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ARTICLE INFO ABSTRACT

Keywords: Reliable and computationally efficient models are crucial to improve the performance of adsorption chillers.
Lumped-parameter model However, modeling of adsorption chillers is challenging due to the intrinsic process dynamics. Currently,
Plug-flow

adsorption chillers are most often represented by 1-d, lumped-parameter models that use lumped models for all
components but resolve the heat exchangers in one spatial dimension. Still, accurate simulations require fine
discretization leading to poor computational efficiency. To increase computational efficiency, here, an alterna-
tive modeling approach is proposed that avoids discretization by applying operator splitting.

Computational efficiency
Experimental validation
Silica gel - water adsorption chiller

Aléﬁéi‘l:z paramétres localisés The benefits of the proposed modeling approach are demonstrated in two real-world case studies. First, the
Ecoulement & bouchons resulting adsorption chiller model is calibrated and validated with experimental data of a lab-scale one-bed
Efficacité de calcul adsorption chiller: The proposed model retains the accuracy of a state-of-the-art model while increasing
Validation expérimentale computational efficiency by up to 70%. Second, the proposed model is applied to a commercial two-bed
Refroidisseur a adsorption de gel de silice-eau adsorption chiller with excellent accuracy. Finally, the validity of model is tested by varying the ratio be-

tween the overall heat transfer coefficient and the heat capacity rate of the fluid in the heat exchangers. The
proposed model is shown to be well suited for the conditions present in most adsorption chillers.

Notation (continued)
R universal gas constant J/(kgK)

Latin symbols t time s
A area m2 T temperature °Cor K
A adsorption potential J/kg u specific internal energy J/kg
A(W) adsorption potential as function of filled pore volume J/kg U overall heat transfer coefficient W/(m?K)
c specific heat capacity J/(kgK) v velocity m/s
D diffusion coefficient m?/s \4 volume m3
h specific enthalpy J/kg w loading kg/kg
h heat transfer coefficient W/(m2K) w filled pore volume m?/kg
m mass kg x axial coordinate m
m mass flow kg/s Greek symbols
p pressure Pa A difference
Q thermal energy J 8 infinitesimal difference
Q heat flow w p density kg/m3
r radius m Subscripts and superscripts
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A. Gibelhaus et al.

(continued)
A adsorber
ad adsorbed phase
ads adsorption
bed adsorber bed
C condenser
conv convective
E evaporator
eff effective
eq equivalent
ext external
fl heat exchanger fluid
flow fluid flow
in inlet
int internal
liqg liquid
meas measured
out outlet
port fluid port
sat saturated
sim simulated
sor adsorbent
v vapor phase
v at constant volume

Abbreviations and Acronyms

CopP coefficient of performance (J/J)
cv coefficient of variation

CN characteristic number

disc discretized

HX heat exchanger

LDF linear driving force

PF plug-flow

RMSD root-mean-square deviation
scp specific cooling power (W/kg)
VLE vapor-liquid equilibrium

1. Introduction

Adsorption chillers can provide sustainable cooling by employing
environmentally friendly working pairs and heat as driving energy
(Denzinger et al., 2021). Modeling of adsorption chillers is key for
design and optimization (Yong and Sumathy, 2002). However, modeling
of adsorption chillers is challenging, due to its intrinsic dynamic nature
and the impact of several interacting components on performance
(Gibelhaus et al., 2019). Due to this complexity, system-level studies
often use grey- or black-box models, e.g., based on performance maps
(Buonomano et al., 2018; Palomba et al., 2018), polynomial regression
analysis (Sawant et al., 2020), or artificial neural networks (Krzywanski
et al.,, 2017; Lazrak et al., 2016). Although grey- and black-box models
are computationally very efficient, these models do not deliver insights
into the adsorption chiller process to improve the adsorption chiller it-
self. Physics-based models are therefore required.

However, a detailed consideration of all physical effects results in a
high computational effort, inappropriate for system-level optimization
(Pesaran et al., 2016). Thus, a trade-off is observed between model ac-
curacy and computational efficiency. Several literature reviews (Pesaran
etal., 2016; Sah et al., 2017; Teng et al., 2016; Yong and Sumathy, 2002)
classify adsorption chiller models into three main classes with an
increasing level of complexity: (1) thermodynamic equilibrium models,
(2) lumped-parameter models, and (3) distributed-parameter models
(heat and mass transfer models):

(1) Thermodynamic equilibrium models are based on a steady-state
analysis of the first- and second-law of the adsorption chiller
cycle. Thus, this model class is particularly useful to evaluate and
compare the potential of different cycles (Alam et al., 2004),
working pairs (Calabrese et al., 2020), and applications (Meunier
et al.,, 1998; Sha and Baiju, 2021). However, thermodynamic
equilibrium models neglect adsorption kinetics. Therefore, this
model class cannot predict the performance of real adsorption
chillers.
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(2) Lumped-parameter models employ transient mass and energy
balances combined with overall, effective transport resistances to
consider adsorption kinetics (dynamic models). Already in early
pioneering studies, Saha et al. (1995) developed and experi-
mentally validated (Boelman et al., 1995) a lumped-parameter
model of a two-bed adsorption chiller to investigate the influ-
ence of operating conditions on the performance. Also today, this
model class is widely used to estimate the performance of
adsorption chillers for different control strategies (Graber et al.,
2011; Muttakin et al., 2020), operating conditions (Tso et al.,
2012), working pairs (Graf et al., 2019), and component designs
(Abd-Elhady and Hamed, 2020; Sharafian and Bahrami, 2015).
The main drawback of lumped-parameter models is that they
cannot capture the specific geometries of the components and the
fast dynamics of the heat transfer fluid, as the spatial resolution is
neglected.

(3) The next level of detail is provided by distributed-parameter
models, which resolve the states in a component in time and
space (Pesaran et al., 2016). Thus, this model class is usually
employed for detailed investigations of the adsorption process
(Dawoud et al., 2007), the adsorbent configuration (Radu et al.,
2017), and the heat exchanger design (Mahdavikhah and Niaz-
mand, 2013). However, the simulation of an adsorption chiller
can take several hours (Graf et al., 2020; Yaici and Entchev,
2019). Consequently, the computational efficiency is usually too
poor for system-level optimizations.

