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Abstract: A novel thermodynamic cycle for adsorption heat pumps and chillers is presented. It shows
a significant improvement of the internal heat recovery between the adsorption and the desorption
half cycle. A stratified thermal storage, which allows for a temperature-based extraction and insertion
of storage fluid, is hydraulically coupled with a single adsorber. The benefit is an increased efficiency
by reusing the released heat of adsorption for regeneration of the adsorber and by rendering possible
low driving temperature differences. For investigating the second law of this cycle, a dynamic model
is employed. The transient behavior of the system and the respective losses because of driving
temperature differences at the heat exchangers and losses due to mixing within the storage and to the
surroundings are depicted in this one-dimensional model. The model is suitable both for analyzing
this advanced cycle as well as for comparisons with other cycles.

Keywords: adsorption cycle; thermodynamic cycle; heat recovery; stratified thermal storage;
adsorption system; modeling; simulation

1. Introduction

Typical coefficients of performance (COP) attainable employing a standard adsorption heat pump
cycle are significantly lower than those using a standard single stage absorption cycle [1]. The reasons
are the nonsteady temperature swing of the adsorbers and of the corresponding piping as well as the
inferior internal heat recovery compared to that of an absorption cycle realized using a solution heat
exchanger. Adsorption cycles allowing for the recovery of a large fraction of internal heat may lead to
improved efficiencies. A heating COP even beyond 2 is possible, if sorptive and not only sensible heat
is recovered. In previous papers [2–4], a number of such advanced cycles have been proposed and
analyzed. However, none of them has been employed for building commercial devices for two main
reasons: the hydraulic circuits required as well as the control strategies being relatively complex.

In this paper, a novel advanced adsorption cycle is presented in its basic setup employing
a single adsorber only. Although the authors believe the cycle to be simple enough to favor a
commercial development, the integration of a stratified thermal storage leads to a significantly
improved performance. The storage tank is hydraulically connected to the adsorber, and the heat
transfer fluid (HTF) employed serves as the storage fluid in the tank simultaneously, avoiding heat
exchangers and the corresponding losses. Sensible and latent heat is stored during adsorption and
reused during desorption later, which reduces the amount of required driving heat.

While some aspects of this novel cycle were presented before at conferences [5–9], this paper
focuses on a comprehensive discussion of the modeling and simulation aspects of the cycle and
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on results for a heat pump application. The Ph.D. thesis of the first author does comprise a more
rigorous description of the (transient) model. It also includes the consideration of other adsorbents
(namely SAPO-34) and configurations and the same and other results and evaluations [10] (in German).

The model employed for the analysis of this system was developed with the main goals of
combining accuracy regarding the main physical effects with numerical efficiency and thermodynamic
consistency. System-level models of adsorption heat pumps (and chillers) described in literature [11,12]
still mostly employ single node (0D) models of the heat exchangers.

A numerical plug flow model comprising one-dimensionally resolved adsorber and storage
components was developed in order to simulate a system employing this new adsorption cycle.
The model and a corresponding system are described in the following sections. The performance
of the cycle and of the system is analyzed stationarily and through transient simulations using the
presented model. The focus is on the working pair water–zeolite Li-Y [13], which allows for a large
temperature overlap of the differential heats of adsorption and desorption but requires maximal driving
temperatures of up to 220 ◦C. Correspondingly, thermal oil should be employed and is considered
here as the HTF.

Figure 1a shows the differential heats of adsorption and desorption for this working pair, for our
set of assumptions on thermal masses (cf. shown in the table below in Section 4.1.1), for a minimal
adsorber/condenser temperature of 34 ◦C and an evaporator temperature of 8 ◦C. These differential
heat curves are derived from a pure adsorption equilibrium model integrated over an ideal cycle with
two isobars and two isosteres (cf. [10] (Section 3.2), [8,14]).
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(a) Differential heat for water–zeolite Li-Y. (b) 3D image of the adsorber.

Figure 1. (a) Heat curves showing the specific differential heat released within adsorption (δq/dT)ads

and absorbed within desorption (δq/dT)des half cycle over the HTF temperature Thtf. The overlap
area under both curves shows the potential of heat recovery and (δq/dT)ht and (δq/dT)cl show the
minimal heat that must be supplied and is released for perfect heat recovery, respectively. (b) 3D image
from a CAD model of the adsorber [15]. The composite made out of aluminum fiber structures and an
adsorbent coating, which has been crystallized in-situ, is shown in blue.

The overlap of the heat curves (violet area in Figure 1a) represents the maximal recoverable heat for
this working pair under the given temperature and thermal mass conditions. The remaining required
heat of desorption (with ideal heat recovery) and the remaining excess heat of adsorption (not useful
for heat recovery) are indicated in Figure 1a as thin red and blue lines. It is understood from these heat
curves that the recoverable heat is maximized for adsorption and desorption curves smoothed out over
a large temperature range. However, when searching for novel adsorbents for standard adsorption
cycles (which are not suitable to achieve a high internal heat recovery), an S-shaped adsorption
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isotherm is desired [13,16,17]. This leads to sharper peaks in the differential heat curves and thus a
reduced temperature overlap and recoverable heat. Therefore, the advantage of any cycle allowing for
a large internal heat recovery over a standard two-adsorber cycle can be expected to be higher for the
type of working pair with a loading field stretched evenly across a wide temperature range (that is
linear rather than S-shaped isotherms and isobars).

2. The Stratisorp System

2.1. Cycle Concept and Storage Integration

The key concept of the Stratisorp cycle is the integration of a well-insulated stratified thermal
storage tank in the adsorption cycle. The temperature of the fluid increases with the height of the
storage, such that buoyancy forces caused by the temperature-dependent fluid density counteract
convection within the tank. The extraction of fluid of a desired temperature as well as the injection of
fluid at heights corresponding to its temperature is required for a beneficial usage. For this purpose,
a number of extraction rings are distributed along the height of storage. Using a multi-way valve,
they are used for extracting fluid of a given temperature. Furthermore, the storage is equipped with an
insertion pipe that allows for a passive temperature-specific injection. Alternatively, the extraction
rings could be used for fluid insertion as well when using a second multi-way valve for the return
flow into the tank.

During adsorption, the adsorber must be cooled down. Fluid is extracted from the storage at
successively lower extraction rings that access fluid at temperatures always a little lower than that of the
adsorber. The goal is to remove the heat from the adsorber with low driving temperature differences.
The heat is transferred to the HTF, which then returns to the stratified storage and is inserted at heights
corresponding to its temperatures. As the adsorber is cooled down, the returning fluid is inserted
above the extraction ring that the fluid is extracted from simultaneously. As a result, the temperature
profile over the storage height at the start of adsorption is shifted to higher temperatures by the stored
heat. In an idealized case, the temperature offset is almost independent of the storage height.

