respectively. The values of C, ..., C; for the
moisture and enthalpy effectiveness of the dehumidification and regeneration process are reported in Table 1.

Table 1 — Fitting constants in the developed empirical correlations.

Ci &) G Cy Cs Cs G
Dehumidification ¢, 0.6665 0.0589 9.8644 —1.6592 0.6278  0.1716 0.1620

en 0.5397 0.108 13.1312 -2.1748 0.9327 0.1617 —0.0222
Regeneration o 15236 0.3267 5.727 -1.198  —-0.0775 0.2493 0.4979
en  0.8892 0.2979 -0.002 0.6514 —1.103  0.1516 0.0718

For the economic analysis, the main capital expenses (CAPEX) and operating expenses (OPEX) associated with
the operation of the technology were estimated. For the CAPEX, the liquid desiccant system [25], the cost of the
desiccant salt [26], cooling towers and vapour compression chillers [27] were considered, while for the OPEX,
temperature and humidity control equipment [27], solution pumping [28], air blowing over the wetted packing
material [29], humidifier [30] and heat rejection system [27]. The following assumptions were also considered:
the paint shop is operating 250 days per year, 22.5 hours per day, while the electricity and natural gas cost were
assumed as £0.11/kWh and £0.023/kWh, respectively. In addition, a carbon price of £16/tonco.e was considered
[31], while the annual emission of air pollutants was calculated based on [32, 33].

To study the air handling unit operation for painting, a psychrometric chart-based strategy was developed, as
shown in Figure 2, together with the flow chart used to simulate the operation of the integrated liquid desiccant air
handling unit, which, depending on outdoor air conditions, can be varied to supply the temperature and humidity
demand for optimal painting (T =23 £ 2 °C, RH = 70 + 2%)).
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25| Zome 11 - Cooling and humidification Ve 1
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Figure 2 — a) Psychrometric-chart based analysis of air handing unit operation for painting process and b) flow
chart of the simulation for analysis of integrated liquid desiccant air handling units.

3  Results

3.1 Cold climates

Figure 3 shows the schematic diagram of the technology and the simulated performance in July 2017 for Newcastle
upon Tyne [34]. The ASU can operate (while the ARU operates conventionally), according to outdoor air
conditions, in one of three operating modes: 1) humidification operating mode (Zone 1 of Figure 2a): the solution
is heated by low-grade heat and used in the ASU to heat and humidify the outdoor air (becoming cooler). Further
air humidification or heating might be required after the process. Water is added to the solution to stabilise its
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concentration. The second air-solution contactor located outside the ASU is not used in humidification mode; ii)
dehumidification operating mode (Zones 5 and 6 of Figure 2a): the solution is used in the ASU to remove the
moisture from the air. The regenerator is located next to the ASU on the rooftop of the paint shop. Heat rejection
is required to cool the solution before the ASU. Due to the low dehumidification demand in July in the UK, the
dehumidification process can operate with a lower mso1/m, ratio compared to humidification mode; iii) the solution
is stored when the outdoor air condition is in Zone 3 of Figure 2a. The outdoor air is directly heated in the ASU
and supplied to the paint booth. The desiccant solution was selected as 25% wt. CaCl, [35] because of its capability
to perform both humidification and dehumidification for the outdoor air conditions at Newcastle and its low cost.
The flow rate of air supplied to the paint booth is 50,000 m>/h.
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Figure 3 — a) Schematic diagram of the desiccant cycle for automotive painting application in cold climates and
b) simulated performance for July 2017.

It is clear from Figure 3 that the technology would be able to perform both dehumidification during the warmest
days and heating and humidification at night or during colder days, as in winter. Figure 4 compares the monthly
energy costs of the conventional and novel liquid desiccant technology for the automotive painting application in
Newcastle (characterised by mild summers, which limits the achievable savings for dehumidification/cooling),
showing that significant savings can be obtained in the period November—April (about 60%).
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Figure 4 — Comparison of the economic performance of conventional (left) and liquid desiccant (right) process.

3.2 Hot and humid climates

For hot and humid climates (such as Singapore [34]), the liquid desiccant cycle, as illustrated in Figure 5 (together
with the performance of the temperature and humidity control in the ASU/ARU simulated for January 2018), is
composed of two dehumidifiers (one for ASU and one for ARU operation, respectively), one regenerator, two
storage tanks, one solution heat exchanger, two cooling towers and one solution heater for regeneration. In the
ASU, the concentrated solution can reduce the high humidity of outdoor air, decreasing its concentration.
Thereafter the air requires additional humidification and cooling provided by the humidifier (stand-alone or in
combination with an electrical chiller) to reach the temperature and humidity demand for optimal painting. After
being cooled in cooling tower 2, the diluted solution is sent to the ARU where its dehumidification ability is
enough to remove the moisture from the recirculated air, decreasing its concentration further. Additional air
humidification and cooling are also required in the ARU after the liquid desiccant process. After the ARU, the
solution is heated by waste heat and then sent to the regenerator (located close to the ASU and ARU) where it
desorbs the moisture, increasing its concentration before being cooled (in cooling tower 1) and sent back to the
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ASU. The desiccant solution was selected as 38% wt. CaCl, [35] due to the higher dehumidification demand in
Singapore. Simulations were also carried out with LiCl as the desiccant solution. Although such a solution showed
a higher dehumidification ability, its high cost curtailed the economic benefits of the technology. The flow rate of
air supplied to the paint booth is 50,000 m*/h.
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Figure 5 — a) Schematic diagram of the desiccant cycle for automotive painting application in Singapore and
simulated performance for temperature and humidity control of b) ASU and c) ARU in January 2018.

It is clear from Figure 5 that the desiccant solution would be able to perform the temperature and humidity control
of both the outdoor and the recirculated air for painting operation. Figure 6 compares the monthly energy costs of
the conventional and liquid desiccant technology for painting application in Singapore (characterised by little
variation in temperature and humidity throughout the year), showing that monthly savings between 18.3% and
38.9% can be obtained.
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Figure 6 — Comparison of the economic performance of conventional (left) and liquid desiccant (right) process.

4  Conclusions

The results of the techno-economic analysis are illustrated in Table 2, showing a payback period of about 6 years
for both climates and a promising economic performance over the technology lifetime. The energy consumption
for auxiliary components of the liquid desiccant technology (solution pumping, air blowing through the packing
material and heat rejection) currently hinders its economic benefits. Future research should focus on reducing this
energy consumption by investigating alternative configurations of the technology, i.e. low-flow liquid desiccant
systems, or alternative desiccant solutions.

Table 2 — Results of the techno-economic analysis.

Economic parameter
Location CAPEXLD (£) Payback (y) LCOSE (£/kWh) NPV (£) IRR (%)
Newcastle 185,575 6.15 24.55 212,101 15.3
Singapore 278,363 5.74 97.61 358,119  16.61
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Abstract:

Costs and size reduction is crucial to assure a large market penetration of Gas Absorption Heat Pumps (GHP) and
the resulting cut in CO2 emissions. Such target has driven this work, focused on the development of a small rated
ammonia-water GHP, mainly built of components derived from large series production, whose manufacturers
actively collaborate to the project. In particular, all heat exchangers except the desorber are fusion-bonded plate
heat exchangers. The outcome is an 8 kW GHP prototype, whose diaphragm pump and generator have been
specifically designed to reduce the appliance size to the dimensions of a domestic condensing boiler.

We investigated the effectiveness of different configurations of the refrigerant circuit, and the benefits of adapting
the flow rate of refrigerant and solution to different operating conditions.

We achieved a remarkable Seasonal Gas Utilization Efficiency (SGUE) of 1.58 on a net calorific value basis,
according to standard EN 12309-6:2014.

1 Introduction

Gas Absorption Heat Pumps (GHP) can play a major role in reducing the CO2 emissions for space heating and
domestic hot water production in existing buildings: they can replace gas boilers, while operating efficiently even
with a high-temperature heat distribution system (radiators) and if air sourced [1]. Moreover, running on natural
gas, they can handle the peaks of the demand exploiting the large capacity of existing gas and future hydrogen
networks, without impacting on the electrical grid.

Absorption is a mature technology, but not in the heating sector and, more specifically, not in the residential field.
Just one manufacturer of ammonia-water heat pumps is on the market, an Italian company which has demonstrated
their feasibility and reliability by means of thousands “light commercial” installations. On the other hand, such
market area does not have a suitable scale to boost GHPs industrialization and achieve the required cost reduction.
Ammonia itself has been inherently a further limit to industrialization, as it requires steel components and rules
out most of the available products normally applied in the refrigeration, which are either made of copper alloys or
have unsuitable sizes being intended for industrial plants. As a result, the heat exchangers of the ammonia circuit
have been so far realized in-house by the few manufacturers engaged in the development of this technology.

The scientific community can support the industry by focusing the research on practical features actually needed
for absorption heat pumps large deployment, i.e. operational flexibility, long term reliability, low cost and small
footprint.

In this perspective the present project aims at developing a reliable, compact, cost effective air-source ammonia-
water GHP with a large modulation range. This research started from a modelling and simulation activity as the
base of components sizing and design process, alternate with an extensive experimental work, until the present
version of GHP prototype, which meets the project targets. In this paper we present (where not prevented by IP
protection issues) the specific features of such prototype and how the final design has been selected. Then the
energy performances of the prototype, measured by an accredited laboratory in accordance to the relevant
international standard are reported.

2 Experimental Set-up

The subject of our development is an 8 kW air-source heat pump, with an intermediate water-glycol solution circuit
between the evaporator and the outdoor heat exchanger. Despite the need of an additional heat exchanger, which
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may slightly reduce the efficiency, such layout has several advantages. At first it is more flexible since it enables
different defrosting modes and simplifies the manufacturing of the air-side heat exchanger, allowing for the use of
standard components (e.g. copper tubes). Moreover, a separate air-to-brine heat exchanger can be installed
outdoor, while keeping the rest of the GHP indoor, with benefits in terms of heat loss reduction. The results
presented in this work refer to the development of the sealed circuit, with a controlled brine flow used as heat
source.

Our prototype is based on a single effect absorption refrigeration cycle and comprises variable expansion valves,
both on the solution and refrigerant side. These are shown in the outline of prototype’s circuit in Figure 1 (EV1
and EV2), together with the main components of the GHP: CONdenser, EVAporator, ABSorber, GENerator,
RECtifier, Solution Pump (PSO), Ammonia Storage Vessel (ASV, shown in different points of the circuit), Flue
gas heat recovery unit (FHX), Solution Heat Exchanger (SHX), Refrigerant Heat Exchanger (RHX).