Lumped-parameter models are currently most suitable and popular
for system-level applications, due to a good compromise between ac-
curacy and computational efficiency (Mohammed et al., 2019). How-
ever, lumped-parameter models are not able to capture the fast
dynamics of the heat transfer fluid (Douss et al., 1988; Karagiorgas and
Meunier, 1987) and, therefore, show deviations between simulations
and measurements (Dalibard, 2017; Schicktanz and Nunez, 2009; Wu
et al., 2000). Thus, lumped-parameter models were refined by heat ex-
changers discretized in one dimension (1-d) (Critoph, 1999). These 1-d,
lumped-parameter models significantly improve accuracy compared to
the original lumped-parameter models, while still providing a much
higher computational efficiency than distributed-parameter models
(Wang and Chua, 2007).

However, 1-d, lumped-parameter models still lead to a trade-off
between accuracy and computational efficiency: Accurate results
require a fine discretization of the adsorber heat exchanger (Lanzerath,
2013), which, in turn, decreases the computational efficiency. As high
computational efficiency is crucial for system-level optimizations
(Nienborg et al., 2017) and real-time applications (Bau et al., 2019), the
discretization resolution is usually reduced at the cost of accuracy.

In this work, we propose a modeling alternative for adsorption
chillers that resolves the trade-off between accuracy and computational
efficiency of 1-d, lumped-parameter models. The discretization of the
heat exchangers is avoided by applying operator splitting to the
convective transport equation (van der Heijde et al., 2017). Operator
splitting allows for an analytical solution of the transport equation,
instead of numerical discretization. Thereby, the computational effi-
ciency of the heat exchanger models can be significantly improved while
maintaining a high accuracy.

This paper is structured as follows: In Section 2.1, we introduce the
proposed model. In Section 3 the proposed model is compared with
experimental data from a lab-scale one-bed adsorption chiller and a 1-d,
lumped-parameter model. In Section 4, we validate the proposed model
for a commercial two-bed adsorption chiller. In Section 5, we investigate
the validity range of the proposed modeling approach. In Section 6 the
main results are summarized.
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2. Modeling

In this section, the model of the adsorption chiller is briefly intro-
duced. For more details about the model the reader is referred to the
supporting information A.

The adsorption chiller model has three main components: Adsorber,
evaporator, and condenser. Each component consists of sub-models for
the heat exchanger and the adsorber bed or the vapor liquid equilibrium
(VLE). These sub-models are presented in the following.

2.1. Plug-flow-based heat exchanger

The proposed heat exchanger model eliminates the discretization
and thereby resolves the trade-off between accuracy and computational
efficiency of 1-d, lumped-parameter models. Instead of discretizing the
convective term the proposed approach applies operator splitting to the
transport equation of the heat transfer fluid. Operator splitting allows
for an efficient, analytical solution of the convective heat transfer.

The heat exchanger is a key component of the adsorption chiller. An
accurate representation of the heat exchanger typically requires a model
with spatial discretization in one dimension, cf. Section 1. Here, we
avoid the spatial discretization by a plug-flow-based approach. The
plug-flow-based approach is inspired by the thermo-hydraulic pipe
model proposed by van der Heijde et al. (2017) to describe pipes in
heating networks. Here, the thermo-hydraulic pipe model is adapted for
adsorption chillers to describe the heat transfer between the heat
transfer fluid and the thermally connected models, i.e., the adsorber bed
and the VLE volume.

Since liquid water is used as heat transfer fluid in the heat ex-
changers, the flow in the heat exchanger can be described as incom-
pressible, 1-d convective flow (Batchelor, 2000). Thus, the mass balance
for each sub-model results from the continuity equation as:

(€Y

Miin — Mgoue = 0,

where mg;, is the entering and myg . is the leaving mass flow.
Neglecting axial diffusion and internal sources due to dissipation
(Roetzel et al., 2020), the energy balances of the fluid and the heat
exchanger wall read:

oh, oh
my (Ttﬂ + mqvp 07; = —hexiAex (T — Twan) ()]
Twa]]
Myl Cwall ot = hex!Aex!(Tﬂ - Twa]]) - himAim(Twa]] - Tprucess)y (3)

where my is the mass, hy is the specific enthalpy, vy is the velocity, and
Ty is the temperature of the fluid. The mass, the specific heat capacity,
and the temperature of the heat exchanger wall are given by myy, Cwal,
and Ty, respectively. The independent variables are the time t and the
axial coordinate x. To describe the heat transfer, the heat transfer value
of the external heat transfer fluid" heyAex and the heat transfer value of
the internal process side, e.g. the adsorbent or VLE volume, hj,Ay; are
used. The temperature Tprocess iS the process-side temperature of the heat
exchanger, i.e., the adsorbent in the adsorber and the VLE volume in the
evaporator and condenser.

To solve Equations (2) and (3), the classical finite-volume approach

approximates the spatial derivative (%) by spatial discretization using

a backward difference (upwind) scheme (Roetzel et al., 2020). The
spatial discretization leads to an ordinary differential equations system,
which can be large and computationally expensive for a fine
discretization.