Correspondingly, during desorption, the adsorber must be heated. Fluid is extracted at
subsequently greater heights, again considering a low driving temperature difference. The temperature
profile within the storage is moved back down to its original state. Heat newly added by the driving
source must be used to regenerate the adsorber not before the last phase of the cycle. In this manner,
a large fraction of the sensible and latent heat stored during adsorption can be reused during desorption.
However, the adsorption equilibria of the chosen working pair and the heat and mass transfer
characteristics of the adsorber have a large influence on the amount of heat recovered internally.

In previous work [18], it was shown that the irreversibilities due to external temperature coupling
considerably limit the efficiency of the standard adsorption cycle. Using low driving temperature
differences, these irreversibilities can be considerably reduced, at the cost of new irreversibilities
introduced by convective mixing within the storage and longer cycle times, given an adsorber of the
same heat transfer characteristics.

In an advanced cycle concept introduced previously [2], a large number of adsorbers are
hydraulically switched in such a manner that a cyclic permutation of adsorbers along the heat
transfer loop is achieved. Thus, heat of adsorption from adsorbers on the adsorption branch of
the cycle is transferred to adsorbers on the desorption branch of the cycle. The key difference between
this multi-adsorber cycle and the Stratisorp cycle is that in the former, all phases of the cycle occur
simultaneously in different adsorbers, that is for each adsorber in a certain temperature window on the
adsorption branch, an adsorber on the desorption branch can be found to which it can transfer heat.
In the Stratisorp cycle, the phases of the cycle are temporally separated; heat from each temperature
window is stored separately in the storage until it is needed in the next half cycle. In this way, internal
heat recovery can be realized with a single adsorber.
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2.2. Adsorber Design

Compared to a standard adsorption cycle, the typical driving temperature differences occurring
for the Stratisorp cycle are considerably smaller. Hence, innovative adsorber concepts with improved
characteristics regarding heat and—to a smaller extent—mass transfer are required to derive full
advantage from this cycle. Within this paper, an aluminum plate type adsorber comprising a large
number of extruded fluid channels with correspondingly small diameters is considered. In this manner,
the heat transfer between the fluid and the heat exchanger is improved considerably. The adsorber
design is still under development [19–21], particularly regarding the manufacturing process, e.g.,
the joining technology, the channel layout, as well as the interconnection of the modules. Aluminum
fiber structures are sintered on top of the heat exchanger plates, and these structures are assumed to be
coated with the adsorbent zeolite Li-Y. The thickness of the coating is about 30 µm, and that of the fiber
structure is about 3.5 mm. However, the heat transfer characteristics are improved at the expense of the
ratio of latent to sensible heat, both compared to a conventional packed-bed adsorber. The adsorber
design is shown in Figure 1b.

2.3. Heater and Cooler

By coupling the driving heat source to the upper region of the storage tank and the heat rejection
loop to its lower region, a large temperature spread in both of these external heat flows can be
achieved. This is a key advantage of this concept. Furthermore, both devices can operate continuously,
resulting in lower losses corresponding to the heat exchangers and steadier utilization of the heat
sources and sinks. In this manner, the storage serves a second purpose as a buffer storage for driving
heat and for heat to be delivered to the medium-temperature sink.

3. Description of the Model

The model comprises two main parts: the adsorber and the storage component. Both are modeled
one-dimensionally, and they are coupled by a hydraulic circuit. The corresponding heat transfer fluid
(HTF) is modeled as an ideal (fractional) plug flow.

3.1. Adsorber, Evaporator, and Condenser

The adsorber model is discretized into n nodes in flow direction of the HTF. Before and after these
adsorber nodes, one additional pipe node represents the piping between the adsorber and the storage
as well as the piping connecting the adsorber elements, respectively.

The adsorber nodes incorporate the mass of the heat exchanger and the adsorbent as well as
that of the adsorbate. The nodes can exchange heat with the HTF within the heat exchanger, with the
neighboring adsorber nodes and with the adsorptive (i.e., the working fluid, which is modeled as
a real gas) within the adsorber chamber. Furthermore, heat loss via the housing to evaporator and
condenser is considered. The adsorption enthalpy related to the amount adsorbed or desorbed is
added to or removed from the corresponding adsorber nodes. For the adsorption half cycle, the heat for
superheating the vapor from the evaporator to the adsorber temperature is taken from the respective
adsorber nodes. The heat released for cooling down the desorbed vapor from the adsorber to the
condenser temperature is added to the condenser during the desorption half cycle. The valves
separating the adsorber chamber from evaporator and condenser are closed at the beginning of each
half cycle. They open when the pressure in the adsorber chamber dropped to that in the evaporator
(adsorption) or increased to that in the condenser (desorption).
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The energy balance of the adsorber states as

1
n

n

∑
i=1

(
mhxchx + ms

(
cs + xicxi ,a(Ti)

))dTi
dt

ûi

= Q̇ +
ms

n

n

∑
i=1

dxi
dt

ûi

qst(xi, Ti)−
(

hg(pi, Ti)− hg(pc, Tc)
)

, adsorption,

qst(xi, Ti) , desorption,
(1)

where ûi is the i. canonical unit vector and Ti and xi are the temperature and the loading of the ith
adsorber node, respectively. The left hand side of (1) describes the change in energy of the adsorber
nodes when temperature changes, which corresponds to their thermal capacity, and the second term
on the right hand side describes the heat released or removed due to the mass flow of the working
fluid, respectively.

The thermal capacity of each adsorber node comprises the proportional capacity of the heat
exchanger mhxchx/n, that of the adsorbent mscs/n, and that of the current amount adsorbed
msxicxi ,a(Ti)/n.

The adsorbed phase heat capacity cxi ,a(T) depends on amount adsorbed and temperature.
The determination of this heat capacity and of the adsorption enthalpy qst(xi, Ti) is done as described
in [22]. The characteristic curve required in the methodology of Dubinin [23] and used within this paper
is fitted according to Gaussian process regression according to [24] and given in [10] (pp. 190–191).
This fitting method of Dubinin’s characteristic curve leads to a good fit to measured adsorption
equilibrium data while it avoids overfitting of these data that may occur with some alternative fitting
methods [24]. The selected hyperparameters of the Gaussian process are given in Table 1. The material
data of the working pair is described in [13]. The properties of the working fluid (water) is computed
from [25].

The energy and entropy residuals of the adsorption module and of the storage vanish compared
to the numerical accuracy, despite the highly dynamical characteristic of the Stratisorp cycle, the large
storage, and the real gas consideration. This is due to the consistent modeling of adsorbed phase heat
capacity and adsorption enthalpy, as well as to the rigorous derivation and consideration of all energy
and entropy terms from the first law.

Table 1. Hyperparameters for the fit of equilibrium loading of the working pair water–zeolite Li-Y
using Gaussian process regression [24].