Single effect cycle requires the smallest number of heat exchangers and is less affected than more advanced cycles
as the GAX cycle [2] by part load and high temperature lift operation, both frequent conditions for heating
applications. Moreover, the lower efficiency of single effect cycle has been compensated designing a very effective
Solution Heat Exchanger (SHX).

The high effectiveness and compactness of the SHX and all the heat exchangers (except the generator) is achieved
by using Plate Heat Exchangers (PHEs). Indeed, a quite recent manufacturing process - the fusion—bonding
technology - makes it possible to produce 100% stainless steel PHEs, ensuring corrosion resistance and pressure-
temperature ratings suitable for GHPs. Moreover, this novel method of brazing the plates can boost the
industrialization of GHPs. The identification of optimal design of PHEs as components of compact GHPs is
critical, since very long thermal lengths are needed to maximize the performances, and the large difference in flow
rate between ammonia-water solution and heating water (or water-glycol solution) requires asymmetric PHEs.
Such features can be achieved by a specific development either of plates design or of the heat exchanger as a
whole, as done by previous research activities [3]. Our approach has been different, aiming at finding a suitable
compromise between standard components (i.e. the plates already developed by PHE manufacturer) and custom
channels configurations, which maximize series flow in most critical units (SHX and ABS) with neglectable
effects of the co-current flow along the turning plates, and allows a strongly asymmetrical flow in the two sides.

<
AV D >
AV A
A EV1$€‘ [l FHX
| | |asvs >
LLd
ASV2,
i EV2 ),
1 AV -
ASV1| | |
Lt
N Y
refrigerant vapour rich solution ——
liquid refrigerant weak solution

Figure 1 - Outline of GHP circuitry implementing the single effect absorption cycle.
Heating water first crosses the Flue gas heat recovery unit (FHX), then it is splitted in two equivalent parallel
streams, one crossing in series the CONdenser and RECctifier, the second through the ABSorber.
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We have been supplied with, and could investigate, heat exchanger prototypes, not commercially available and
customized on the basis of our findings and requirements. This is an added value of the present work compared to
previous research on the use of PHE in ammonia-water absorption [4-5].

The use of variable expansion valves on the solution side of the circuit, poor solution between the SHX and ABS,
makes it possible to adapt the thermodynamic cycle to the operating conditions, which results in high performances
over the entire range of modulation and thermal lift.

Additionally, it allows the reduction of the generator temperature at nominal power (by increasing the solution
flow rate), so extending the capacity range and the durability of the GHP. Crucial is the control strategy and the
choice of the control parameters, since the response time of certain physical quantities to changes in flow rate is
up to some minutes. We have provided also for the use of an electronic variable expansion valve in the refrigerant
circuit, to investigate different configurations of such circuit - with three different positions of the ammonia storage
vessel - as well as to further optimize the AHP operation in different working conditions.

3  Results

The main findings of this work can be summarized as follows:

e The last prototype results very compact, as can be appreciated in Figure 2: the dimensions of the sealed circuit
of the GHP, i.e. except for the air to brine heat exchanger, are comparable to those of a standard domestic
condensing boiler. In particular, the height of nearly 850 mm is a remarkable outcome, achieved thanks to a
brand-new design of generator’s boiler and water cooled rectifier, for which patent applications are pending.
The ammonia charge is well below 2 kg.

e Three different configurations of refrigerant circuit have been explored and compared: one is the state of the
art, currently implemented in commercial GHPs, and based on fixed orifice restrictors and a passive
concentration control system, placed downstream the evaporator (ASV3 in Figure 1). ASV3 is equipped with
a calibrated liquid drain, whose flow rate depends on the head of liquid refrigerant, so the amount of stored
ammonia in ASV3 depends on a dynamic equilibrium between inlet and outlet of liquid refrigerant. For
example, stored ammonia increases in case of flooded evaporator, up to a new thermodynamic equilibrium
related to the reduction of solution concentration, which promotes evaporation and thus the reduction of liquid
feed from the evaporator.

The other configurations are based on a variable electronic expansion valve (we successfully tested both a
solenoid valve and a proportional needle valve), similarly to most recent ammonia-water prototypes [4-6].

Figure 2 — View of two sides of GHP sealed circuit, showing its main components and overall dimensions
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We investigated the effectiveness of placing the ammonia storage vessel just upstream or downstream the RHX
(ASV1 and ASV2 in Figure 1), at an intermediate pressure in the cycle. The ASV, at least under most operating
conditions, is partially filled by a two-phase solution (mostly refrigerant). As saturated liquid is drawn from
the bottom of ASV, the first configuration provides the maximum efficiency, since the pressure in ASV rises
until it nullifies the flash in the first restrictor (MV), so heat recovery in the RHX is maximum. The second
configuration provides better valve control, since the liquid refrigerant entering the variable valve (EV1) is
kept nearly at saturation. Despite the cost of variable valves, their use allows greater flexibility in sealed circuit
layout, which is crucial to reduce the overall dimensions.

e The prototype, with the “efficient” configuration of the refrigerant circuit, i.e. the ASV in position 1 upstream
the RHX, has been tested in the working conditions defined by the EN 12309-6:2014 [7] for high temperature
application and average heating season. The results of the testing campaign, carried out in an accredited
laboratory, are reported in Table 1 and provides us with the third and main outcome of our work.

It is pointed out that the prototype has been tested with a water-glycol flow temperature lower than the required
air temperature, to simulate the effect of the indirect water-glycol circuit:

water-glycol Tin = air Dry Bulb Temp — 2 K.

The Seasonal Gas Utilization Efficiency (SGUE) resulting from the testing campaign and calculated in
compliance to EN 12309-6:2014, is 1.58 on a net calorific value basis. This is a very satisfactory result, which
is mainly due to the high effectiveness of SHX, the optimized operation of refrigerant circuit, and the possibility
of reducing the solution flow rate in part load conditions.

Table 1 — Gas Utilization Efficiency of GHP prototype in working conditions as per EN 12309-6:2014 - high
temperature application and average heating season. Experimental data are reported in italics.

. . Gas
Load I_;::)::;g ];4];1,‘1, gly“i ?)tle’;‘-in Water Tin ?:Letr Power | GUE*
(1hv)
kW °C °C °C  °C | °C °C kW
100% | 8.00 7.96| -10 -12.1 42 42.0| 55 548\ 6.112 1.30
88% | 7.04 7.19| -7 -9.1 40 40.0| 52 523 | 5.137 1.40
54% | 4.32 4.33 2 -0.1 33 33.0| 42 419 | 2714 1.60
35% |2.80 2.70 7 5.1 29 29.0| 36 36.2| 1.636 1.65
15% | 1.20 1.21 12 10.0 25 25.0| 30 298| 0.734 1.65
* based on lower heating value of methane

4  Conclusions

A five year-long numerical and experimental activity has led to the realization of a compact 8 kW rated ammonia-
water Gas Absorption Heat Pump prototype. The development has been based on the wide use of custom multipass
stainless steel plate heat exchangers and variable expansion valves, both in the refrigerant and solution circuits.
Flow control has led to remarkable prototype performances, as the Seasonal Gas Utilization Efficiency of 1.58 for
high temperature application in average climate.

Thanks to a novel design of the direct fired desorber and a water cooled rectifier, which are the subject of patent
applications, the generator height has been shortened and the overall dimensions of the sealed circuit are
comparable to those of a standard domestic condensing boiler.

The reliability of expansion valves has been ascertained, while the next developments concern the implementation
of the indirect water-glycol circuit, the automatic control of GHP and a further reduction in the size of solution
pump and all the heat exchangers.
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Abstract:

This work presents the design and testing of a proof of concept carbon-ammonia gas-fired heat pump which is
being developed as a domestic gas boiler replacement. The target gas utilisation efficiency (GUE, the ratio of heat
output to gross calorific value of gas input) is 1.2 with a heating power of 10 kW. The system uses two beds with
heat and mass recovery. It is tested here with electrical heat input to focus on the development of the adsorption
system, and the target COP (the ratio of heat output to high temperature heat input) is around 1.375 in order to
meet the GUE target. The sorption generators are an aluminium finned, stainless steel tube design with monolithic
carbon pressed between the fins.

Testing revealed that the rate of adsorption and desorption (especially adsorption) was slower than measured
during large temperature jump tests on individual tube modules and the power output of the machine was limited
to between 5.9 to 7.7 kW. The long cycle times, coupled with some fluid leakage in water control valves, resulted
in a maximum COP of 1.27 which would correspond to a GUE of 1.12. The slow rate of adsorption and desorption
was linked to blockage of the ammonia flow passages in the beds by activated carbon powder. Work is ongoing
to reconstruct the beds with the blockage removed and to design low-leakage ceramic disc valves for the water
circuit.

1 Introduction

Fossil fuel boilers providing space heating and domestic hot water production are responsible for a significant
proportion of global CO, emissions. Whilst the ultimate aim may be to replace them with electric heat pumps
operating on renewably generated electricity, in many countries this would require a significant upgrade or even
total replacement of the electrical grid in order to meet the demand created. In the interim period gas-fired heat
pumps offer a more efficient alternative to gas boilers. Longer term they may even become renewable with the
introduction of hydrogen or biogas into gas grids, and would reduce the amount of renewable gas that would need
to be generated.

Several companies, universities and research establishments are developing gas-fired heat pumps with the aim of
replacing domestic gas boilers [1-5] and the state-of-the-art is reviewed in the recent IEA Annex 43 report on ‘Fuel
Driven Sorption Heat Pumps’ [6]. Systems using water as a refrigerant [1, 2] must operate with evaporating
temperatures above 0°C which precludes the use of an air-source, necessitating a solar assisted or ground source
for the evaporator at higher capital cost. Systems using ammonia refrigerant can operate with an air-source at
lower cost and with a wider range of applicability. Ammonia-water absorption systems have a typical GUE of
around 1.4-1.5 [3, 4]. Ammonia-salt adsorption systems are under development [5] with similar target GUE to the
absorption systems, but the salt reactions are sensitive to the temperature conditions and reaction rates can limit
the power density, adversely affecting the size and capital cost of the system.

The system developed in this work uses activated carbon-ammonia in a two-bed adsorption cycle with heat and
mass recovery between the beds. The target GUE is 1.2, which although lower than typical ammonia-water
absorption or ammonia-salt adsorption systems, it is expected that the system will be more compact and have a
lower capital cost. The power density is limited purely by heat transfer in the activated carbon and not by mass
transfer or reaction rate - the 10 kW system has a total bed volume of less than 15 litres.