Instead of spatial discretization, the plug-flow-based approach ap-

! In the following, the product of the heat transfer coefficient h and the heat
transfer area A is referred to as heat transfer value hA to avoid long expressions.
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plies some simplifications: First, we neglect the thermal mass of the heat
exchanger wall for the dynamics and consider the wall in steady-state

aT,
(Myan1Cwall avzan

namics of the heat exchanger wall are usually much faster than the
dynamics of the adsorber bed, since the heat transfer to the heat
exchanger wall is much better than to the adsorbent. Thus, the dynamics
of the heat exchanger wall can be neglected. In contrast to the dynamics,
the thermal energy needed to heat up and cool down the heat exchanger
wall substantially influences the performance of adsorption chillers
(Gluesenkamp et al., 2020) and, thus, has to be considered. We consider
this thermal energy by adding an energetically equivalent fluid volume
after the calculation of the heat transfer as discussed below. Due to the
neglected dynamics of the heat exchanger wall, Equations (2) and (3)
simplify to:

~ 0 in Equation 3). For adsorption chillers, the dy-

oh oh
mp 0—tﬂ + mava 0_; = —Uexiex (T — Tprocess) “@
with the overall heat transfer value through the wall UextAex::
hex Aex 'hin Ain
UexlAext = : . kL (5)

hcxlAcxl + himAim ’

Second, we apply operator splitting (MacNamara and Strang, 2016) to
Equation 4. Thereby, the total specific enthalpy change of the fluid over
the heat exchanger Ahg (Equation 4) is split into 1) the specific enthalpy
change due to the enthalpy flow of the fluid AR®" and 2) the specific
enthalpy change due to the convective heat transfer from or to the fluid
AhaOnV:

Ahg = AR + ARE™. (6)

Both specific enthalpy changes are calculated sequentially.

Enthalpy flow of the fluid

The enthalpy flow of the fluid (Equation 7) describes the energy
transport through the heat exchanger due to the fluid flow but without
considering the convective heat transfer from or to the fluid:

Ohflov
ot

onle

=0.
Ox

)

+ vq

Equation 7 considers the dynamics of the fluid flow before calcu-
lating the heat transfer in the next step (Equation 8). Thus, the model
first considers the time needed by the heat transfer fluid to flow through
the heat exchanger. This time delays the heat transfer. The time delay is
particularly important during the switches between adsorption and
desorption phase (and vice versa). Without the time delay, any change in
the inlet temperature would immediately change the temperature
throughout the heat exchanger and thereby change the heat transfer
according to steady-state calculation. In reality, the heat transfer fluid
needs to flow through the heat exchanger before contributing to the heat
transfer.

Equation 7 is efficiently solved by the Modelica operator spatialDis-
tribution(), which keeps track of the spatial distribution of the trans-
ported property (in this case the specific enthalpy), by suitable sampling,
interpolation, and shifting the stored distribution. For more details
about the implementation of the operator, the reader is referred to the
language specifications of Modelica (Modelica Association, 2017).

Convective heat transfer

The convective heat transfer (Equation 8) describes the energy
transport between the fluid and the process-side of the adsorption
chiller. To compute this heat transfer, the Lagrangian approach is used
to allow for an analytical solution of the outlet temperature of the fluid
(van der Heijde et al., 2017; Oppelt et al., 2016): The Lagrangian
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approach attaches the coordinate system to a moving fluid particle
flowing through the heat exchanger. Due to the attached coordinate
system, there is no spatial distribution in the energy balance of a moving
fluid particle of infinitesimal length éx:

dh(t:]onv

Sx —
a X

(8

conv
ma - UextAext (Tﬂ - Tpmcess) ox.

Expressing the specific enthalpy change by the temperature change and
rearranging Equation 8 leads to:

Tout
=— / dr.
tin

The integral on the left of Equation 9 can be solved analytically under
the following assumptions:

conv conv
/ flow Mg Ch dTﬂ
Tmlrr\‘v UexlAexl nglonv - Tprocess

fl

9

1. The temperature dependency of both, the overall heat transfer co-
efficient Uy and the fluid properties (pg and cq) is negligible within

the integration range (T3 and Tg%om).

. Each entering fluid particle is exposed to a constant temperature
Tprocess While flowing through the heat exchanger.

With these assumptions, Equation 10 delivers the analytical solution

for the outlet temperature Tgm:

c Uex Aex
Tﬁ?:lr[(toul) = Tpl‘ocess([in) + (Tg)l!rl‘v (hn) - Tpmcess(tin)> eXP( - l—t) . (10)

mpcy

A main assumption made above is that the temperature change of the
thermally connected component, e.g. adsorbent, is small during the
residence time of a fluid particle. The temperature of the adsorbent
changes due to two effects: 1) the heat transfer from or to the heat
transfer fluid and 2) the adsorption or desorption process. However,
both effects are coupled and the heat transfer usually dominates in
packed-bed adsorbers considered in this work (Aristov, 2013). For
adsorption chillers, the heat transfer to the adsorbent is generally poor
due to the porous adsorbent and the near-vacuum conditions. In
contrast, the heat transfer fluid has a high heat capacity rate. For this
reason, the adsorbent barely changes its temperature during the resi-
dence time of a fluid particle. To test this assumption, we define a
characteristic number CN which can be derived from a dimensional
analysis of Equation 4:

oN = Lo
vapPuC

1D

The characteristic number CN relates the overall heat transfer to the heat
capacity rate of the heat transfer fluid. A small characteristic number CN
means that the overall heat transfer to the thermally connected
component is low compared to the heat capacity rate of the fluid.
Consequently, a small characteristic number CN supports the assump-
tion of a small temperature change of the connected component for the
residence time of the fluid particle. In Section 5, the validity of this
assumption is tested for characteristic numbers CN typical in adsorption
chillers.

To calculate the outlet temperature in Equation 10, the overall heat
transfer value UeyAex: is needed. The overall heat transfer value can be
used as a parameter to calibrate the model to experimental data (van der
Heijde et al., 2017). To account for the dependence of the heat transfer
coefficient on the mass flow, we follow the approach of Lanzerath
(2013) and decompose the overall heat transfer value (UextAext) into the
flow-dependent external heat transfer value (hextAext) and the internal
heat transfer value (hinAint) (cf. Equation 5). While the internal heat
transfer value (hi,Aint) is used as calibration parameter of the model, the
external heat transfer coefficient is calculated based on empirical cor-
relations from literature. The correlations for the external heat transfer
coefficient as well as the pressure drop are described in the supporting
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information A.1.