Hyperparameter Value

l 1186.9
σ2

f 2.7416× 10−4

σ2
0 4.3911× 10−6

3.1.1. Adsorber Heat Flow

The total heat flow Q̇ in (1) comprises that to the HTF plus some loss flows:

Q̇ = −Q̇htf
1n +

λ⊥eff A⊥hx
l/n

(T11 − 2T + Tnn)−
(hA)c

n
(T − Tc1) +

(UA)h
n

(Tev1 + Tcd1− 2T) , (2)

where T is the temperature vector of the adsorber nodes, T11 = (T1, T1, T2, . . . , Tn−1)
>, Tnn =

(T2, T3, . . . , Tn, Tn)>, and Q̇htf
1n = (Q̇htf

1 , . . . , Q̇htf
n )>. The right hand side terms are discussed in

detail below.
The heat flow from the n adsorber as well as that from the two pipe nodes to the corresponding

fluid plugs of the HTF Q̇htf
1n is computed according to a standard NTU heat exchanger model [26] as



Energies 2020, 13, 19 6 of 23

Q̇htf
1n = ṁchtf

n+1

∑
i=0

εi (Ti − Thtf
i )ûi , where εi = 1− exp

(
−Uhx(Ti)Ahx

ṁchtfn

)
, (3)

where the indices 0 and n + 1 indicate the two pipe nodes before and after the n adsorber nodes as
well as the corresponding fluid plugs. They represent the pipes between the storage and the adsorber
as well as the pipes connecting the modules within the adsorber (parasitic thermal mass) but they do
not accurately represent the fluid volume in the pipes and its circulation time, since the pipe nodes’
fluid volume is equal to that of the adsorber nodes.

Due to their small diameter, the flow within the channels is laminar, and the Nußelt number can
be computed (0 < Re Pr d/l < ∞) (see [27] (p. 694)) to be Nulam = {Nu3

1 + 0.73 + [Nu2 − 0.7]3}1/3,
where Nu1 = 3.66 and Nu2 = 1.615 3

√
RePr(d/l). Hence, the heat transfer from the HTF to the

pipe surface can be described by h = Nu λ/d, where d is the channel diameter and λ the thermal
conductivity of the fluid, while assuming a constant surface temperature of the pipe.

3.1.2. Effective Adsorber Thickness

Furthermore, besides h, the overall heat transfer coefficient Uhx = 1/(1/h + leff/λ) comprises the
heat conduction through the adsorbent. In the following, the effective thickness leff is estimated.

For the ith adsorber node, the average adsorbent temperature Ti is computed over dimension x,
which is perpendicular to the direction z of the HTF flow, to be Ti = T(zi) = D−1

∫ D
x dx T(x). With this

effective temperature, a simple effective model is q̇i
0 = −λ(Ti − Twall)/leff, where q̇0 ≡ q̇(x = 0) is the

total heat flux, Twall ≡ T(x = 0) the temperature at the fluid pipes, and leff the yet unknown effective
thickness. The latter is then used for computing the effective overall heat transfer coefficient Uhx above.

Assuming that the amount adsorbed and correspondingly the adsorption enthalpy released or
absorbed is constant over the adsorbent thickness (i.e., along x)—which is not reasonable for short
times, but for full half cycles—the heat flux is proportional to the distance from the pipe surface at
x = D and states q̇(x) = q̇0(1− x/D). Employing this linear equation and Fourier’s law−λdT/dx = q̇,
the temperature profile can be easily computed by separation of variables:

∫ T(x)

T(0)≡Twall

dT =
−1
λ

∫ x

0
dx′ q̇0

(
1− x′

D

)
⇒ T(x) = Twall +

−q̇0

λ

(
x− x2

2D

)
. (4)

The average temperature is given by T = D−1
∫ D

0 dx T(x) = Twall − q̇0D
3λ . Rearranging the simple

model above leads to leff = −λ(T − Twall)/q̇0. Plugging in T from above yields the effective thickness
leff = D/3 [10] (Section 4.3.2).

3.1.3. Lateral Heat Conduction in Adsorber

Each adsorber node exchanges heat with its neighboring nodes proportional to λ⊥eff A⊥n/l,
which smears out temperature gradients along the adsorber. Heat losses considered in the model are
that to the vapor-filled chamber surrounding the adsorber (parametrized by (hA)c/n) and those via
the housing to condenser and evaporator ((UA)h/n).

3.1.4. Fluid Energy Balance in Adsorber

The HTF within the heat exchanger and the pipes is equally discretized to n + 2 fluid plugs
amongst which two are coupled to the pipe nodes. The energy balance of the n plugs within the
adsorber states

mads
htf
n

dThtf
dt

=
Q̇htf
chtf

+ ṁ

{(
Thtf

ex (t), Thtf
0 , Thtf

1 , . . . , Thtf
n
)> − Thtf , adsorption,(

Thtf
1 , Thtf

2 , . . . , Thtf
n+1, Thtf

ex (t)
)> − Thtf , desorption,

(5)
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where Thtf
ex (t) is the temperature of the fluid extracted from the storage and currently entering the

adsorber, ṁ is the mass flow through the storage and through the adsorber, and chtf is the heat capacity
of the HTF, which is modeled as being incompressible.

During desorption, the fluid flow is reversed, such that the entropy production due to the heat
transfer within the adsorber is minimized. During adsorption, the adsorber is cooled by fluid entering
at the first adsorber node, hence the last adsorber nodes are hotter when the adsorption ends. Therefore,
heating the adsorber during desorption should be carried out using hot HTF entering at the end of
the adsorber.

3.1.5. Fractional Plug Flow

In (5), simultaneous heat transfer perpendicular to the fluid flow as well as motion of the fluid is
modeled. The fluid motion is not only possible with respect to complete plugs but also in a fractional
plug flow: parts of the plugs are moved and mixed with the neighboring plugs. The numerical
dissipation is assumed to be rather small, which could be verified for typical scenarios [10] (Sec. 5.3).
No additional physical dissipation is considered.

3.1.6. Mass Transfer in Adsorber

The differential equations for the loading of the ith adsorber node dxi/dt with the corresponding
effective diffusion coefficients are set up according to a linear driving force (LDF) model. While many
adsorption researchers employ LDF models in loading (or adsorbate density) [28–31], which yield a
good approximation to overall adsorption kinetics when the limiting transport process is diffusion in
the adsorbed phase, we use an LDF model in pressure here that yields a good approximation when the
limiting transport process is macropore diffusion [32] (Sec. 3.1), [33]:

dxi
dt

= βs(pc − pi) , ṁads = βc(pev − pc) , and ṁdes = βc(pc − pcd) . (6)

Here, the effective diffusion coefficient β is split up into two coefficients connected in series,
βs and βc. The mass flow dx/dt between chamber and adsorbent is described by βs = β(φ + 1)/φ,
while the (positively defined) mass flows ṁads from the evaporator to the chamber during adsorption
and ṁdes from the chamber to the condenser are both described by βc = β(φ + 1). The effective
diffusion coefficient is identified to be β = βads ≈ 0.494 s−1bar−1 during adsorption and β =

βdes ≈ 0.872 s−1bar−1 during desorption. These parameters were fitted to a bidisperse model whose
parameters were determined using experiments for SAPO-34–water (Section 4.3, [10]) [32] but not for
the working pair water–zeolite Li-Y. Hence, the diffusion coefficients were generalized from SAPO-34
to zeolite Li-Y, and they serve as a rough estimate. In-situ crystallization of faujasite (FAU) is still
under development [34,35]. No diffusion experiments were carried out for these materials yet to
our knowledge.