2 Background/Fundamentals/Experimental Set-up

2.1 System and Test Setup

The proof of concept system is shown in Figure 1 prior to application of thermal insulation. The high temperature
heat input is provided by a circulator bath providing pressurised (liquid) water at 10 bar and up to 170°C.
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This decision was taken in order to focus on the development of the adsorption system and separate out the task
of developing a high temperature gas burner.

Ammonia Check

Valves
Condenser
Generators Separator
Flooded
Evaporator
Water Pumps

Figure 1 - Proof of concept carbon-ammonia heat pump (prior to insulation)

The evaporator is a flooded shell and tube type and its heat source is provided by a glycol circulator bath. The
condenser and the cooler for rejecting the heat of adsorption are plate type heat exchangers, both of which are
water cooled by two further circulator baths. The ammonia flow between the generators and the condenser and
evaporator is controlled by check valves. Liquid ammonia from the condenser is collected in a 0.5 litre receiver
and is dropped into the evaporator 2-4 times per cycle by closing a ball valve between the condenser and receiver
and opening a solenoid valve between the receiver and evaporator. Mass recovery is accomplished by opening a
pneumatically operated ball valve which links the two generators. The total ammonia charge is 1.4 kg.

The water flow to the generators is controlled by pneumatically operated ball valves. 12 valves are used, but are
linked in 3 sets of 4 valves by a crank mechanism in order to reduce the number of actuators. The flow rate of
water from the high temperature bath and to the condenser and cooler are measured by Coriolis mass flow meters
(accuracy £0.1%) and the inlet and outlet temperatures measured by PT100 sensors (accuracy £0.05°C) in order
to accurately calculate the COP.

The condenser heat output, cooler heat output and high temperature heat input are calculated, respectively, as:

Q_cond = mw,cond (hw,cond out — hw,cond in) (1)
Qcooler = mw,coooler (hw,cooler out — hw,cooler in) (2)
Qur = Myur (hw,HTin - hw,HT out) (3)

The enthalpy values are calculated from a high-order polynomial fit to data from tables for saturated water based

on the measured inlet and outlet temperatures. The COP is then calculated as:
fcyde(.Qcond"'Qcooler)dt (4)

fcyde Qurdt

COP =

2.2 Generator Design

The generators are an aluminium finned, stainless steel tube design as shown in Figure 2. The tube modules have
hexagonal fins (so that they may be closely packed within the generators) with an across the flats dimension of 25
mm. The aluminium fins are 0.2 mm thick and the carbon layers between them are 3 mm thick. The stainless steel
tube is 10 mm outer diameter and 7.5 mm inner diameter
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Figure 2 — Generator tube module (19 tubes per generator)

The fins are stamped from sheet using a steel punch and die, which creates the hexagonal outer profile as well as
a 7 mm central hole. The central hole is then formed into a collar with the same inner diameter as the tube diameter
in order to create a larger contact area between the fin and tube. The tube is then placed inside a hexagonal split
mould and a fin slid down the tube by a plunger. 1.7 g of activated carbon and a lignin based binder [7] is then
poured into the mould and pressed with a force of 20 kN in a hydraulic press. This compacts the carbon and creates
good contact between the fin and carbon. It also has the effect of squeezing the fin collar into tight contact with
the tube. 125 such layers are built up until the laminate is 400 mm in length.

19 such tubes are welded inside a 140 mm diameter shell in a hexagonal close packed arrangement to form each
generator. The volume of each generator is approximately 7 litres. Further details on the system and generator
design can be found in [8].

3 Results

3.1 Heat Recovery Cycles

Table 1 shows the results for various test conditions and cycle times for cycles with heat recovery only (no mass
recovery). The maximum COP achieved was 1.25 (row 1 of the table). The predicted COP under these conditions
from simulation models and large temperature jump tests on individual tube modules is 1.35. The predicted cycle
time from large temperature jump tests on single tube modules is around 240 seconds — in the region of 2 times
shorter than those required during testing of the full-size system. The condensing temperatures, Tcond, and
evaporating temperatures, 7ecvap, given in the table are the minimum and maximum values of the saturation
temperature corresponding to the pressure in the components during the cycle (since adsorption is an unsteady,
batch process the condensing and evaporating temperatures and pressures do not have fixed values). The heating
power and high temperature heat input are cycle averages calculated from equations 1-3.

Table 1 — Test results with heat recovery cycles (no mass recovery).

Tur Tevap  Teond [°C]  Cycletime  Heating Power [W] High Temp (HT) Heat COP 0.02

[°C]  [°C] [s] +55 W Input [W] £55 W
160 6-15 37-41 552 6614 5295 1.25
160 6-15 37-41 612 5899 4722 1.25
140 5-10 36-40 342 7599 6277 1.21
140 5-10 36-40 462 7089 5751 1.23
140 -6--1 34-39 342 6531 5724 1.14
140 -6--1 34-39 462 6119 5273 1.16
160 -6--1 34-39 342 7721 6752 1.14
160 -6-—-1 34-39 462 7177 6186 1.16

Coriolis mass flow meters were placed on the ammonia flow to each generator in order to determine the cause of
the poor performance. It was discovered that the rate of adsorption and desorption was significantly lower than
expected, with adsorption being particularly slow. Figure 3 shows the progress of completion of adsorption and
desorption during an extended duration test (determined from integration of the flow rate measured by the Coriolis
mass flow meters on the ammonia). It can be seen that 90% completion takes 300 seconds for desorption, whilst
adsorption takes 550 seconds (percentage completion is the percentage of the final amount of adsorption or
desorption during the cycle). From large temperature jump experiments on tube modules, this time should be as
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low as 120 seconds. Upon cutting open the shell of one of the generators it was discovered that the ammonia flow
passages between the tube modules had become blocked by carbon powder. Only the 3 outer tubes at the top of
the generator had a clear ammonia path to the inlet/outlet port. This blockage affects both adsorption and
desorption, but is more pronounced during adsorption due to the lower gas density and lower available driving
pressure difference.

The long cycle times reduce the heating power output which causes heat losses to become more significant,
lowering the COP. From an overall energy balance on the system heat losses were calculated at 100-200 W.
Without this heat loss the COP could be as high as 1.27-1.3 (conditions as per row 1, Table 1), but this does not
explain the entire reason for the low COP. It was discovered that during one half of the cycle one or more of the
water control valves was leaking between the hot and cold streams, resulting in an average loss of around 500 W
over the cycle. If this loss is removed from the high temperature heat input and the heating output then the COP
would increase to 1.275. Combining the effects of external heat loss and valve leakage, the COP could be as high
as 1.33. The additional difference with the model prediction of 1.35 can be attributed to extraneous thermal mass
in the real system not considered in the model.
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Figure 3 — Percentage completion of adsorption and desorption
3.2 Mass Recovery Cycles

Table 2 shows the effect of mass recovery on the cycle for the same conditions as row 1 of Table 1. The COP
increased from 1.25 to 1.27, which is in line with model predictions of an increase from 1.35 to 1.37.

Table 2 — Effect of mass recovery

Mass Heating Power High Temp (HT) Heat COP  Ammonia mass change per
Recovery? [W]£55 W Input [W]£55 W +0.02 cycle per generator [g]
No 6614 5295 1.25 363
Yes 6740 5312 1.27 443

High temperature gas burner testing has determined that it is possible to achieve a gross burner efficiency of
80% and to recover an additional 10% of the gross gas input from the flue gas to the load. The predicted GUE
under the test conditions of row 1 of Table 1 is therefore (0.8 X 1.269) + 0.1 = 1.12

4  Conclusions

Testing of the proof of concept system has revealed that the COP and power output is lower than predicted due to
blockage of the ammonia passages in the generators by carbon powder. The COP was further reduced by leakage
of water control valves. Heat output was between 5.9 and 7.7 kW, compared to the target of 10 kW, and the
maximum COP achieved was 1.27 compared to the target of 1.37.
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Abstract:

Hot and humid air with a high marine aerosol content, which is known as 3-high air and is ubiquitous in tropical
coastal areas and islands, deteriorates living environments and severely damages human health. A novel type of
heat-driven multifunctional air treatment system (MATS) is constructed and tested in this study to treat 3-high air.
The test results show that the integrated prototype has a fresh air treatment capacity of 6000 m>/h, where the fresh
air state is 90% RH@30°C. Air processing using the heat-driven multifunctional air treatment system produces a
supply air state of 50% RH@18°C and decreases the aerosol content by over 90%. The system coefficient of
performance is 0.4. Test results show that the proposed method/prototype is especially suitable for tropical islands
with prominent energy supply shortages and problems associated with 3-high air.

1 Introduction

The numerous islands in tropical oceanic areas are characterized by hot and humid outdoor air with a high marine
aerosol content, which is known as 3-high air. Hot and humid air has been reported to be one of the main
precipitating factors for rheumatism and rheumatoid arthritis !. The metal corrosion rate starts to increase beyond
a critical air humidity and doubles for a temperature increase of 10 °C. The emergence of high concentrations of
marine aerosols with NaCl as the main constituent ? has transformed the main form of metal corrosion from
chemical to electrochemical, while increasing the corrosion rate by more than 10 times, as well as intensifying
damage to metals and metal products . Thus, effective treatment of 3-high air is necessary in coastal areas and
islands to improve the comfort of personnel and ensure personnel health, reduce the corrosion rate of metal
materials and products, and improve the reliability and safety of equipment *.

In response to the threat of the 3-high air, most of the previous research and current applications focus on passive
anti-corrosion, that is, the use of metal surface treatment and heavy protection means to reduce the risk of corrosion
by reducing the contact between the equipment and the 3-high air. Considering the limitation of passive anti-
corroison, attention is increasingly being focused on active mthods to process 3-high air of which absorption cycles
can fully exploit waste heat and renewable energy heat to deal with 3-high air °. Numerous dehumidification
systems have been implemented in conjunction with heat pumps because of the very good energy supply-demand
relationship between a vapour compression heat pump and a liquid desiccant air conditioning system 7.

A 3-high air treatment method for combined cooling, dehumidification, and aerosol removal with low-grade waste
heat was proposed by our team ir previous work 8. The innovation of this work lies in the use of a one-step method
to achieve cooling, dehumidification and aerosol removal, and a two-step method to regenerate the solution. The
process mainly relies on low-grade heat and a small amount of electricity, with a simple structure and energy-
saving operation. The work in this study is used to evaluate the performance of the equipment integrated with this
process.