Equivalent fluid volume

The delay of the heat transfer due to the heat exchanger wall was
neglected in the energy balance in Equation 4. However, the thermal
mass of the heat exchanger wall needs to be accounted for. This thermal
mass is important, since the heat exchanger wall of the adsorber is
cycled between adsorption and desorption temperature. Consequently,
the energy needed to change the temperature of the heat exchanger wall
influences, e.g., the coefficient of performance.

To account for the thermal mass of the heat exchanger wall, we add
an equivalent, ideally mixed fluid volume at the end of the heat
exchanger model, which has the same thermal mass as the heat
exchanger wall. The energy balance of the equivalent fluid volume
reads:

eq
dhﬂ,oul

4 12)

_ o (e cq
Veq Pa = my (hﬂ,m — hou )7

where V¢4 is the geometric volume of the fluid. This geometric volume is

calculated from the thermal mass of the heat exchanger wall:

_ MyaiCwal

Prcn

V.

eq 13)
where my,, is the mass and c,,) is the specific heat capacity of the heat
exchanger wall.

The position of the equivalent fluid volume at the end of the heat
exchanger has an additional advantage for the numerical solution of the
model: When the heat exchangers are connected to other system models,
the equivalent fluid volume hydraulically separates the connected
models and, thus, avoids systems of non-linear equations (van der Heijde
et al., 2017).

2.2. Adsorber bed

The adsorber bed includes the adsorbent and the adsorbate. To
model the adsorber bed, we use a lumped-parameter approach based on
the work of Lanzerath et al. (2015). The lumped-parameter model as-
sumes a homogenous temperature, loading, and pressure inside the
adsorber bed.

2.2.1. Differential balances

The adsorber bed model contains two differential balances, which
describe the time-dependent changes of the differential states, namely
the loading w (mass balance):

dw

maura = min/uuu a4
and the temperature T (energy balance):
msor(csor + Wcad) -5 = min/ou( (h'm/om - uad) + Q“, (15)

dr

where mg,, and ¢, denote the mass of the adsorbent and the specific
heat capacity of the adsorbent, respectively. The specific heat capacity
of the adsorbate c,q is approximated by the specific heat capacity of the
liquid phase (Chakraborty et al., 2007).

In Equation 15, the flows on the right hand side are derived from the
connected models and the sub-models: The incoming specific enthalpy
hin and the heat flow Q are determined by the connected models. To
calculate the incoming or leaving mass flow (i, /0u(), the kinetics model
is employed, while the internal energy of the adsorbate u,q is derived
from the equilibrium model. Finally, the leaving specific enthalpy hoy; is
calculated by the fluid properties of the adsorptive as a function of the
current temperature T of the adsorber bed and the pressure of the
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adsorbate p,4, which is also calculated by the equilibrium model.

2.2.2. Equilibrium model

The task of the equilibrium model is to fully describe the state of the
working pair, given two of three states (temperature, pressure, or
loading). Within the adsorber-bed model, the equilibrium model de-
livers the pressure of the adsorbate p,q and the internal energy of the
adsorbate u,q4 for the differential balances, and the equilibrium loading
Weq for the kinetics model. In this work, the equilibrium is described by
the model of Dubinin (Dubinin, 1967). We use a characteristic curve
A(W) of the working pair silica gel 123 / water, which was experi-
mentally determined by Schawe (1999), since both investigated
adsorption chillers employ this working pair. However, any other
equilibrium model can also be implemented in the adsorber-bed model.

For given temperature (T) and loading (w) from the differential
balances (Equations (14) and (15)), the pressure of the adsorbate p,4 can
be derived by calculating the filled pore volume W(w, T) and using the
inverse of the characteristic curve (W-1(A) = A(W)):

—AW)

RT 16

Pad = psat(T) €xp

The specific internal energy of the adsorbate u,q is also calculated by
the equilibrium model as:

Pad
Upg = hag ——,

Pad

a7

where the specific enthalpy of the adsorbate h,q results from the model
of Dubinin and the density of the adsorbate p,4 is approximated by the
density of the liquid phase.

To determine the equilibrium loading weq, the temperature of the
adsorber bed T and the pressure at the fluid port p are used to calculate
the adsorption potential A(T, p). The adsorption potential allows to
calculate the filled pore volume using the characteristic curve W(A) and
delivers the equilibrium loading weq:

Weq = W pyy. (18)
2.2.3. Kinetics model

The kinetics model delivers the mass flow ;0. adsorbed or des-
orbed by the adsorber bed to the differential balances. For this purpose,
the adsorption rate in the mass balance (Equation 14) is described by the
linear driving force (LDF) approach and determines the mass flow miy /oy
as function of the equilibrium loading weq and the current loading w:

. 15Dy
Min/out = Msor—3 (Weq - W)?
particle

19

where D is the effective diffusion coefficient and ryaricie is the particle
radius. The effective diffusion coefficient D summarizes all transport
resistances between the vapor phase and the adsorbate, and is used as a
calibration parameter of the model in the following.

2.3. VLE volume

To describe the refrigerant in the evaporator and the condenser, we
use a lumped-parameter model of a VLE volume, which is also based on
the work of Lanzerath et al. (2015). In the VLE model, the refrigerant is
assumed to be always in the two-phase region. Furthermore, the liquid
phase and the vapor phase are always in thermodynamic equilibrium.

The VLE model contains two differential balances, which describe
the time-dependent changes of the differential states, namely the density
p (mass balance):

(20)

V— =, — Mout,

dr

and the temperature T (energy balance):

184

International Journal of Refrigeration 139 (2022) 180-191

d dr
_p + PCy—— = minhi|1

21
dt dt (21)

ou . .
\% (u +p (0_/)) T) — Mouhou + O,
where V is the geometric volume of the evaporator or the condenser, and
¢, is the specific isochoric heat capacity of the refrigerant.
The partial derivative of the internal energy u with respect to the
density p can be formulated as (Tummescheit, 2002):

du 1 dp

=) ==(-p+7=).
<0ﬂ>r P ( P dT)
As the refrigerant is in the two-phase region, the derivative of the

pressure with respect to the temperature results from the Clausius-
Clapeyron equation:

(22)

dp Ah,
dar — T(vv — vliq)’ (23)
where Ah, is the specific enthalpy of vaporization, v, is the specific
volume of the vapor phase, and vy is the specific volume of the liquid
phase.