3.1.7. Adsorber Chamber Energy Balance

The working fluid vapor is modeled as a real gas, which also holds with respect to the
consideration of the chamber. The adsorber chamber is modeled here since it allows for adequate
consideration of adsorbate redistribution and its associated irreversibility; it also allows for realistic
switching behavior of the vapor valves. The chamber exchanges energy and mass (i.e., working
fluid) with the adsorber nodes and with the evaporator (adsorption) or the condenser (desorption),
respectively. The energy balance states

duc

dt
=

Q̇c

mc
− ms

nmc

n

∑
i=1

dxi
dt

(h̃i − uc) +
1

mc

{
ṁads(h̃ev − uc) , adsorption,

−ṁdes(h̃c − uc) , desorption,
(7)
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where Q̇c is the sum of all heat flows exchanged between chamber and adsorber, condenser,
and evaporator. Furthermore,

h̃i ≡
{

hg(pc, Tc) , if dxi/dt > 0,

hg(pi, Ti) , else
(8)

and

h̃ev ≡
{

hsat
g (Tev) , if ṁads ≥ 0,

hg(pc, Tc) , else,
and h̃c ≡

{
hg(pc, Tc) , if ṁdes ≥ 0,

hsat
g , else.

(9)

for the adsorption module configuration with an evaporator and a condenser considered here, the else
branches are only required for numerical stability.

3.1.8. Evaporator and Condenser Heat Flow

The condenser and evaporator are each modeled using a single temperature node. The working
fluid is assumed to be under saturated conditions within both components, thus the temperature is
sufficient to determine their states. The condensate instantaneously flows off from the condenser via
the expansion valve to the evaporator. They respectively comprise the heat exchanger mass, as well as
in the case of the evaporator the pool of working fluid. Each of these nodes is in thermal contact with a
corresponding fluid node representing the HTF. The powers of the heat exchangers Q̇ev and Q̇cd are
given for c ∈ {cd, ev} by

Q̇c
hx = ṁc

htfchtf

[
1− exp

(
−Uc

hx Ac
hx

ṁc
htfchtf

) ]
·
(

Tc − Tin,c
htf

)
, (10)

where Tin,c
htf is the temperature of the HTF at the inlet of the component c. The effective total heat

capacity of the evaporator Cev is dependent on the varying fluid mass within the pool. Furthermore,
ice generation is also considered. Hence, mpool(x, mc) = m̂pool − msx − mc, where x = n−1 ∑n

i=1 xi,
m̂pool is the full amount of working fluid within the system, and mc is the mass of working fluid in the
adsorber chamber. The capacity can then be given by

Cev(x, mc) = mev
CucCu + mpool(x, mc)csat

psat,lq(Tev) . (11)

3.1.9. Evaporator and Condenser Energy Balance

With Q̇c
c indicating the heat transferred from the chamber to the respective component c (condenser

or evaporator), the energy balance of the evaporator states

Cev(x, mc)
dTev

dt
= −Q̇ev

hx −
n

∑
i=1

(UA)h
n

(Tev − Ti) + Q̇ev
c

− ṁads(h̃ev − usat
lq (Tev)) + ṁdes(h̃sat

lq − usat
lq (Tev)). (12)

Here, h̃sat
lq = hsat

lq (Tcd) if ṁdes ≥ 0, or else h̃sat
lq = hsat

lq (Tev). Furthermore, it is assumed that the
condensate returns from the condenser to the evaporator instantaneously. Correspondingly, for the
condenser, it is Ccd = mcd

CucCu, and the energy balance is

Ccd
dTcd

dt
= −Q̇cd

hx −
n

∑
i=1

(UA)h
n

(Tcd − Ti) + Q̇cd
c + ṁdes∆h̃cd , (13)

where ∆h̃cd = hg(pc, Tc)− hsat
lq (Tcd) if ṁdes ≥ 0, or else ∆h̃cd = −(hsat

lq (Tev)− hsat
lq (Tcd)).
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3.2. Storage

The storage is modeled one-dimensionally (see Figure 2). Its height is discretized using a fixed
number of nly fluid layers (plugs). Correspondingly, their masses are mly = mstor/nly. Their respective
temperatures are indicated by Tstor

i , where i = 1, . . . , nly runs over the storage height.
The mass flows inserted into and extracted from the storage tank are modeled using an ideal

fractional plug flow, such that the plugs between the input and the output of the fluid flow are all
moved by the same amount, given by ṁ dt/mly. Regarding heater and cooler, compared to the system
mass flow, smaller mass flows are considered, resulting in a smaller fractional shift. In this manner,
three fluid circuits are dealt with simultaneously: the system circuit with a mass flow ṁ between
the storage and the adsorber and the heater and the cooler circuits with the mass flows ṁht and
ṁcl, respectively.

Heater (q
ht
)

Extraction rings 

Loading pipe 
Stratified

Cooler (q
cl
)

storage

(a) Loading pipe, extraction rings.

1

L r
1

r
insu

d
ly

r
2

n
ly

n
ly
− 1

n
ly
− 2

2
3

T
i

stor T
env

...

...

Stratified 
storage

Fluid node
Fluid layer

(b) One-dimensional model of stratified storage.

Figure 2. Storage concept with (a) passive loading pipe and rings for extraction, and characteristics of
the storage model (b). Colors represent temperatures qualitatively. Convection due to external mass
flows is shown on the left (red squares: heater, yellow: adsorber, blue: cooler).

Additionally, the model comprises destratification by mixing within the fluid and loss to the
surroundings, which are physical effects that are detrimental to systems efficiency. The mixing is
modeled by a one-dimensional effective thermal conductivity λeff increased compared to the actual
thermal conductivity of the fluid for covering the heat transfer due to convection within the fluid
and—less importantly—that due to conduction through the tank wall as described in [36].