2 Experimental Set-up

2.1 Description of the set-up
The heat-driven multifunctional air treatment system (MATS) typically consists of a multifunctional air treatment
process, a solution regeneration process, a solution heat exchanger, as well as several pumps, valves, and pipes.
As core of the multifunctional air treatment process, an air washer module of compact packing structure is used to
trap NaCl, wash the fresh 3-high air (fresh air) while dehumidifying it with cold and concentrated working aqueous
solution. During the solution regeneration process, with the help of external low-grade heat and cold sources, the
water and NaCl in the diluted solution are separated from the circulation system, so that the absorption capacity
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of the working solution can be restored and a new cycle can be started. A LiCl aqueous solution is used as the
working solution for its excellent moisture absorption capacity and the common ion effect with NaCl.
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Figure 2 - Psychrometric chart showing air state

Figure I - Diagram of proposed MATS before and after processing under design condition

2.2 System performance
The coefficient of performance (COP) is used to evaluate the performance of the MATS.
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The marine aerosol removal rate is used to evaluate the ability of MATS to remove marine aerosols and is defined
as

C,—C c
_Cal A2 A2
RMATS - - 4),
Al Cal

where cai and ca» are the marine aerosol concentrations of the fresh and supply air, respectively.

2.3 Uncertainty
Table 1 Specifications and precision of measurement instruments

Parameter Device Type Accuracy Operational
range
Water/ solution temperature Thermometer PT-100 +0.3 °C 0~120 °C
Water/ solution volume flowrate Flowmeter Turbine +0.5 % 2~30 m*/h
flowmeter
Air temperature Thermometer Thermocouple +0.2 °C -10~40 °C
Air humidity Humidity sensor / +2% 0~100%
Air flow velocity Anemometer CTV210 +3% 0~30 m/s
Marine aerosol concentration E;Tgrtlrc(;mc analytical ME204 +0.2 mg 0~220 g

3  Results

3.1 Preliminary test under design condition
The auxiliary system is used to test the completed MATS, in which cooling water is from an electric chiller and
hot water from a boiler. The system is considered to have reached a stable state when the deviation in the
temperature and humidity of the supply air does not exceed 1% within 15 minutes, after which the main parameters
of the system are recorded under this condition. Preliminary test results for the 3-high air processed by the MATS
system are shown in Table 2 and 3.
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Table 2 Design and test values for MATS

Item Unit Design value Test value
Fresh air temperature, Tra °C 30 29.9
Fresh air relative humidity, gra % 90 90.7
Fresh air volume flowrate, Vea m?h 6000 6020
Supply air temperature, Tsa °C 18 18.0
Supply air relative humidity, gsa % 50 50.1
Cooling water temperature, Tcw °C 7/12 10/17
Heating water temperature, Tuw °C 60/50 55/45
COPs - 0.42 0.40

Table 3 Marine aerosol removal by MATS system

Air type marine aerosol concentration/ marine aerosol removal
(mg/m?) rate, Rmats/%
Fresh air at 6000 m3/h 2.40 97.0
Supply air at 6000 m*/h 0.07 '

The fresh air parameters are set to the system design parameters. Processing reduces the supply air temperature
from 29.9°C to 18°C and the humidity from 90.7% to 50.1%, which meets the design requirements. The system
COP of 0.40 is slightly lower than the design value.
Table 3 shows that the marine aerosol concentrations for 6000 m>/h of fresh air is 2.40 mg/m>. Processing reduces
the marine aerosol concentration in the supply air to corresponding value of 0.07 mg/m3. The corresponding marine
aerosol removal rate of 97.0% is higher than the design value of 70%.
Thus, the results of the preliminary test performed under design conditions show the effect of cooling,
dehumidification, and marine aerosol removal for 3-high air.

3.2 Test under off-design condition
The system performance was tested under different working conditions by carrying out preliminary tests to
determine the system performance under the existing supporting conditions and changing the fresh air
temperatures, as well as the fresh air humidity.
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Figure 3 - Heat load and COP versus fresh air temperature

Figure 3 shows how the heat load and the COPs vary with the fresh air temperature. Under this off-design condition,
the fresh air temperature changes, whereas the state of the supply air is set to a temperature of 18 °C and 50%
humidity. Figure 3(a) shows that the decrease in the fresh air temperature causes the refrigeration capacity, the
heat consumption and the cold energy consumption to all decrease; this result is obtained mainly because the
decrease in fresh air temperature reduces the enthalpy difference between the fresh air and the supply air, reduces
the cold energy consumption during the absorption process, and also reduces the heat consumption during the
regeneration process. However, Figure 3(b) shows that the refrigeration COP remains at approximately 1.0 mainly
because the refrigeration capacity of the fresh air is provided by the cooling water, whereas the total COP is
maintained at approximately 0.4, which is slightly lower than the design value. The test results show that the
system can run stably for different fresh air temperatures.
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Figure 4 shows how the refrigeration capacity, heat consumption, cold energy consumption, and COPs vary with
the fresh air humidity. Under this off-design condition, the fresh air humidity changes, whereas the state of the
supply air is set to a temperature of 18 °C and 50% humidity.Figure 4(a) shows that the decrease in the fresh air
humidity causes the refrigeration capacity, the heat consumption and the cold energy consumption to all decrease;
this result is obtained mainly because the decrease in fresh air humidity reduces the latent heat load of the fresh
air, reduces the cold energy consumption during the absorption process, and reduces the heat consumption during
the regeneration process. However, Figure 4(b) shows that the refrigeration COP remains at approximately 1.1
mainly because the refrigeration capacity of the fresh air is provided by the cooling water, whereas the total COP
is maintained at approximately 0.4. The test results show that the system can run stably for different fresh air
humidities below 90%.
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Figure 4 - Heat load and COP versus fresh air humidity

4  Conclusions

A novel type of heat-driven MATS with capacity of 6000 m3/h was constructed and tested in this study to treat 3-
high air. Preliminary test results show that the fresh air treatment capacity of the MATS is 6020 m>/h, and the fresh
air state is 90% RH@30°C. Processing air using the integrated prototype results in a supply air state of 50%
RH@18°C and decreases the air aerosol content by more than 90%. The system COP is 0.40. The integrated
method can feasibly be driven by waste heat for air cooling, dehumidification, and aerosol removal to effectively
solve problems associated with 3-high air in coastal areas and islands, providing clean air at a suitable temperature,
humidity and low aerosol content indoors and improving human comfort in living environments. The test results
also show that the MATS system adapts well to variable working conditions, maintaining relatively stable
performance. The method and the device developed in this study are expected to solve the problems associated
with 3-high air for islands, while achieving energy savings and emission reduction and providing support for
building a low-carbon, green, active anti-corrosion, and sustainable island energy system.
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Abstract:

In many regions, sufficient vaccination is only possible with off-grid cooling technologies. The state-of-the-art
technology for the last mile of vaccine supply chains are photovoltaic solar direct drive refrigerators. As an
alternative, various concepts for refrigerators based on the adsorption refrigeration technology were developed for
this use-case in the past thirty years. Previously, Coolar presented a novel concept for such an adsorption
refrigerator. Field test results of the latest prototype for temperate climates (32°C) are presented here.

1 Introduction

Nearly a billion people worldwide have no access to electricity [1] and many more have no reliable access. For
many of these people a sufficient medical care is not guaranteed since many medicines require cooling in a
temperature range between 2°C and 8°C and this is largely realized with electricity driven refrigerators. According
to [2], every us dollar that is invested in effective child vaccination yields USD 16 of economic benefit through
prevention of disease and even up to USD 44, taking the increased productivity and the generally improved state
of health into account. However, in 2014 98% of the off-grid utilities in developing regions had either outdated
(23%), improper (41%) or non-functioning (14%) or not any (20%) refrigeration solutions [3]. As a result, 78%
of vaccines are exposed to the risk of inadequate or excessive cooling [3]. With insufficient cooling, the vaccines
slowly lose effectiveness, while freezing immediately spoils the vaccines.

There are various off-grid technologies available. Absorption refrigeration was the previous standard technology
for off-grid vaccine cooling before photovoltaic driven refrigerators became widely available. However, today,
the WHO recommends using vaccine refrigerators without electrical energy storage and only such that operate
without relying on fossil fuels [4]. As a result, currently so-called SDD refrigerators ("solar direct drive"), which
use ice storages in the refrigerator to store the cold instead of storing electrical energy in batteries, are the primary
solution deployed for cooling vaccines off-grid. A drawback of this more robust technology is that the compressors
are connected directly to the photovoltaic system. Therefore, the cooling system is only able to provide cooling as
long as there is sufficient solar irradiation available. Due to the necessary minimum starting current of the
compressor and the weak yield of energy of the PV system from diffusive irradiation, the operation of SDD
refrigerators is very prone to disruptions from cloudy weather conditions. Even if clouds occur only for a short
time the compressor might stop and might not start again, resulting in an insufficient loading of the cold storage
[5] which causes that the desired storage temperatures cannot be maintained overnight. Depending on the model
of refrigerator, ice storages might also become too cold so that the vaccines spoil from accidental freezing [4].
Thus, the complex dimensioning of the necessary photovoltaic system plays a crucial role [4]. As an alternative,
there were approaches to realize the cooling using solar thermal energy driven adsorption refrigeration systems.
Most of the concepts developed over the last 30 years produce either cool water at night [6] or, at best, ice [6,7].
There is no temperature control and methanol is used as the refrigerant [6,7]. Unfortunately, the cold room is often
heated by the condensed water during regeneration at daytime in these previous concepts [7]. Thus, the intervention
of the user is always required, having to either manually transfer the goods to chilled or the ice [7] into a cool box.
In addition, so far only solar thermal collectors which are filled directly with the sorption medium have been
proposed [6,7]. These must be connected vacuum-tight to the cooling unit, which greatly limits the flexibility to
place the refrigerator and makes the system difficult to install and prone to leakages. Sufficient ice production for
cooling has so far only been achieved at ambient temperatures well below 30 °C [6,7].

Coolar UG developed various prototypes for vaccine refrigerators based on adsorption refrigeration technology,
all of which cool the cold room and items stored inside directly and do not require intervention from the user, use
water as refrigerant and just need a simple solar thermal heated water circuit to drive the system. As a result, the
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vacuum system can be kept very compact, enabling the heat supply to be placed more flexibly in relation to the
location of the refrigerator and making the system easier to install and less prone to critical leakages. In addition,
a good antifreeze-protection for vaccines can be achieved, due to use of water as the refrigerant. The paper at hand
analyses field test results of the latest prototype for temperate climates (32°C ambient temperature). The focus is
on maintaining the storage temperature of 2 to 8 °C.