The entering and leaving mass flows (m;, and m,,), the incoming
specific enthalpy hi,, and the heat flow Q result from the connected
models. The leaving specific enthalpy h, results either from the specific
enthalpy of the saturated vapor at the vapor port or from the specific
enthalpy of the boiling liquid at the liquid port.

3. Comparison of the plug-flow-based and the discretized
adsorption chiller model

To evaluate the plug-flow-based adsorption chiller model, we cali-
brate and validate the model with experimental data from a lab-scale
one-bed adsorption chiller (Lanzerath, 2013; Lanzerath et al., 2015).
The considered adsorption chiller test-stand and the corresponding
parametrization of the models are described in the supporting infor-
mation D.

The calibration and validation method employed here is described in
the supporting information C. Lanzerath et al. (2015) also used the same
method for the validation of a 1-d, lumped-parameter model (discretized
model), which serves as a reference model in the following. Thereby, we
can directly compare the plug-flow-based model to an experimentally
validated state-of-the-art model, regarding both, accuracy and compu-
tational efficiency (simulation time). The accuracy of the models is
characterized by the average coefficient of variation of the entire
adsorption chiller (CV): The (CV) is defined as the average
root-mean-square deviation (RMSD) between simulated and measured
heat flows of the adsorption chiller weighted by their corresponding
average heat flows (see supporting information C.1 for detailed
definition).

As the discretized model trades-off accuracy and computational ef-
ficiency depending on the discretization resolution, we consider two
cases for the discretized model:

1. A fine discretization of 40 cells in the adsorber, and 10 cells in the
evaporator and the condenser. Lanzerath (2013) determined this fine
discretization resolution empirically since a finer discretization had
no further significant impact on the simulation results. Therefore, the
fine discretization serves as the reference model to achieve high
accuracy.

2. A coarse discretization of 5 cells in the adsorber, and 2 cells in the
evaporator and the condenser. This coarse discretization achieves a
similar computational efficiency as the plug-flow-based model.
Therefore, the coarse discretization serves as the reference model to
achieve high computational efficiency.

The discretization resolution is discussed in detail in the supporting
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information B.

3.1. Calibration

The adsorption chiller model is calibrated by the two-step calibration
approach (cf. supporting information C.2) for the calibration cycle used
by Lanzerath (2013):

. evaporator inlet temperature of 10 °C,

. condenser and adsorption inlet temperature of 35 °C,
. desorption inlet temperature of 90 °C, and

. adsorption and desorption time of 900 s.

H WM

The estimated calibration parameters of the plug-flow-based
adsorption chiller model are shown in Table 1 and compared to those
of the discretized model (Lanzerath, 2013).

The estimated heat transfer value of the evaporator is practically
identical for both models (deviation of 4 %). In contrast, the estimated
heat transfer coefficient of the condenser differs most between the two
models with 37 %. However, the heat transfer coefficient of the
condenser barely impacts the simulation results since the internal heat
transfer in the condenser is not limiting the process (cf. resistance
analysis by Bau (2018)). Thus, its exact value is hard to estimate, as the
optimum is very flat. Even if using the heat transfer value estimated by
Lanzerath (2013) in the plug-flow-based model (3174 W/K instead of
2005 W/K), the coefficient of variation of the adsorption chiller only
changes less than 1 %. In the adsorber, large deviations are observed for
the heat transfer value and the effective diffusion coefficient. These
deviations can be explained by the linear dependence of both parame-
ters, as also mentioned by Lanzerath (2013): A higher diffusion coeffi-
cient compensates a lower heat transfer coefficient and vice versa. Thus,
Lanzerath (2013) gives a range for both parameters with (himAim)A =
250W/K...480W/K and Der = 1.3 x 107%m?/s5..2.7 x 1071%m?2 /s,
which includes both parameter values identified for the plug-flow-based
model (cf. Table 1). Nevertheless, using the parameters of Lanzerath
(2013) in the plug-flow-based model would worsen the coefficient of
variation of the adsorption chiller by 16%. Thus, a separate calibration
of the plug-flow-based model is important to achieve good model
accuracy.

All estimated heat transfer coefficients are higher for the plug-flow-
based model than for the discretized model (Table 1). We expect that
this systematic difference is due to two reasons: 1) The plug-flow-based
model assumes a constant temperature at the process-side of the heat
exchanger for each entering fluid particle (cf. Section 2.1). This
assumption leads to a higher driving force for heat transfer, since the
temperature at the process side is changing in reality due to the heat
transfer. To compensate this higher driving force, the estimated heat
transfer coefficient is lower for the plug-flow-based model. 2) The dis-
cretized model employs an upwind discretization scheme. The upwind
scheme uses the leaving temperature of each fluid cell to calculate the
heat transfer. Thereby, the driving force is underestimated for a finite
discretization, since the driving force of the entering fluid is higher than
that of the leaving fluid in each cell. To compensate the lower driving
force, the estimated heat transfer coefficient is higher for the discretized

Table 1

Estimated calibration parameters for the plug-flow-based and the discretized
adsorption chiller model: 3 internal heat transfer values of evaporator (himAim)E7
condenser (himAim)C, and adsorber (himAim)A and effective diffusion coefficient
Degr of the mass transfer model, cf. Section 2.2.3

Discretized model Plug-flow-based model Deviation
(hineAine)® 176 W/K 169 W/K -4 %
(hineAine)© 3174 W/K 2005 W/K -37 %
(hineAine)® 331 W/K 257 W/K -22 %
Dege 1.8x 1071%m?/s 2.41 x 1071%m?/s 34 %
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model.