The differential equation system for the storage is specified using constants. First, with the height
L and the thickness of a storage layer (node) dly = L/nly, the outer radius of the insulation rinsu =

r2 + dinsu, the cover area Acap = πr2
1, the layer surface interfacing to the tank Aly = 2πr2dly, as well

as the heat transmission coefficients U−1
wall = (r2/λinsu) ln(rinsu/r2) + (r2/rinsu)(1/henv), U−1

cap =

dinsu/λinsu + 1/henv, and the additive heat conductivity caused by conduction in the storage wall
∆λ = λwallπ(r2

2 − r2
1)/Acap, four constants are defined:

X ≡ Ucap Acap

mlychtf
, Y ≡ (λeff + ∆λ)Acap

mlychtfdly
, and Z≡

Uwall Aly

mlychtf
. (14)

With the ambient temperature Tenv, the differential equation for the lowest storage layer is

dTstor
1

dt
= (−Y− Z− X)Tstor

1 + YTstor
2 + (Z + X)Tenv. (15)
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For the ith layer, we have

dTstor
i

dt
= YTstor

i−1 − (2Y− Z)Tstor
i + YTstor

i+1 + ZTenv . (16)

Finally, for the topmost layer, it is

dTstor
nly

dt
= (−Y− Z− X)Tstor

nly
+ YTstor

nly−1 + (Z + X)Tenv . (17)

Incoming and outgoing heat fluxes are visualized in Figure 3. Furthermore, besides these mixing
effects, the enforced system mass flow through the adsorber as well as the smaller mass flows though
heater and cooler are modeled in the storage via fractional plug flow.

T
i
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T
i − 1
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T
i + 1
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−Qi

i − 1
(Y)
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i + 1
(Y)

−Qi

env
(Z)
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(X)

if i = 1

if i = n
ly

·
·

−Qi

cap
(X)

·

·

·

T
env

T
env

T
env

Figure 3. Heat balance of a fluid node in storage. Arrows denote the dominating direction.
The forced mass flows through adsorber, heater, and cooler are modeled using (fractional) plug flow.
Other convection and the vertical conduction are represented by Qi

i±1(Y). Losses to the environment
are denoted by Qi

env(Z) (wall) and Qi
cap(X) (cap, bottom).

The effective thermal conductivity λeff(h) = α(h)λhtf depends on where the mass flows enter and
leave the storage tank and thus its increase compared to the regular thermal conductivity of the fluid
depends on the storage height.

For the sake of a simple model, the increase function α(h) is a superposition of six Gaussians.
One of them is located (with respect to its mean) at each height where fluid enters or leaves the storage,
coming from or flowing to the adsorber, condenser, and evaporator, respectively. This models the
negative effects on temperature stratification by increased thermal conductivity originating from the
additional mixing effects at these heights (jets, etc.):

α(h) =
6

∑
i=1

κi exp
(
− (h− µi)

2

2σ2
i

)
. (18)

In the simplest parametrization, the peaks and standard deviations of all Gaussians are equal,
κi = κ and σi = σ, respectively. Hence, specifying κ and σ fixes the model for the increased
thermal conductivity.

One exception is the loading pipe: here the Gaussian has half peak (κi = κ/2) and double width
(σi = 2σ) at the current loading height. This adapted parametrization is motivated by experiments
(see for details [10] (Section 4.4.5)).

Compared to the system mass ṁ flow through the adsorber, the mass flows through heater and
cooler are significantly smaller, corresponding to the factors γht and γcl. This is not considered for α(h)
and thus λeff(h): peaks and heights are modeled independently of mass flow. The reason is that the
Gaussians could not yet be experimentally validated and then a simpler model was favored.

This mass flow independency of the mixing in the storage is also important with respect to
the consideration of different system power levels: mixing in storage is the same for quite different
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system mass flows, leading to an underestimation of the efficiency for low power compared to high
power states.

3.3. Cycle Control

Typically, a Stratisorp system is not operated for a fixed half cycle time, since there is no need
for synchronization like for a two-adsorber system. Hence, half cycle ends when the temperature
difference between adsorber flow and return falls below some set value (typically ∆Tmin = 7 K).
The shorter a cycle, the lower the efficiency but the higher the system power and vice versa. However,
there is some trade-off, since the losses of the system increase at lower powers.

For extracting HTF of adequate temperature within the half cycles, the temperature of the HTF is
measured within the adsorber at a quarter of its length, with respect to the current direction of the HTF
flow. This sensor position allows for higher efficiencies in comparison to a sensor at the adsorber outlet.
Then a ring is selected such that the temperature of the extracted HTF differs from that measured in
the adsorber by some fixed value (typically ∆T = 3 K).

3.4. Simulation Details

The system of differential equations is solved according to the method of lines with Matlab’s
implicit ode15 s solver. The system is simulated until an approximately stationary cycle is reached.
Then, the evaluations are carried out.

4. Results and Discussion

We here present an application of the cycle to an adsorption heat pump supplying heat to
a building. First, the behavior of the Stratisorp cycle under a representative operating condition
is described. The sensitivity of the size of different components, of the heat and mass transfer
characteristics of the adsorber, and of the cycle control parameters are then discussed. This sensitivity
analysis is particularly required since the adsorber and storage characteristics could be estimated
only from adsorber prototypes with other adsorbents and from first experiments, respectively. Finally,
the seasonal performance of the cycle based on the method described in the German technical rule
VDI 4650 part two [37] is estimated.

4.1. Analysis of Transient Cycle Behavior

4.1.1. Adsorber Module

The Stratisorp system model described above is simulated for the parameters listed in Table 2.
The evolution over time of the temperatures and the loading in the Stratisorp cycle for the standard
case with a system mass flow rate of 0.3 kg s−1 (nominal case) is shown in Figure 4. The system has
already reached a cyclic steady state here, that is the temperature profile in the storage as well as
the temperatures and loading in the adsorber, evaporator, and condenser at the end of the cycle are
nearly identical to those at the start of the cycle. The change in the energy stored in the tank between
cycle start and end ∆Q divided by the total driving heat supplied during the cycle Qht is used as an
indicator for reaching cyclic steady state. Cycles analyzed here are run until this indicator is below
2%. The heating COP of the cycle is 1.98 and the corresponding heating power is 5.4 kW for a minimal
supplied temperature of 34 ◦C and an ideal heat source for the evaporator of 8 ◦C.

The cycle begins at time t = 0 s with a closed valve (red vertical line) with the adsorption half
cycle. In this half cycle, the adsorber is cooled. For this, a ring is chosen, such that it is the highest
ring with the temperature of the extracted fluid cooler than the calculated set-point temperature Tset.
Once the fluid being extracted from this ring is not cool enough to cool the adsorber, the extraction is
switched to the next lower ring. The ring switches can be seen in the sharp jumps in the temperature
of the extracted fluid. On the other hand, the temperature of the fluid at the adsorber outlet (returning
to the storage) changes in a smooth manner, due to the heat transfer and mixing.
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Table 2. Characteristic properties of the system. The heat transfer coefficients of the adsorber are
temperature-dependent and are averaged over the occurring temperature range.