2 Experimental set-up

In the Coolar adsorption refrigerator the refrigerant water and the adsorbent silica gel are used. The adsorption
refrigeration cycle is comprised of an evaporator, an adsorber, a condenser and some valves, as it is shown in a
simplified schematic in Figure 1 (left). The water evaporates inside the evaporator and provides cooling. The water
vapor then flows through a check valve into the adsorber where it is adsorbed onto silica gel. The heat of adsorption
is rejected by natural circulation though the tubes within the adsorber and a convector located above the adsorber.
For regeneration hot water is provided through the very same tubes within the adsorber by using a standard solar
thermal system. A thermal expansion valve closes the connection to the convector at 50°C water temperature to
prevent additional heat losses. The desorbed water vapor then flows through a check valve into the condenser
where it is condensed. The liquid water then flows back into the evaporator, driven by gravity and pressure
differences. The refrigerator is a one chamber system, so that at day-time hot water is provided and regeneration
is performed and when the sun is not shining cooling is provided.

The refrigerator is equipped with a 40-liter cold storage around the evaporator on all walls of the cold room. The
cold storage is filled with a paraffin as phase change material (PCM) with a melting region around 5°C (Rubitherm
RT 5HC). A detailed system description with schematics of the former, but comparable prototype, was published
before [8]. Figure 1 shows the system setup of the field test. Due to the Corona pandemic the field test that was
originally planned to be set in Kenya had to take place in Germany and was performed in August 2020 in Berlin.
On the left-hand side the top-loader refrigerator with the cased elevated convectors can be seen. On the right-hand
side is the flat plate solar thermal collector with 2m? surface area and an inclination angle of 45°; its orientation is
to SSE. The small PV panels above provide electricity for the off-grid data acquisition system.
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Figure 1 — simplified schematic of the refiigerator (left) and installation of the field test equipment (right)

The refrigerator is equipped with various digital temperature sensors of type Dallas DS18B20 and three pressure
sensors. Externally, the temperature of the water entering and leaving the adsorber is measured. The cold room
and evaporator temperature is measured by three temperatures sensors each, located on the outside wall of the
evaporator and in the compartment in equal vertical spacing above each other [9]. For measuring the ambient
temperature two sensors are used.

3 Field test results

Figure 2 shows the temperature evolution of the adsorber inlet, ambient, cold room and evaporator temperature
over six days. Additionally, the global solar irradiation on a horizontal area [10] is shown. The green dashed
horizontal lines mark the temperature limit between 2 and 8°C for the cold room. The cold storage of the
refrigerator was filled with PCM on the 18" of August.
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Figure 2 — temperature profiles and solar irradiation [10] in autonomous operation

Approximately one hour after sunrise (yellow dashed line), the temperature in the solar collector and thus, in the
adsorber rises (red line). The cool-down of the adsorber is slower than the warm-up. On the first two days a
maximum adsorber temperature of above 100°C is reached, although the solar irradiation is strongly fluctuating
due to cloudy conditions. With unclouded weather conditions on day three an adsorber temperature of above 120°C
is reached. On the cloudy days 4 and 6 the heat from the solar collector is also dissipated from the convectors of
the adsorber, because the 50°C water temperature threshold is not reached to close the thermal valve. The ambient
temperature (grey line) is qualitatively proportional to the hot water temperature and is below 30°C, except on the
third day. The cold room temperature (light blue line) stays within the temperature limit between 2 and 8°C for
the whole time. In the morning of the third day a temperature peak can be observed, which is a consequence of the
refrigerator cabinet being opened during the test period. On the colder and less sunny days the cold room
temperature decreases slightly. This results from the decreasing evaporator temperature (blue line) and the
decreasing daily mean ambient temperatures.

In contrast to the cold room temperature, the evaporator temperature fluctuates significantly. When the adsorber
temperature is high, water vapor is desorbed from the adsorber and flows to the condenser, the evaporator
temperature increases, because no water vapor can flow from the evaporator to the adsorber. When the adsorber
cools down, cooling is enabled and the evaporator temperature decreases. Adsorption already starts at an adsorber
temperature of above 40°C. This is the case whenever the slight bend above 40°C in the adsorber inlet temperature
evolution can be observed; then cool-down becomes slower due to the additional heat of adsorption which must
be rejected. The cold room temperature follows the evaporator temperature in a damped manner. As observed on
the first day, the evaporator temperature decreases to slightly below 0°C and then jumps back to 0°C when ice is
formed in the evaporator. The evaporator temperature stays at 0°C for the whole adsorption period because more
ice is formed in the evaporator. When adsorption stops again at around 9 a.m. on the 20", the evaporator
temperature increases. At 11.30 a.m. a small jump in temperature occurs, when adsorber temperature and pressure
is high and water is recirculated from the condenser to the evaporator due to the pressure difference between the
two. On the 21 of August, the mean evaporator temperature stays above 0°C, but obviously ice is also formed as
the evaporator temperature stays nearly constant even during the first hours of regeneration. Then again, a
temperature jump occurs and subsequently the evaporator temperature rises faster. From the 22" onwards, sub-
cooled ice is formed in the evaporator during adsorption — evaporator temperature decreases significantly below
0°C — and 0°C cold ice remains even during regeneration throughout the day. Supposedly, the whole water in the
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evaporator is frozen during night. Nevertheless, the temperature in the cold room stays above the 2°C limit, due
to the insulating nature of the PCM around the evaporator.

From the evaporator temperatures observed during this field test, it becomes clear that under temperate climate
conditions and with the significantly lower ambient temperatures at night, the sole fact that water is used as the
refrigerant does not completely guarantee that the vaccines in the cold room will not freeze. As user interaction
and the use of thermal expansion valves for cold room temperature control is prohibited for WHO pre-qualified
devices, additional measures must be undertaken to either assure a proper temperature difference between
evaporator and cold room, as has been done here with the PCM, or/and to prevent the ice from sub-cooling. The
sub-cooling of ice can be prevented or reduced by having more water in the evaporator so that it is harder to freeze
the entire water that is available. Thus, the evaporator design must be changed.

4  Conclusions

An off-grid solar thermal driven adsorption refrigerator for cooling vaccines was successfully built and installed
at a test location near Berlin. During the field test in August 2020 a sufficient hot water temperature for
regenerating the adsorption cycle with a standard flat-plate solar thermal collector could be shown. During the
test, the cold room temperature stayed within the given temperature limits between 2 and 8°C. This was possible
thanks to using a cold storage filled with PCM, preventing the cold room from becoming too warm at day, when
no cooling is provided, and from becoming too cold at night, when sub-cooled ice is formed in the evaporator and
ambient temperature is significantly lower. To improve the freeze protection of the refrigerator, the evaporator
design can be changed to have either more water in the evaporator or to improve the insulating effect of the PCM
by changing the thickness of the cold storage adjacent to the cold room.
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Abstract:

The recovery of low-temperature waste heat can be promoted by upgrading its temperature. Heat transformers are
capable to increase the temperature of a heat stream with a minor contribution of electrical energy. However, the
lifting capability of heat transformers are limited by the operating conditions and often insufficient to meet the
temperature required by many applications. To overcome this limitation, in this paper a compressor assisted heat
transformer is numerically investigated, targeting the application in medium and high temperature district heating
networks. Using waste heat at 50 and 60 °C and heat rejection temperature at 0 °C and -10 °C, it is possible to
upgrade heat up to 120 °C with an electrical COP always above 4, a thermal COP of about 0.5 and an upper
pressure below 40 bar.

1 Introduction

District heating is often considered a key option in the process of the decarbonization of the heating sector, thanks
to its capability to both establish energy communities characterized by high renewable penetration and to match
availability of waste heat with heating demand, usually not geographically close. However, while high and medium
temperature waste heat can be easily recovered in district heating, it also finds other applications either directly in
the industry or for electricity generation with ORC. On the contrary, low grade waste heat is harder to be recovered,
so finding a way to reuse it in a district heating network would represent an interesting option both from the
economic and the environmental point of view. This would also benefit by the fact that often low-temperature
waste heat is generated relatively close to the urban areas, as in the case of water-cooled datacenter [1]. One option
to couple low-grade heat with district heating is the use of low-temperature networks, which could allow direct
recovery. However, many existing networks operate at higher temperature and would benefit by an increase of the
waste heat temperature. The option normally considered is the use of a vapor compression heat pump to upgrade
the heat to the required temperature. However, the potential of this option is limited by the efficiency reduction at
high thermal lifts, which leads to high electricity consumption. A second opportunity is the use of a heat
transformer, which faces limitations in terms of working range, i.e. its thermal lift cannot go beyond a certain
level.

A compressor assisted heat transformer (CHT) merges in a single cycle the features of the two solution, exploiting
the capability of a heat transformer to upgrade low temperature heat and the flexibility provided by the compressor
to extend the working range. This solution has been investigated by [2] with the purpose of recovering very low
heat (T=15 °C), rejecting heat toward a low temperature environment (T<-10 °C) and providing heat for low
temperature heating (T=45 °C). The compression assisted heat transformer proved to require lower electrical input
than a water source heat pump operating at the same conditions. However, the explored working condition
represent a niche in the heating sector, due to the very low ambient and water temperature, which are favorable
for the cycle performance and allow the use of very low temperature waste heat. Thus, in this work, more
challenging conditions are investigated, exploring the capability of a CHT to provide efficient heat in hard-to-
decarbonize networks, i.e., high (up to 120 °C) or medium temperature (80 °C), starting from a driving temperature
of about 50-60 °C. This temperature range also covers a fraction of the industrial heat demand, extending the
applicability of the explored solution.

2 Cycle layout and modelling approach

2.1 Cycle layout

Two options are available when adding a compressor to a single stage heat transformer. In the former, the
compressor is installed between the generator (GEN) and the condenser (COND) allowing the condensation
pressure to be higher than the generation pressure. Alternatively, as depicted in Figure 1, the compressor can be
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installed between the evaporator (EVA) and the absorber (ABS), allowing the generation pressure to be lower than
the condensation pressure. In both cases the use of the compressor extends the working range of the heat
transformer, enabling the use of heat sources (for GEN and EVA) at lower temperatures or heat sinks (for COND
and ABS) at higher temperatures.

For the present work, the second option has been selected because it allows to use a smaller compressor, given
that the specific volume of the vapor is smaller due to the higher pressure. This is beneficial for the dimensions of
the compressor, especially when a volumetric machine (e.g., a membrane compressor) is used.

Two internal heat exchangers are used for heat recovery purposes: the refrigerant heat exchanger (RHE) and the
solution heat exchanger (SHX).