Figure 1 shows the excellent agreement between the experimental
data and the simulations of both models (plug-flow-based and finely
discretized) for the calibration cycle. The y-axis of the heat flow of the
adsorber is cut off at 2.5 kW since the exchange of hot and cold heat
transfer fluid inside the heat exchanger causes a very high peak, that is
one order of magnitude higher than the heat flows shown.

The plug-flow-based model leads to practically identical results as
the finely discretized model. The CV-value of the plug-flow-based model
is even slightly lower (13.5 %) than the CV-value of the finely discretized
model (13.6 %). Thus, both models provide the same accuracy. How-
ever, the simulation of the plug-flow-based model is three times faster
than the simulation of the finely discretized model. The coarsely dis-
cretized model achieves a similar simulation time as the plug-flow-based
model, but the CV-value increases by 71 % to 23.1 %.

Still, the models show deviations from the experiment: The peak of
the heat flow of the evaporator at the beginning of the cycle (Figure 1 (a)
at 100-200 s) is slightly overestimated by the models. Furthermore, the
model slightly underestimates the heat flows of the adsorber in the
adsorption phase (Figure 1 (b) at 100-400 s) and the desorption phase
(Figure 1 (d) at 1000-1200 s). As all deviations arise in both models, we
expect that this model inaccuracy does not result from the proposed
plug-flow-based approach. Potential reasons for the deviations are dis-
cussed in the supporting information F.

3.2. Validation

To validate the plug-flow-based adsorption chiller model, we fix the
calibration parameters determined for the calibration cycle (Section 3.1)
and evaluate the model accuracy for changed operating conditions (inlet
temperature and adsorption/desorption time Table 2).

For the seven validation cycles, Figure 2 compares the plug-flow-
based model to the discretized model regarding both, accuracy and
computational efficiency.

Regarding the accuracy, the plug-flow-based and the finely dis-
cretized model are equivalent, with even a slight preference for the plug-
flow-based model (Figure 2 (a)): The CV-values are almost equal for the
calibration cycle (C) and for the validation cycles V4 and V7. For the
validation cycles V1, V2 and V6, the CV-values of the plug-flow-based
model are even lower by 25 %, 11 % and 27 %, respectively. Only in
the validation cycles V3 and V5, the plug-flow-based model has higher
CV-values by 7 % and 11 %, respectively.

The average coefficient of variation (CV) of the plug-flow-based
model is between 9.3 % and 30.4 % for all validation cycles. Lanzer-
ath (2013) also stated a similar range of CV-values between 12.6 % and
27.4 % for his finely discretized model. Furthermore, Lanzerath (2013)
showed that even for a CV-value of 27.4 % the simulated and the
measured heat flows showed good qualitative agreement and the per-
formance indicators coefficient of performance COP and specific cooling
power SCP were almost predicted within the measurement un-
certainties. Thus, the similar CV-range of the plug-flow-based model
indicates that the calibrated model is also able to predict different
operating points than the calibration cycle.

Regarding computational efficiency, the plug-flow-based model
significantly outperforms the finely discretized model, as the simulation
time is reduced by 65 %-70 % in all cycles (Figure 2 (b)). To achieve the
computational efficiency of the plug-flow-based model, the resolution of
the discretized model has to be reduced by 75 % (coarsely discretized
model). However, the coarsely discretized model has much worse ac-
curacy, increasing the CV-values between 13 % in the validation cycle
V5 and 130 % in the validation cycle V1 compared to the plug-flow-
based model.

To emphasize the quality of the plug-flow based model, Figure 3
compares the predicted performance indicators of the adsorption chiller
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Fig. 1. Measured and simulated heat flows of the lab-scale one-bed adsorption chiller (Lanzerath, 2013) in the calibration cycle. The simulated heat flows of both
models, plug-flow-based (PF) and discretized (disc), are practically identical and, therefore, hard to distinguish.
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Fig. 2. Comparison of the plug-flow-based and the discretized model of the lab-scale adsorption chiller for the calibration cycle (C) and the validation cycles (V1-V7)
(Table 2). (a) Average coefficient of variation CV (cf. supporting information C). (b) Relative simulation time referred to the finely discretized model.

(coefficient of performance COP and specific cooling power SCP) to
those of the accurate, finely discretized model and the measured values.

The predicted performance indicators are mostly within the mea-
surement uncertainties. The largest deviation from the measured values
for both performance indicators (COP and SCP) can be observed in the
validation cycle V4, where the simulated values are slightly outside the
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measurement uncertainty. In the validation cycle V4, the plug-flow-
based model is closer to the measured values than the finely dis-
cretized model: The deviation from the measured COP is 16 % for the
finely discretized model and 13 % for the plug-flow-based model. The
deviation from the measured SCP is 12 % for the finely discretized model
and 10 % for the plug-flow-based model.
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Table 2

Variation of the operating conditions (inlet temperatures and adsorption/
desorption time) for the validation cycles of the lab-scale, one-bed adsorption
chiller (Lanzerath, 2013). The varied condition compared to the calibration
cycle (first line) is printed in bold.

Condenser /
adsorption inlet
temperature in °C

Desorption inlet
temperature in °C

Evaporator inlet
temperature in °C

Adsorption /
desorption time
ins

90 35 10 900
90 35 10 450
90 35 10 1800
90 35 S 900
90 35 20 900
70 35 10 900
110 35 10 900
90 25 10 900

While both models under- and overestimated the specific cooling
power of the adsorption chiller, the COP is overestimated systematically.
This systematic overestimation of the COP results from the underesti-
mation of the heat flow of the heating circuit (Figure 1) due to the
additional thermal masses of the test stand not considered in the model
(cf. discussion in supporting information F). To improve the accuracy of
the model further, the additional thermal masses can be added to the
model in future work. Note that the same systematic overestimation of
the COP arises in both models (Figure 3) and thus, is not a specific
drawback of the proposed plug-flow-based approach.