Materials
Working pair Water–zeolite Li-Y (RUB04)
Heat transfer fluid Thermal oil Marlotherm LH

Operating conditions
Driving temperature Treg 200 ◦C
Medium temperature sink Tin

rj 34 ◦C
Low temperature source Tin

ev 8 ◦C

Adsorber
Adsorbent mass 5.0 kg @ 879 J kg−1 K−1

Total volume Vads 53.5 l
Remaining adsorber mass mhx 35.8 kg @ 882 J kg−1 K−1

Fluid mass in adsorber mfl 7.2 kg
Heat exchanger area Ahx 9.5 m2

Overall heat transfer coefficient adsorption site–channel Uads
hx 5112 W m−2 K−1

Average heat transfer coefficient channel–fluid h 401 W m−2 K−1

Average overall heat transfer coefficient adsorption site–fluid Uhx 372 W m−2 K−1

κ⊥hx = λ⊥eff A⊥hx/l⊥hx 3.65 W K−1

Heat transfer coefficient adsorber–chamber 5 W K−1

Vapor chamber volume 0.1 m3

Number of adsorber nodes nhx 100

Evaporator and condenser
Condenser mass flow rate ṁcd

htf 0.4 kg s−1

Evaporator mass flow rate ṁev
htf 4 kg s−1

Mass of working fluid mpool 20 kg
Effective heat transfer coefficient Uev

hx Aev
hx, Ucd

hx Acd
hx 4 kW m−2 K−1

Storage parameters
Mass of storage medium mstor 250 kg
Height of storage L 1.9 m
Number of rings 15
Insulation thickness dinsu 0.3 m
Number of layers in model nly 1000

Mixing model
Max. amplification κ 100
Amplification width σ 0.05 · L
Heater and cooler
Heater fraction γht 0.9
Cooler fraction γcl 0.25
Heater extraction height 0.95 · L
Cooler extraction height 0.25 · L
Piping
Mass of pipes 5 kg
Effective length of pipes 2 m

Control parameters
Minimal driving temperature difference at adsorber ∆T 3 K
Minimal temperature difference across adsorber at end of half cycle ∆Tmin 7 K

The average adsorber loading decreases slightly and the chamber pressure reduces due to the heat
transfer to the adsorber. In the nominal case considered here, the pressure in the chamber pc decreases
to the evaporator pressure pev after 83 s and the valve to the evaporator opens (green vertical line),
which is when the actual adsorption phase begins. The working fluid evaporates in the evaporator
and the vapor flows through the chamber to the adsorber. After some time, the temperature difference
between the HTF at the adsorber inlet and outlet is smaller than the threshold value ∆Tmin.
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Figure 4. Evolution during the Stratisorp cycle of the (a) temperature and (b) loading in the adsorber,
and the (c) temperature in the evaporator and condenser.

At this point, the adsorption half cycle is ended and the valve to the evaporator closes (second
red vertical line). Thus, the desorption half cycle begins after about 618 s, during which the adsorber is
heated through the HTF. During this half cycle, the flow direction of the HTF through the adsorber is
reversed. The fluid is extracted through the lowest ring, where the fluid temperature is greater than the
set point temperature. The chamber pressure pc increases until the condenser pressure pcd is reached.
At about 712 s, the valve to the condenser opens and the actual desorption phase begins (green vertical
line). The working fluid is desorbed from the adsorber nodes and flows through the chamber into the
condenser, where it condenses to release the heat of condensation. This leads to an increase in the
condenser temperature and pressure. The condensed working fluid flows through the throttle valve to
the evaporator.

The driving temperature differences are relatively small as compared to classical adsorption
systems. As the system contains only one adsorber, the duration of the two half cycles can be chosen
to be different. This way, each half cycle can be optimized for the differing ad- or desorption kinetics
and the useful power can be increased.

4.1.2. Storage Temperatures

Similar to the adsorption module, the evolution of the temperature inside the storage is shown in
Figure 5a. For this, the storage tank is divided into 15 zones with each zone representing the region
around a ring. The variation of mean temperatures in these 15 zones over time is plotted using solid
lines. The temperature of the fluid extracted from (dotted line) or entering into (dashed line) the storage
through the adsorber (black), heater (red), and cooler (blue) is shown. The increase in the temperature
of a zone can be observed when it is active during the adsorption half cycle and the heat released in
the corresponding temperature range is stored in this zone. Analogous to this, the temperature of a
zone decreases when it is active during the desorption half cycle.

This representation is useful for appropriately selecting the heater and cooler extraction heights.
In the case shown here, the heater is active only for about 250 s during the cycle, mainly near the end of
the desorption half cycle, and the power required from the heater varies strongly. This is undesirable
in the case of a gas burner or the use of waste heat from a CHP plant. Thus, either the heater mass flow
rate or the heater extraction height should be reduced. Finally, the dimensioning of the storage can be
done based on this type of representation.

The cumulative effect of the ad- and desorption half cycles on the storage can be observed in
the temperature profile in the storage. The temperature profile in the storage after desorption (blue,
storage unloaded) and after adsorption (red, storage loaded) as well as the mean temperature profile
and the standard deviation for a stationary cycle over the height of the storage is shown in Figure 5b.
The standard deviation is plotted symmetrically for each temperature, that is in the positive and
negative directions. Additionally, the extraction heights of the heater and cooler (blue and red vertical
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lines) as well as all the extraction rings (15 gray vertical lines) are shown. It should be noted here that
the profile deviates only to a small extent from a linearly stratified one.
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Figure 5. (a) Evolution of the temperature in the storage over a cycle and (b) the temperature profile in
the storage after each half cycle along with a statistical evaluation.

4.1.3. Second Law Analysis

In order to study the thermodynamic improvement brought about in the Stratisorp cycle,
the entropy balances are set up for both the storage and the adsorption module, using which all
entropy generation terms in the system can be estimated. The entropy generation or irreversibilities in
the Stratisorp cycle are compared to a classical two-adsorber system with thermodynamically optimal
switching of return flows (Figure 6). As the cycle times, loading spread, and the total heat exchanged
per cycle differ considerably between the two cycle concepts, the irreversibilities are normalized to the
useful heat released in each case. It is evident that the irreversibilities at the adsorber and in total are
reduced considerably by the internal heat recovery employing the storage. However, some additional
irreversibilities are caused by that heat recovery: convection and conduction in the storage cause
irreversibilities. The various irreversibilities shown in Figure 6 [10] (Section 4.5) originate from

• driving temperature differences in all heat exchangers (cdhx, evhx, adshx,des, adshx,ads), which are
computed by integrating over time the entropy production rate [10] (Eq. 3.49)

Ṡhx
irr = Q̇

(
1
T
− 1

Thtf

)
= Q̇

Thtf − T
TThtf

= Q̇
∓∆T

T(T ∓ ∆T)
, (19)

where the upper sign is valid for the adsorption and the condenser, the lower sign for desorption
and evaporator, respectively,