Figure 1 — Layout of the cycle

2.2 Modelling approach
It was assumed that counter-current heat exchangers are used for the heat transformer. For what concerns the
generator, a phase separator is added at the solution outlet and a tray column is used to assure a high ammonia
mass fraction in the vapor. In the absorber, vapor and poor solution are adiabatically mixed at the inlet of the heat
exchanger.
The cycle was numerically modelled using STACY, a tool described in [3], which provides a mathematical
framework for steady-state calculation of absorption cycles. The tool is based on a modular approach and support
the calculation for each component of the energy, mass and species balances. Additionally, the system of equations
is completed with pressure and heat transfer conditions. In particular, the following were assumed within this
study:

e  Pressure losses are negligible in the pipes and in all heat exchangers but the absorbers where a fixed value

of 20 kPa is assumed [4, 5].

e Heat losses are negligible.

e Throttling is isenthalpic.

e The efficiency of the internal heat exchangers (SHX and RHE) is 0.85

The conditions at the absorber, condenser and evaporator were set based on the following assumptions:

e in the generator, a minimum pinch of 5 °C is set between heat source fluid and solution outlet [4].

e at the absorber, a fixed subcooling of 1 °C at the solution outlet and minimum temperature difference of
5 °C is imposed along the heat exchanger [6];

e at the condenser, a fixed subcooling of 1 °C is set at the refrigerant outlet and the minimum temperature
difference of 3 °C is imposed between refrigerant and cooling water [6];

e in the evaporator, the minimum temperature difference between the heat source fluid and the refrigerant
is 3°C and the refrigerant leaves the heat exchanger with a vapor quality of 0.95 [7].

The mass flow rate of the external circuits was adjusted to maintain fixed temperature differences:
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e generator and evaporator are connected in series and the overall temperature difference between generator
inlet and evaporator outlet is 10 °C;

e atemperature difference of 30 °C is set between inlet and outlet of the absorber;

e atemperature difference of 5 °C is set between inlet and outlet of the condenser.
The cycle performances are evaluated based on the electric COP, defined as in eq. 1, which provides the ratio
between the heating capacity released at high temperature and the electric power needed to run the compressor
and the refrigerant and solution pumps. The electric power is calculated assuming an efficiency of the electric
motors of 0.9 and isentropic efficiencies for pumps and compressor of 0.8 and 0.7, respectively.
Moreover, the thermal COP, defined in Eq. 2, expresses the ratio between the heating capacity at high temperature
and the heating power at intermediate temperature provided to the cycle. It is worth mentioning that the COPy, is
not strictly the share of the driving heat, which is upgraded to a higher temperature, as in the balance it must be
taken into account the contribution of the compressor.

Quss
COP,, = 1
7 Weomp + We rer + Wp soL O
COP,, = _ Ques 2)

Qcen + Qpvar

3 Results and discussion

In this section the cycle performances, calculated numerically for various operating conditions, are presented. The
operating conditions are identified with the inlet temperature of the intermediate (Twm iy and the low (T¢ in)
temperature circuits, which represent the temperatures of the available waste heat and of the available sink for the
heat rejection, respectively. For what concerns the absorber, the outlet temperature (Tw ou) is used as reference,
since it is the temperature of the upgraded heat.

3.1 Influence of the high pressure

The outlet pressure of the compressor (Pou) can be freely fixed, provided that it is above a minimum value which
allows the cycle operation. Thus, the first analysis which has been carried out is on the impact of this quantity on
the cycle performances. Figure 2 reports the variation of the COPy, and the COP,; with the compressor outlet
pressure, for various Tw ou. The calculations have been done using -10 °C as the Tcin and 50 °C as Tmin. The results
show that as P increases, the COP, experiences a maximum before decreasing. In fact, at low pressure, the cycle
is close to cut-off conditions and the heat duty at the absorber is very low, as can be deduced looking at the trends
of COPy,. Then, as the value of COPy, becomes practically constant with Poy, the additional power required to run
the compressor does not translate into an increase of the heat duty at the absorber.

Worth to be noticed is that P,y which maximizes the COP; is always below 40 bars, even when Ty ou is 120 °C.
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Figure 2 — COPy, and COP.; vs. Pout for Ty ou from 90 to 120 °C, with Tci, = -10 °C and Tyrin = 50 °C.
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3.2 Heat transformer performances

A second analysis of the cycle performances is carried out comparing four different cases, obtained through the
combination of two values of Tc i, (0 °C and -10 °C) and two Tmin (50 °C and 60 °C). The results presented in
Figure 3 provide the COPy, and the COP,; as function of Ty ou. Given the impact of P, on the cycle performances,
the results in Figure 3 have been obtained using for each condition the value of P, which maximizes the COP;.
This choice can be justified considering that in the present work the use of waste heat of relatively low value is
explored. Under these conditions, the minimization of the electrical input is more important than the maximization
of the heat recovery. Moreover, the choice of a Py, optimized for the COPg has little influence on the COPy,.. In
fact, as observed in Figure 2, if sufficiently far from the cut-off condition, the variation of COPy, with Py is very
limited.

The two conditions at 60 °C (orange and grey lines) begin at are higher values of T o than the conditions at 50 °C
because at low Ty out the compressor is not needed and a traditional heat transformer can be used.

The results reported in figure 3 confirm that the use of a compressor allows the heat transformer to operate over
the entire range of absorber outlet temperature, even in the least favorable conditions, i.e. with T¢ i = 0 °C and
Twmin = 50 °C as the low and intermediate temperature circuits. Moreover, it appears that Ta in has a larger impact
on the COP, than Tc . In fact, starting from the 0 °C and 60 °C condition, a higher COP,; is obtained increasing
the Tmin from 50 to 60 °C rather than decreasing the Tc i, from 0 to -10 °C.

The upper pressure of the cycle resulted below 40 bars for all the working conditions presented in Figure 3 except
with Tcin =0 °C and Tmin = 50 °C when Ty oue goes above 110 °C, when the limits move to 46 bars.
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Figure 3 — COPy, and COP,; vs. absorber outlet temperatures for four combination cold and intermediate
circuits temperatures.

4  Conclusions
The numerical calculation of the performances of the compression assisted heat transformer proved that it
represents a suitable solution for powering district heating networks at temperatures up to 120 °C. In particular it
has been observed that:
- for a given working condition the compressor outlet temperature can be adjusted to maximize the
electrical COP, with minor impact on the thermal COP;
- the thermal COP is between 0.45 and 0.50 for all the investigated conditions;
- the use of a compressor increases the working range of the heat transformer allowing thermal lift which
cannot be achieved with a traditional heat transformer;
- the electrical COP is well above 10 for most of the high temperature range, when the temperature of the
waste heat is 60 °C.
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Abstract:

This paper focuses on the optimization of a vapor compression-absorption cascade refrigeration system
(VCACRS). The absorption cycle consists of a series flow double-effect system using saturated steam as the hot
source and H,O-LiBr as the refrigerant-absorbent pair. The compression cycle is a conventional one but
considering the possibility to use one of two candidate working fluids: R717 or R134a. A binary variable is used
to mathematically model the selection of the working fluid in the compression cycle, resulting in a mixed-integer
nonlinear mathematical programming (MINLP) model, which is implemented in the GAMS environment and
solved using an optimization algorithm based on the generalized reduced gradient (GRG) method. The
minimization of the total annual cost (TAC) — which accounts for capital investment and operating expenditures
— is proposed as the objective function. The refrigeration temperature and capacity are the only parameters of the
model (fixed values) and the mass flow rate, pressure, temperature and composition of all process streams are
simultaneously optimized (decision variables). Also, the model is implemented in such a way that allows to
systematically remove the high-pressure condenser and the two solution heat exchangers — these three
components can be optionally selected or removed as appropriate. As a result, an optimal structure, optimal
component sizes, and optimal operating conditions of the cascade system are obtained. A novel system reported
in the literature involving a different VCACRS configuration operated with H,O-LiBr in the absorption cycle
and R717 in the compression cycle is used as a reference case for comparison purposes in order to
elucidate which of the two systems is preferred when the total investment cost is considered. The comparison of
the results shows that the optimal solution obtained from the superstructure-based model is much less costly than
the reference case and represents the main implication of the obtained optimized system. In fact, it was found
that TAC is by around 37% lower with respect to the reference case. Also, the high-pressure condenser is
removed from the optimal solution. The optimal refrigerant selected by the model in the compression cycle is
R134a. If R134a is replaced by R717, the TAC is still by around 2% lower with respect to the reference case.

1 Introduction

This work is a continuation of the work presented in [1]. In that paper, a nonlinear programming (NLP) model
was proposed, the total heat transfer area of the system (THTA) was minimized without considering the
associated costs, and no selection of the refrigerant in the compression cycle was considered. In this work, it is
proposed to extend the NLP model to a MINLP model, minimize the total annual cost (TAC), and select the
refrigerant fluid in the compression cycle. On the other hand, this work differs from other studies in that
simultaneous optimization is applied, taking into account, not only the operating conditions and equipment sizes,
but also the configuration (structure) of the process. Given the refrigeration capacity (100 kW) and temperature
(=30.0 °C), the optimization problem consists in determining the structure and operating conditions that lead to
the minimum TAC by applying a deterministic optimization algorithm. The aim of this work is to optimize a
vapor compression-absorption cascade refrigeration system using a superstructure-based optimization model
which embeds several candidate configurations and compare the obtained solution (Fig. 1a) with a solution
corresponding to other system (Fig. 1b) reported in the literature [2] which is considered as a novel and attractive
system. To the best of the author's knowledge, no studies focusing on such comparison is found.

2 Mathematical Modelling Aspects

The optimization mathematical model involves the mass and energy balances in all process components, the
calculation of the heat transfer areas (HTA) required by them, and the electrical power required by the
compressor. Methodological aspects, characteristics on how the superstructure is represented and the main

1 210


mailto:mussati@santafe-conicet.gov.ar
mailto:mussati@santafe-conicet.gov.ar

TU Berlin August 22™ to 25 ISHPC 2021 #134

model constraints can be found in [1]. Correlations reported in [3] are used to estimate the physicochemical
properties of the H,O-LiBr solution streams and those reported in [4] to estimate the properties of the working
fluid in the compression cycle. Clevand [4] proposed correlations for several refrigerants using the same
functional dependence on temperature for all of them. Interestingly, these correlations are effectively used in this
work for selecting the most convenient fluid — between R717 and R134a in this case — through binary variables
0/1. The model allows selecting/removing the high-temperature condenser (HTC) — by placing a splitter (SPLT)
prior to it — and the high- and low-temperature solution heat exchangers (HTSHE and LTSHE, respectively)
considering their effectiveness (nyrsug and Nyrsye) as optimization variables, which are bounded between 0 and
100%. When nsyg = 0 no heat is exchanged and, consequently, the associated HTA is zero.