The results show that the plug-flow-based adsorption chiller model
has practically the same accuracy as the finely discretized model but
significantly improves the computational efficiency by more than 65 %.
The improved computational efficiency results from the drastic reduc-
tion of differential equations since the discretized model needs to solve
the energy balance in each fluid and wall cell. Therefore, the finely
discretized model has 88 % more differential equations (126 differential
equations) than the plug-flow-based model (15 differential equations).

4. Model validation for a commercial two-bed adsorption chiller

In this section we used experimental data of the commercial
adsorption chiller Invensor LTC 30 e plus (Invensor GmbH, 2020) and
applied the calibration and validation method from supporting infor-
mation C. The configuration of the commercial adsorption chiller is

International Journal of Refrigeration 139 (2022) 180-191
described in the supporting information E.
4.1. Calibration

The calibration step estimates the calibration parameters of the
model, namely the internal heat transfer values of the heat exchangers
and the effective diffusion coefficient, cf. supporting information C.2. As
calibration cycle, we use the nominal operating point defined by the
manufacturer (temperature triple 85 / 27 / 18):

1. heating temperature of 85 °C,
2. heat-rejection temperature of 27 °C and
3. cooling temperature of 18 °C.

The manufacturer provided time-resolved measurement data within
a cooperation project, for which a non-disclosure agreement applied.
Therefore, time-resolved data shown in the following is normalized.

Figure 4 shows the excellent agreement between the measured and
the simulated heat flows for the calibration cycle.

The CV-value of the model in the calibration cycle is 13 %, which is
even slightly lower than for the lab-scale adsorption chiller in Section
3.1 (13.5 %). Nevertheless, the model shows deviations from the
experimental data: (1) The model slightly overestimates the peak of the
heat flow of the cooling circuit at the beginning of the cycle (Figure 4 (a)
at normalized time between 0.1-0.2). (2) The model slightly un-
derestimates the heat flow of the heating circuit (Figure 4 (b) at
normalized time between 0.1-0.2) and the heat flow of the heat rejection
circuit (Figure 4 (c) at normalized time between 0.2-0.4). Both de-
viations also arose for the lab-scale one-bed adsorption chiller. For a
discussion of these deviations, the reader is therefore referred to sup-
porting information F.

4.2. Validation

Next, we validate the model by varying the operating conditions of
the adsorption chiller and evaluating the accuracy of the calibrated
model with fixed calibration parameters (Table 3).

Note that, the validation cycles differ from those in Table 2:
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Fig. 3. Prediction of the performance indicators of both models and comparison to the measured values: (a) coefficient of performance COP and (b) specific cooling

power SCP. The measurement uncertainties are indicated by black bars.
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Fig. 4. Measured and simulated heat flows of the commercial two-bed adsorption chiller Invensor LTC 30 e plus (Invensor GmbH, 2020) in the calibration cycle. The

axes are normalized by their maximal value.

. The cycle time is not manually varied, but determined by an internal
control algorithm. Therefore, the cycle time is different in each
validation cycle.

. More than one operating condition is varied simultaneously
compared to the calibration cycle.

. The volume flows in the hydraulic circuits are also varied. The
nominal volume flows are given in the data-sheet of the adsorption
chiller (Invensor GmbH, 2020): 6300 1/h in the heating circuit,
11400 1/h in the heat-rejection circuit, and 6600 1/h in the cooling
circuit.

Figure 5 shows the accuracy of the calibrated model for the valida-
tion cycles.

The average coefficient of variation CV for all validation cycles is
between 13.1 % and 20 % (Figure 5 (a)), which corresponds to a
maximal relative increase of the CV by 54% compared to the calibration
cycle (13 %). This increase of the CV in the validation cycles is even
lower than for the models of the lab-scale adsorption chiller in Section
3.2 (increase of up to 100 %). The absolute values of the CV are also in
the same range as for the model of the lab-scale adsorption chiller
(Section 3.2).

Furthermore, the coefficient of performance COP and the average
cooling power are also predicted very accurately: The deviation between
the measured and the simulated value ranges from 2.9 % to 11.5 % for
the COP (Figure 5 (b)) and from 1.2 % to 6.5 % for the average cooling
power (Figure 5 (c)). These deviations from the measured values are also
even lower than for the models of the lab-scale adsorption chiller
(Section 3.2). The results show that the plug-flow-based model can also
describe the commercial two-bed adsorption chiller with high accuracy.

While the average cooling power of the adsorption chiller is both,
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under- and overestimated by the model, the COP is overestimated sys-
tematically. This systematic overestimation also arose for the lab-scale
one-bed adsorption chiller. For a discussion of this overestimation the
reader is referred to Section 3.2.

Overall, the proposed model shows a good agreement for the
considered commercial adsorption chiller. Thus, the plug-flow-based
modeling approach proves to be applicable for different types of
adsorption chillers.

5. Validity of the plug-flow-based model

In this section, we further test the validity range of the plug-flow-
based modeling approach. For this purpose, we focus on the adsorber
as the key component of the adsorption chiller. We consider an adsorber
with an ideal evaporator and condenser (constant pressure boundaries,
cf. supporting information B). The adsorber is parametrized according to
the lab-scale adsorption chiller investigated in Section 3 and employs its
calibration cycle.

As discussed in Section 2.1, the proposed plug-flow-based heat
exchanger model assumes that the temperature change of the thermally
connected component is small during the residence time of a fluid par-
ticle. This assumption can be tested by varying the characteristic num-
ber (Equation 11) that is the ratio of overall heat transfer to heat
capacity rate. Therefore, we analyze the simulated heat flows of the
plug-flow-based adsorber and of the finely discretized adsorber as
function of the characteristic number CN (Figure 6). The deviation be-
tween both models is referred to as the error of the plug-flow-based
model in the following. To quantify the error of the plug-flow-based
model, we use the normalized coefficient of variation (cf. supporting
information C.1) of the adsorber (A) (CV*): the CV between the plug-
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Fig. 5. Validation of the plug-flow-based model of the Invensor LTC 30 e plus adsorption chiller (Invensor GmbH, 2020) for all measured cycles (Table 3). (a) Average

coefficient of variation CV (cf. supporting information C). Comparison between the measured and the simulated values of (b) the coefficient of performance COP and
(c) the average cooling power. The deviations between simulated and measured values are given above the bars.