• heat exchange with pipes and other thermal capacities like (multi-way) valves (htf−pi),
• throttling of the working fluid from the condenser to the evaporator conditions (thr) [10] (Eq. 3.61),
• superheating the working fluid from the evaporator temperature to the temperature of the

adsorber nodes (super) and desuperheating down to the condenser temperature (desuper) [10]
(Eq. 3.43 and 3.55),

• heat exchange between adsorber nodes (cross: ⊥),
• numerical dissipation in all fractional plug flows (e.g., representing the system mass flow,

subscripted for the adsorber htfnum, for the storage stornum),
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• convection and conduction in the storage (stormixing,ads, stormixing,des), computed via summing
up over all time steps in adsorption or desorption half cycle the entropy production in a single
time step ∆t = tj − tj−1 at time tj [10] (Eq. 4.69)

∆Sstor,mixing
irr (tj) =

nly

∑
i=1

mlychtf log
Tstor

i (tj)

Tstor
i (tj−1)

, (20)

where Tstor
i (tj) and Tstor

i (tj−1) are temperatures of the ith storage layer at time tj or time tj−1,
respectively,

• the heat exchange between adsorber and chamber and chamber and evaporator or condenser,
which is set to zero for this paper (ads−c), and

• loading exchange between adsorber nodes (adsorbate redistribution) when the valve is closed
(valve−closed).
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Figure 6. Comparison of the various irreversibilities between the Stratisorp and a two-adsorber system
with thermodynamically optimized switching of return flows. The entropy production is normalized
for the useful heat released over a cycle Qrj = Qcl + Qcd (neglecting Ql). Figure adapted from [10].

The driving temperature differences, especially those at the adsorber, are the largest source of
irreversibility. It can be observed that these terms are greatly reduced in case of the Stratisorp cycle
as compared to the two-adsorber cycle but continue to account for almost half of the total entropy
generation. Thus, the improvement of the heat transfer characteristics of the adsorber offer a large
potential for reduction of irreversibilities and can simultaneously increase the maximum power output.
Further, the extraction of fluid from the storage in a manner which provides a uniform driving
temperature difference (as opposed to sudden jumps) can also lead to a reduction in this source of
irreversibility. The irreversibilities due to the superheating and desuperheating of the working fluid
when moving between the adsorber and the evaporator or condenser are also lesser in the Stratisorp
cycle as compared to the two-adsorber cycle. Since the adsorber is heated/cooled slowly in the
Stratisorp cycle, the temperature differences between the adsorber and the evaporator or condenser
are also smaller, which leads to lesser irreversibilities.

The use of the storage in the Stratisorp system introduces an additional source of irreversibility,
namely the mixing in the storage. In case of the high-temperature system with a driving temperature
of 200 ◦C, the decrease in the irreversibility in the adsorber is less than the increase due to the mixing in
the storage, which makes the Stratisorp cycle beneficial for such applications. For lower temperature
systems (especially those with water as the HTF), the amount of mixing in the storage is a critical factor
in determining if the Stratisorp cycle is better as compared to a classical two-adsorber system.
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4.2. Sensitivity Analysis

4.2.1. Variation of Adsorption Module Parameters

The high-performance adsorbers considered in this work are an extrapolation from small-scale
samples for which a complete prototype does not exist and as such, not all the attributes of a full-scale
adsorber of this kind are known exactly. Thus, the adsorber parameters must be varied over a wide
range. This way, the uncertainty with respect to the adsorber design and the model parameters can be
accounted for and the sensitivities in the COP and power can be shown.

4.2.2. Heat Transfer in the Adsorber

The heat transfer between the HTF and the metal surface and that from metal to the adsorption
site is the primary limiting factor in the case of the Stratisorp system. The heat transfer between fluid
and metal is especially limited due to the use of thermal oil as the HTF and the relatively small driving
temperature differences in the Stratisorp cycle. The variation of the effective heat transfer coefficient
between the adsorption site and the HTF (see Figure 7a) shows that the COP increases by almost 0.1 on
doubling the heat transfer coefficient for the part load case (0.15 kg s−1) and somewhat more than 0.1
for the design load case (0.30 kg s−1). The power remains approximately constant. On halving the heat
transfer coefficient, the COP reduces in both cases by almost 0.15.

1.5

1.7

1.9

2.1

2.3

2.5

0.5 0.7 1.0 1.2 1.5 2.0 3.0 5.0
0

2

4

6

8

10

C
O

P
l h
e

a
t

P
o
w

e
r 

P
l h
e

a
t 
(k

W
)

Scaling factor of the effective heat transfer coefficient (1)

COPlow

Plow

COPhigh

Phigh

1.5

1.7

1.9

2.1

2.3

2.5

0.5 0.7 1.0 1.2 1.5 2.0 3.0 5.0
0

2

4

6

8

10

C
O

P
l h
e

a
t

P
o
w

e
r 

P
l h
e

a
t 
(k

W
)

Scaling factor of the effective heat transfer coefficient (1)

COPlow

Plow

COPhigh

Phigh

(a)

1.5

1.7

1.9

2.1

2.3

2.5

0.1 0.2 0.3 0.5 1.0 1.5 2.0 3.0 4.0
0

2

4

6

8

10

C
O

P
l h
e

a
t

P
o
w

e
r 

P
l h
e

a
t 
(k

W
)

Scaling factor of the effective diffusion coefficient (1)

COPlow

Plow

COPhigh

Phigh

(b)

1.5

1.7

1.9

2.1

2.3

2.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

2

4

6

8

10

C
O

P
l h
e

a
t

P
o
w

e
r 

P
l h
e

a
t 
(k

W
)

Scaling factor of the thermal mass of the adsorber (1)

COPlow

Plow

COPhigh

Phigh

(c)

1.5

1.7

1.9

2.1

2.3

2.5

 50  100  150  200  250  300  400  500
0

2

4

6

8

10

C
O

P
l h
e

a
t

P
o
w

e
r 

P
l h
e

a
t 
(k

W
)

Mass of HTF in the storage (kg)

COPlow

Plow

COPhigh

Phigh

(d)
Figure 7. Sensitivity analysis on the COP and heating power of the Stratisorp system on (a) scaling
the heat transfer coefficient between the adsorption site and the HTF, (b) scaling the mass transfer
coefficient between the adsorption site and the evaporator or condenser, (c) scaling the sensible thermal
mass of the adsorber, and (d) varying the mass of fluid in the storage. The subscripts “high” and “low”
represent system mass flow rates of 0.3 kg s−1 and 0.15 kg s−1, respectively. Figures adapted from [10].