The total annual cost (TAC) is expressed in Eq. (1) and it accounts for the annualized capital expenditure
(annCAPEX) and operating expenditure (OPEX):

TAC = annCAPEX + OPEX (D
where the annCAPEX is calculated by Eq. (2). The equations used to calculate the purchased costs of the system
components k (Z) are reported in [5] and expressed in Eq. (2). The parameter CRF refers to the capital recovery
factor. The OPEX is calculated by Eq. (3) and it considers the costs associated to the demand of steam S, cooling
water CW, and electricity E. The parameters Cs, Cg, and Ccy are, respectively. the specific cost of steam (0.017
$-kg ™), electrical power (0.06 $:kWh™") and cooling water (1.0x10—4 $-kg™") while t refers to the total operating
time (7000 h-yr.™).

annCAPEX = CRF- Zk:zk )

OPEX = {CS -(r'nm riq36)~3600+ Cy - Weomr+Cey (rﬁm My j : 3600} t 3)

As a series flow double-effect system using H20-LiBr is considered, 130 °C is assumed as the temperature level
of the heat source driving the absorption cycle. It should be mentioned that the reference case works with hot
water at 75°C. The efficiencies of the compressors are model parameters (80%). Cooling water at 25°C is
assumed in the absorber and absorption cycle condenser. A value of 0.095 $:yr.”" is considered for CRF. The
values of the overall heat transfer coefficients (kW-m >K™") for the evaporator, absorber, condenser, generator,
condenser-evaporator, and heat exchangers are, respectively, 1.50, 0.70, 2.50, 1.50, 0.55, and 1.00. And, as a
first approximation, no maintenance costs are considered.

3  Results

The optimal solution obtained by the proposed MINLP model (Fig. 1a) — hereinafter referred to as TAC-OS — is
compared to the reference case taken from [2] and presented as a novel system in the literature (Fig. 1b) —
hereinafter referred to as RC —. The optimal solution selected R134a as refrigerant in the compression cycle
whereas R717 was considered in [2]. As shown, the system in [2] includes an additional absorber (high-
temperature absorber HTABS) and an additional compressor (COMP2) in between the two single effects, which
are both not present in the configuration schematized in Fig. l1a. By solving the proposed MINLP model, the
HTC is removed from the optimal solution, and the refrigerant R134a is selected to operate the compression
cycle. According to Table 1, the minimum TAC value obtained in TAC-OS is 48753.6 $-yr.”', of which 89%
corresponds to OPEX (43477.8 $-yr.™"). The costs associated to the consumption of steam and cooling water are
almost similar (17313.4 $:yr.”" and 17941.5 $-yr.”', respectively), which together represent by around 81% of
OPEX and 72% of TAC. Regarding annCAPEX, COMP1 is the system component that contributes the most to it
(32%), followed by COND/EVAP and LTABS (26% and 20%, respectively). Table 1 shows that the TAC value
obtained in TAC-OS is by 37% lower than that obtained in RC solution (48753.6 vs. 77541.7 $-yr.”"). This is
due to a significant reduction in OPEX by around 39% — from 71148.1 to 43477.8 $-yr.”' — since the annCAPEX
in TAC-OS is 17% lesser than in RC (5275.8 vs. 6393.6 $-yr.™"). Although the heating utility is assumed costless
in RC only, the high OPEX in RC is due to the high requirements of cooling water in HTC, LTABS and HTABS
and of electrical power in COMP1 and COMP2, which are by around 200% and more than 105% higher than in
TAC-OS (54202.6 vs. 17941.5 $-yr.”', and 16945.4 vs. 8222.8 $-yr.”"). Although THTA required in RC is by
52% lower than in TAC-OS (Table 2), the inclusion of the compressor COMP2 in RC leads to an annCAPEX
value that is 17% higher than in TAC-OS (Table 1). In addition, as shown in Fig. 1b, the electrical power
required by COMP2 in RC is 7.1 kW, resulting in an increase in the electricity cost of 2986.7 $-yr.”' (Table 1).
Also, since the heat rejected in RC is by 133% higher than that in TAC-OS, the cooling water requirement in RC
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is tripled with respect to TAC-OS (Table 2), resulting in an increase of 36261.1 $-yr.”" in the cooling water cost
(54202.6 vs. 17941.5 $-yr.”"). The operating pressures in the absorption cycle in TAC-OS are higher than those
in RC, contrary to what happens with the compression cycle. HTG and LTG operate at 43.17 and 4.89 kPa,
respectively, in TAC-OS and at 5.63 and 2.00 kPa, respectively, in RC. Regarding the compression cycles,
COMP1 compresses the refrigerant R134a from 85.13 to 349.89 kPa in TAC-OS and refrigerant R717 from
119.40 to 636.80 kPa in RC, but TAC-OS requires a refrigerant flow rate significantly higher than RC (0.518
kg/s of R134a vs. 0.085 kg/s of R717). The type of refrigerant strongly affects the operating conditions.

Figure 1 — Comparison between the optimal solution TAC-OS (a) and the reference case RC (b)
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Table 1 — Comparison of cost-items between RC, TAC-OS (R134a), and TAC-SOS (R717) solutions.

Cost item RC [2] TAC-0S TAC-SubOS
TAC ($-yr.”") 77541.7 48753.6 49718.0
AnnCAPEX ($-yr.”") 6393.6 5275.8 5261.2
EVAP 204.9 205.4 205.4
COND/EVAP 935.8 1403.8 1365.8
LTABS 572.5 1052.3 1061.1
LTSHE 102.7 79.1 79.6
LTG 326.2 318.2 320.3
HTSHE 433 108.5 109.2
HTG 277.8 189.4 189.5
HTABS 554.7 - -
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HTC 155.1 - -
LTC 0 189.2 190.6
ECON 0 47.4 26.5
COMP1 1927.1 1682.5 1712.9
COMP2 12934 - -
OPEX ($-yr.™") 71148.1 43477.8 44456.7
Hot water 0 0 0
Steam 0 17313.4 17502.2
Cooling water 54202.6 17941.5 18145.2
LTC - 5438.3 5501.2
LTABS 19217.5 12503.6 12644.0
HTABS 18232.2 - -
HTC 16752.9 - -
Electricity 16945 .4 8222.8 8809.3
COMP1 13958.7 8222.8 8809.3
COMP2 2986.7 - —

Table 2 — Comparison of results between RC, TAC-OS (R134a), and TAC-SOS (R717) solutions.

Variable RC [2] TAC-0OS TAC-SubOS

Total heat transfer area (m®) 109.24 165.68 165.71
Heating utility (kW) 309.5° 87.7° 88.7°
Cooling utility (kW) 450.5°¢ 207.3 ¢ 209.7 ¢
Electrical power (kW) 40.3 19.6 21.0
Cooling water (kg's ') 21.509 7.120 7.205
Hot water (kg's™) 7.388 0 0
Steam (kg's ™) 0 0.040 0.041

“includes HTG and LTG; ®includes HTG; © includes HTC, HTABS and LTABS; ¢ includes LTC and ABS

The same optimization problem is solved considering the R717 refrigerant by setting the binary variable to zero
i.e. Yr134a=0. The obtained optimal solution is hereinafter referred to as TAC-SubOS. It represents a sub-optimal
solution with respect to TAC-OS (R134a) because this imposition decreases the original degrees of freedom of
the optimization problem. The main results are listed in the fourth column of Tables 1 and 2. The comparison of
results shows that the TAC value in TAC-SubOS (R717) is still significantly lower than that in RC and slightly
higher than that in TAC-OS (R134a). Finally, it should be mentioned that despite the correlations used in this
work to calculate the physicochemical properties of streams are widely accepted in the literature, sensitivity and
uncertainty analyses should be performed in order to explore and quantify the impact of possible errors in input
data on the calculated model output. This issue will be deeply investigated and discussed in a next work.

4  Conclusions

A deterministic mixed-integer nonlinear mathematical programming (MINLP) model has been successfully
applied to cost optimization of vapor compression-absorption cascade refrigeration systems. The selection of the
refrigerant to operate the compression cycle — R717 or R134a — as well as the selection/removal of the high-
temperature condenser and the two LiBr solution heat exchangers were treated as discrete decisions. A reference
case reported in the literature involving a different VCACRS configuration operated with hot water and H,O-
LiBr pair in the absorption cycle and R717 in the compression cycle, is used for comparison purposes. The
comparison of the results shows that the optimal solution obtained from the superstructure-based model is much
less costly than the reference case and represents the main implication of the obtained optimized system. By
solving the proposed MINLP model, it was found that TAC is by around 37% lower with respect to the reference
case, the high-temperature condenser is removed from the optimal solution, and R134a refrigerant is selected in
the compression cycle. If R134a is replaced by R717, the TAC value is still by around 2% lower with respect to
the reference case. Although the heating utility is assumed costless in the reference case, the inclusion of an
additional compressor increases both the electricity cost (OPEX) and the associated investment (CAPEX),
resulting in a higher TAC compared to the optimization results presented in this paper.
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Abstract:

Here we present a novel cascade hybrid heat pump system by combing the advantages of absorption-resorption
heat pump (ARHP) (low heat source temperature need) and vapor compression heat pump (VCHP) (strong ambient
temperature adaptability). The calculation results indicate that under the condition of 7. = -35 °C, T. = 15 °C, the
system can be driven by heat source above 90 °C with primary energy ratio (PER) higher than 0.95, and
simultaneously produce 22% more heat than the single VCHP system under the same condition. When 7. increases
to 30 °C, the feasible Ty, can be down to 69 °C which can be fulfilled by solar heat. When solar fraction is over
45%, PER is constantly greater than that of the reference VCHP system within the whole heating ambient
temperature range. The system can be applied in extreme cold climate condition for high efficient heating.

1 Introduction

Absorption heat pumps (AHPs) are inferior to vapor compression heat pumps (VCHPs) in low temperature
adaptability despite that VCHPs suffer a lot from the declining of heating capacity with the decreasing of ambient
temperature and the consequent insufficiency to the users’ requirements and larger electricity consumption [1].
However, thermally activated AHPs are advantageous at higher primary energy ratio (PER) when driven by low
grade heat sources. Hybrid heat pumps, such as compression-absorption cascade heat pump (CACHP) is promising
in achieving low evaporation temperature and reduce electricity consumption [2]. Many researches have been done
on CACHPs which show excellent primary energy saving effect compared with equivalent VCHP systems [3, 4].
For heating application, CACHPs with evaporation-condenser configuration can be integrated with different kinds
of heat sources (devices) such as waste heat [5, 6], geothermal energy and regional boilers [6]. The cascade
arrangement can enhance cold climate condition adaptability, reduce heat source temperature demand, produce
more heat and save primary energy [7]. However, due to high working pressure demanded by applicable
condensation (heat supply) temperature, generation (heat source) temperature is still high and the generator cannot
efficiently utilize low grade heat source such as solar heat within a wide temperature range and with low
temperature. Moreover, evaporation temperature of the AHP subsystem cannot be too low in order to efficiently
utilize low temperature heat source and simultaneously ensure satisfactory coefficient of performance (COP).
Moreover, evaporation temperature of VCHP subsystem must be sufficiently high to guarantee COP of the VCHP
subsystem, thus weakening the adaptability to cold climate condition.