Table 3

Variation of the operating conditions (inlet temperatures and volume flows) for
the validation cycles of the Invensor LTC 30 e plus adsorption chiller (Invensor
GmbH, 2020). The varied conditions compared to the calibration cycle (first
line) are printed in bold.

Heating circuit inlet ~ Heat rejection circuit Cooling circuit inlet ~ Volume
temperature in °C inlet temperature in temperature in °C flows
°C

85 27 18 nominal
85 25 18 nominal
85 25 18 halved
65 27 18 nominal
75 27 12 nominal
75 32 18 nominal

flow-based and the discretized adsorber model (CV%4) is normalized
by the CV between the measurement and the simulation of the adsorber
(CVQEHS) in the calibration cycle (Section 3.1). The error of the plug-
flow-based model is shown for three thermal mass ratios of adsorbent
((mc),,,) to heat transfer fluid ((mc)gq). The thermal mass ratio of 0.56
corresponds to the lab-scale one-bed adsorption chiller (Section 3). The
discretized adsorber was discretized into 100 cells to ensure that the
simulation results are independent of the discretization (see supporting
information B).

As expected, the error of the plug-flow-based adsorber increases with
an increasing characteristic number CN (Figure 6), since the model
assumption of a small temperature change of the connected adsorber
bed during the residence time of a fluid particle (cf. Section 2.1) no
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Fig. 6. Error of the plug-flow-based model as a function of the characteristic
number CN (Equation 11). The characteristic numbers CN of the lab-scale
adsorber (Section 3) and of the commercial adsorber (Section 4) are shown
as vertical lines. The green shading indicates our recommended range for the
use of the plug-flow-based model.

longer holds. For the same reason, the error of the plug-flow-based
model decreases if the thermal mass of the adsorbent ((mc)y,) in-
creases compared to the heat transfer fluid ((mc),) since thermal inertia
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is increased and, thus, temperature changes even slower.

In all cases, the error of the plug-flow-based model is less than 50 %
of the deviation between measurement and simulation. For small char-
acteristic numbers CN below 1 x 103, the error of the plug-flow-based
model is less than 14 % and very similar for all three ratios of thermal
masses. In contrast, the error increases strongly for characteristic
numbers CN above 1 x 10~3. Furthermore, the error also increases for
small mass ratios more strongly. Therefore, we recommend the use of
the plug-flow-based model for characteristic numbers CN between 1 x
10~% and 1 x 1072 (green shading in Figure 6). Outside this range of
characteristic numbers CN, we recommend a case-specific analysis to
decide whether the error of the plug-flow-based model is acceptable.
However, we expect that most adsorption chillers will be covered by the
recommended range, as shown for the lab-scale (Section 3) and the
commercial (Section 4) adsorption chiller in this paper (Figure 6).

Note that for very small characteristic numbers CN (approximately
below 2 x 107%), the error of the plug-flow-based model also slightly
increases. The reason for this increase is that the thermal connection
between the adsorber bed and the heat exchanger becomes very poor
since the convective heat transfer is very small. Therefore, almost no
heat is transferred to the adsorber bed and the model mainly describes
the dynamics of the heat exchanger wall. However, the thermal inertia
of the heat exchanger wall is approximated by an equivalent fluid vol-
ume (Equation 13). This approximation assumes that the dynamics of
the wall are negligible compared to the dynamics of the adsorber bed (cf.
Section 2.1). This assumption no longer holds for very small charac-
teristic numbers CN below 1 x 1074, since the adsorber bed practically
does not participate in the heating and cooling process. However, we
believe that very small characteristic numbers CN below 1 x10~* are
irrelevant for technical adsorption chillers, as the adsorber bed is almost
thermally isolated from the heat exchanger leading to an inefficient
process. Thus, the proposed, plug-flow-based modeling approach is well
suited for technically relevant conditions in adsorption chillers.

6. Summary

The spatial discretization of heat exchangers often leads to compu-
tationally expensive models of adsorption chillers. Here, we proposed an
alternative modeling approach for the heat exchangers to improve
computational efficiency while ensuring high accuracy. The proposed
approach avoids the discretization of the heat exchanger models by
applying operator splitting to the partial differential equation of the
fluid transport leading to a plug-flow-based model.

The proposed model proved to be as accurate as a finely discretized
model of a lab-scale one-bed adsorption chiller: The average coefficient
of variation CV, which characterizes the deviation from experimental
heat flows, was similar for both models or even lower by up to 26 % for
the plug-flow-based model. The plug-flow-based model was able to
predict the main performance indicators of the adsorption chiller (co-
efficient of performance COP and specific cooling power SCP) more
accurately than the discretized model: The deviation from measured
COP was below 12 % for the plug-flow-based model, while the deviation
was up to 16 % for the discretized model. The deviation from measured
SCP was below 10 % for the plug-flow-based model, while the deviation
was up to 12 % for the discretized model. At the same time, the
computational efficiency of the plug-flow-based model was significantly
higher by up to 70 % compared to the discretized model.

The applicability of the proposed model was also demonstrated for a
commercial two-bed adsorption chiller. Here, the plug-flow-based
model retained the same good accuracy as for the lab-scale one-bed
adsorption chiller.

Finally, the validity of the proposed plug-flow-based model was
tested by varying a characteristic number CN that relates the overall
heat transfer to the heat capacity rate of the fluid. We found that the
plug-flow-based model is well suited in the range of characteristic
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numbers CN between 1 x 10~ and 1 x 1073, Outside this range of
characteristic numbers CN, we recommend a case-specific analysis to
test the model validity.

Overall, the proposed plug-flow-based modeling approach provides
an accurate and computationally efficient alternative to the discretiza-
tion of heat exchangers of adsorption chiller models. The high compu-
tational efficiency makes the model well suited for addressing complex
design and control optimizations of full-scale adsorption chiller systems.
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