Absorption-resorption heat pump (ARHP) cycle can be developed based on AHP cycle by substituting the
condenser and evaporator with a high pressure absorber (HPA) and a low pressure generator (LPG). According to
refs. [8, 9], by adjusting the working pressures (high pressure and low pressure) and solution concentration
condition, the cycle can reduce heat source temperature demand and guarantee the heat supply temperature by the
phase transition temperature slip of the two components in NH3-H,O solution in HPA and LPG. Therefore, this
paper tries to develop a novel resorption-compression heat pump system by cascade coupling the ARHP cycle and
VCHP cycle by referring to configurations of the above mentioned CACHPs. The novel system is expected to
further lift cold climate condition adaptability, reduce heat source demand and lift the ability of being integrated
with heat sources with lower temperature for high efficiency heating. Feasibility and the specific performance are
investigated in this work.

2  Fundamentals of the novel cascade system

2.1 Cycle description
The detailed configuration of the resorption-compression cascade hybrid system is shown in Figure 1. The system
consists of two subsystems: a thermally activated ARHP subsystem at high temperature side for heat source
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integration and a VCHP subsystem at low temperature side (temperature of each state point is lower than that of
any state point in the ARHP subsystems) for cold climate condition adaptation. NH3-H>O and R410A are utilized
as the working fluid in the ARHP and VCHP subsystem, respectively. The two subsystems are connected through
the configuration of LPG-CON (condenser). The condensation heat (Qcon) is no longer directly used for heating,
but to drive the ARHP subsystem for possible heat output multiplication.

As reported in ref. [8], the ARHP can work efficiently when heat source temperature at the LPG side is above 0
°C. Therefore, the condensation temperature (7c) can be substantially lower in the novel system than that in
traditional VCHP system and the evaporation temperature (7¢) can be much lower. Moreover, benefitting from the
ARHP subsystem, the cascade system can efficiently utilize low grade (temperature) heat sources for heating. For
the ARHP subsystem, due to the low pressure and temperature in LPG, the generated vapor can be treated as pure
refrigerant due to the high enough ammonia mass fraction. Therefore, a rectifier above HPG (high pressure
generator) is required for refrigerant purification to guarantee species balance inside the ARHP rather than lift
absorption efficiency in HPA. The high pressure generation process is driven by the sensible heat recovered by
the coils and the external heat sources like solar heat, industrial waste heat, and of course, gas combustion.

pa %
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Ows =+ 22 HPG
s > MW near
b ___ A
[ HXZ% 2 [ HX1 ] Preheater

|
|
e nnnnneey 4 9 |
15 12 i |
|
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| __The VCHP subsystem Ambient air ]

Figure 1 - Schematic diagram of the proposed resorption-compression cascade heating system

2.2 Thermodynamic models and evaluation criteria

Thermodynamic models of the ARHP subsystem and VCHP subsystem was reported in ref. [8] and ref. [10],
respectively, and will not be repeated here. The performance evaluation indices are given as follows:

(1) Primary energy ratio (PER) is used to evaluate performance of the hybrid system and the heating PER here
is defined as the ratio of the heating capacity produced in LPA (low pressure absorber), HPA to the primary energy
consumption by the compressor and solution pump, given as

tha +lea
(thg+ZWp+chJ (1)

PER =

771, 77e 77e
where 7, is boiler efficiency, which is typically 0.7 for coal boilers and 0.9 for gas boilers. 7, is the electricity
generation efficiency, with an average of 0.33 for coal-fired power plants [11]. W, and W, are the power of the
compressor and the solution heat pumps and the calculation expressions can be found in ref. [8] and ref. [10].
(2) Heating capacity of the cascade system can be lifted based on the VCHP subsystem with the same primary
energy consumption and the relative increase (heating capacity lift ratio, HCLR) can be calculated by

tha + lea - Qcon (2)

con

HCLR =

It is worth noting that the condensation temperature for calculating Qcon is from the VCHP-only heating system,
which is different from that for the current cascade system.

(3) Solar fraction (f) is defined as the ratio of the heat provided by solar collectors (Qsc) to the HPG to the total
heat needed for the high pressure generation process, written as

2 216



TU Berlin August 22" to 25™ ISHPC 2021 #135

f — QSC

= e 3
0. 3)

3  Results

3.1 Matching of the two sub-cycles

Figure 2 depicts the pressure ratio of VCHP subsystem. Given the single-stage pressure ratio (Pr) of 6.0, the
minimum evaporation temperature (7c min) corresponding to condensation temperature (7¢) of 15 °C, 20 °C, 25 °C,
30 °C are -35 °C (actually lower), -32.5 °C, -29 °C and -26 °C, respectively. On the one hand, in order to guarantee
high COP of ARHP subsystem, higher T is better despite the fact that condensation heat of VCHP subsystem is
not directly used for heating. When ambient air temperature (73) is higher than 20 °C (T is higher than 15 °C),
space heating is no longer needed. Therefore, considering the actual heating needs, 15 °C and 30 °C can be chosen
as the lower and upper limit of 7, for the current cascade hybrid system. According to ref. [8], maximum COP of
ARHP subsystem can be achieved when high and low working pressure (Pu and Pr) conditions are 1550 kPa/580
kPa and 1550 kPa/940 kPa, respectively. The base-case and the corresponding working conditions are listed in
Table 1.

45

401

35

Table 1 - Working conditions of the base-case

30
e Case Case 1 Case 2
25 Py (kPa) 1550 1550
Pr (kPa) 580 940
20 Te (°C) 15 30
Te range (°C) -35~15 -26~15

-15
T, (0)

Figure 2 - Pressure ratio (Pr) of the VCHP subsystem

3.2  PER of the cascade system (base-case)

The system is mainly designed for building floor heating with a return water temperature of 30 °C and supply
water temperature above 40 °C. PER of the cascade system under the above two base-cases are illustrated in Figure
3. It can be seen that when 7¢ values are 15 °C and 30 °C, solution temperature at the outlet of high pressure
generator (HPG) (71) can be as low as 85 °C and 64 °C, respectively, with a PER value higher than 0.95 at the
Temin Of -35 °C and -26 °C. Given a minimum temperature difference of 5 °C between heat source and solution
stream arranged in cross-counter flow in HPG, the heat source temperature (71) for the two base-cases are 90 °C
and 69 °C, respectively. For given T., PER ascends firstly with the increasing of 7’ and then slightly descends and
the change trend of PER is quite gentle with the changing of 7. Although there exists an optimum 7} for maximum
PER under given working conditions, chasing maximum PER by adjusting 75 is not necessary in actual operation.

3 PH =1550 kPa_PL =380 kPa

P = 1550 kPa, P, =940 kPa

Ceessasterstesonter trst o
S
Oy e
e gy
'1,:’0,’

(a) T = 15°C (b) T =30°C
Figure 3 - PER of the cascade coupled hybrid system
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3.3 Heating capacity lift ratio

In this paper, the temperature difference between state point 1 and the heat source into the generator (arranged in
counter-flow) is properly assumed to be 5 °C. In order to examine the heat production characteristics of the current
hybrid system compared to the single VCHP heating system with the same primary energy consumption, heating
capacity lift ratio (HCLR ) is investigated and illustrated in Figure 4. It can be seen that when 73, = 90 °C (77 = 85
°C), Tc = 15 °C and T varies from -35 °C to 5 °C, the maximum HCLR of 22% can be achieved when T, = -35 °C.
When T is within the range from -35 °C to -15.5 °C, HCLR is above 0, revealing that the current system can output
more heat than the reference VCHP system. For the base-case of 7. = 30 °C, considering single-stage compression
process, 7. value when HCLR is positive locates in a narrow range from -26 °C to -21 °C with the maximum value
of 5%. From this point, it should be better to keep the 7. value as small as possible in the proper range to guarantee
the excellent heating capacity lift performance of the cascade hybrid system in extreme cold climate condition. It
is worth noting that the results were obtained with gas furnace acting as the heat source for the ARHP subsystem,
i.e. the solar fraction (f) is 0%. When integrated with solar heat, the cascade hybrid system can show better heating
capacit;llzgift (primary energy saving) performance.
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Figure 4 - Heating capacity lift ratio (HCLR) of the cascade coupled hybrid system

3.4 Possible solar contribution

To investigate nonrenewable primary energy saving performance of the cascade hybrid system, possible solar
contribution is explored and the results are depicted in Figure 5 by assuming a condition where solar heat
temperature (77) is 90 °C and T is 15 °C. It can be seen that when f= 0, PER of the cascade hybrid system is higher
than that of single VCHP system when 7 is in the range from -30 °C to -9 °C, which can also be concluded from
Figure 4(a). For fvalues of 10%, 20%, 30% and 40%, the above ranges are (-30 °C, -4 °C), (-30 °C, 2 °C), (-30 °C,
7 °C) and (-30 °C, 12.5 °C), respectively. It can also be seen in Figure 5 that when f'is above 45%, PER of the
current system is constantly greater than that of the reference VCHP system in the whole heating 7, range from -
30 °C to 15 °C. Actually, for a single VCHP system with the same heat supply temperature, when T, is below -
10.7 °C, the pressure ratio is unsatisfactory and above 6.0. The hybrid system can guarantee the needed heat supply
temperature by the phase transition temperature slip in HPA by adjusting the working pressure and solution

concentration values.

4  Conclusions

This paper proposed and theoretically investigated a novel resorption-compression hybrid system by cascade
coupling an ARHP subsystem and VCHP subsystem for high efficient building floor heatingin extreme cold
climate condition. The main results are:

(1) The hybrid system could efficiently utilize heat source as low as 90 °C for heating application when the
evaporation temperature is above -35 °C with primary energy ratio greater than 0.95. When the condensation
temperature is lifted to 30 °C, temperature need of the heat source can be pulled down to 69 °C.

(2) Heating capacity of the hybrid system could be 22% higher than that of the reference VCHP system with the
same heat supply temperature and nonrenewable primary energy consumption. When ambient temperature
increases, the heating capacity lift ratio descends slightly and the advantage in this aspect will fade away.
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(3) Primary energy ratio of the hybrid system can be improved by lifting solar fraction. When solar fraction is
above 45%, PER of the current cascade hybrid system is constantly greater than that of the reference VCHP system
in the whole heating ambient temperature range from -30 °C to 15 °C.
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