This variation shows that a large potential for efficiency improvements exist if the predicted heat
transfer characteristics of the high-performance adsorber can be achieved or exceeded. On the other
hand, the use of conventional adsorbers in a Stratisorp system may not always be recommended as the
potential for efficiency improvements is smaller than that with high-performance adsorbers but the
additional effort for the integration of the storage remains the same.
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4.2.3. Mass Transfer between Adsorption Site and Evaporator/Condenser

Apart from the heat transfer, the adsorption process is also limited by the mass transfer. Although
the effective mass transfer resistance includes the transport between the adsorption site and the
chamber as well as that between the chamber and the evaporator or condenser, the resistance in the
adsorber is the dominant one.

As described above, the mass transfer coefficient is identified using a bidisperse model, which in
turn is calibrated to experimental data for small samples with the adsorbent SAPO-34. It can be
expected that an adsorber with the Li-Y zeolite RUB04 as adsorbent would have a different mass
transfer coefficient. However, as no experimental data are available for such an adsorber, the coefficients
identified for SAPO-34 are used.

In the cases considered here, the mass transfer is not a major limiting factor (see Figure 7b).
Doubling the effective mass transfer coefficient leads to an increase in the COP of about 0.02 (part
load case, 0.15 kg s−1) and about 0.03 (nominal load case, 0.30 kg s−1), while the power in both cases
remains constant. Halving the effective mass transfer coefficient reduces the COP by about 0.03 and
0.04 in the part and nominal load cases, respectively. The power remains nearly constant in both cases.
Only on reducing the mass transfer coefficient by a factor 10 of the standard value in the nominal load
case (“high”) does reduce the power by 10%.

4.2.4. Sensible Thermal Mass

The ratio between the sorptive and sensible heat in the adsorber is usually decisive for the COP of
the system. This effect decreases due to the internal heat recovery and should vanish in case of ideal
heat recovery. However, in case of the Stratisorp cycle this effect is still considerable, because of the
large temperature swing considered here. The ratio of sorptive and sensible heats is a characteristic
quantity of an adsorber design, where the heat exchanger design and manufacturing process as well
as the properties of the composite (in particular the thickness of the in-situ crystallized coating) play
an important role. As the realistically achievable thickness of a coating of the Li-Y zeolite RUB04 is
difficult to predict, the sensitivity of the thermal mass of the adsorber is investigated. It can be seen in
Figure 7c that doubling the (sensible) thermal mass leads to a decrease in the COP by 0.2 in both load
cases. Simultaneously, the power decreases by about 10%. On the other hand, an adsorber design with
half the thermal mass (while the other parameters remain constant) would lead to improvement in the
COP by more than 0.1. Here, the power also increases in both cases by about 10%. The increased power
output could be converted to a further increase in the COP by modifying the control parameters.

When designing an adsorber, there will always be a trade-off between heat transfer coefficient
and thermal mass. For the Stratisorp system, an optimal adsorber should be shifted to higher heat
transfer coefficients and higher thermal mass compared to the standard cycle due to the relatively high
internal heat recovery.

4.2.5. Variation of Storage Volume

In Figure 7d, the COP and power for the variation of the storage volume (mass) is shown. Both the
load points (“low”, “high”) are considered here.

The highest COP for low mass flow rates is particularly relevant for the system and is considered
for dimensioning the storage. For storages larger than 300 kg, the COP does not increase significantly.
The decrease in power through the larger storage can be compensated by larger temperature differences
and mass flow rates.

4.2.6. Variation of Control Parameters

The COP and power of the cycle for the given component parameters and operating conditions
can be varied by varying the control parameters of the cycle (see Figure 8), namely:

1. the system mass flow rate: ṁ (major influence),
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2. the temperature difference used for switching the half cycle: ∆Tmin (medium influence), and
3. the temperature difference used to determine Tset: ∆T (minor influence).

Near the Pareto-optimal point at ∆T = 3 K and ∆Tmin = 7 K, the sensitivity of the COP and power
is low initially while keeping constant the mass flow rate. Here, a moderate increase in the power
can be achieved without a significant reduction in the COP. However, a larger increase in the power
without changing the mass flow rate can only be achieved at the cost of the COP. The auxiliary power
consumption of the pumps is ignored in this work. If it were also considered, then it might be sensible
to regulate the heating power output by varying the temperature differences and not the system mass
flow rate. Further, the mixing in the storage is not scaled here with the mass flow rate. This might lead
to an overestimation of the COP for cases with high power output. The Pareto curve can be estimated
by joining multiple Pareto-optimal configurations.
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∆Tmin, 0.15 kg/s

∆Tmin, 0.20 kg/s

∆Tmin, 0.25 kg/s

∆Tmin, 0.30 kg/s

Figure 8. COP plotted over heating power for varied system mass flow (ṁ = 0.15, 0.2, 0.25, 0.3 kg s−1),
minimal driving temperature difference at the adsorber (∆T = {0, 1, 2, 3, 4, 5, 7, 10} K), and minimal
temperature difference across the adsorber for half cycle switching (∆Tmin = {1, 2, 3, 5, 7, 10, 15, 20} K).
The standard values are shown in bold face. Figure adapted from [10].

4.3. Seasonal Performance

The seasonal performance factor is estimated by analyzing five representative operating points,
using the simplified method described in the German technical rule VDI 4650 part two [37]. According
to this method, each operating point represents one fifth of the annual heating load of the building,
so the seasonal performance factor of the heat pump can be obtained by simple averaging over these
five load points. The representative partial loads (according to climatic conditions in Germany) are
taken to be 13%, 30%, 39%, 48%, and 63% of the full load, respectively. We scale the system for a full
load of 10 kW. The heating system considered is one with 55 °C supply temperature and 45 °C return
temperature under full load, with the partial load supply and return temperatures taken from [37]
and shown in Table 3. Auxiliary power consumption for pumps and valves is not considered here.
The driving heat source for the cycle is modeled as an ideal heater, whereas in the VDI rule [37],
thermal losses from the flue gas stream are considered.

In order to ensure that the required heating supply temperatures are met for each load point when
averaging the flows from the condenser and tank cooler over a whole cycle, the cycle control is such
that it enforces equal times of the adsorption and desorption half cycles. Improved control schemes
with unequal half cycle times, which lead to higher cycle efficiencies, are definitely possible but are
difficult to implement in a robust way.
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Table 3. Seasonal COP for the Stratisorp cycle with ∆T = 3 K.

Pl
heat Pheat ṁ COPl

heat COPheat Trj
htf,in Trj

htf,out Tev
htf,in

kW kW kg/s 1 1 °C °C °C

1.30 1.25 0.07 2.28 2.18 24.8 26.0 9.0
3.00 2.95 0.16 2.24 2.20 29.6 32.5 8.0
3.90 3.85 0.21 2.12 2.09 31.7 35.5 7.0
4.80 4.75 0.26 2.01 1.98 33.8 38.5 6.0
6.30 6.25 0.34 1.86 1.84 37.2 43.4 5.0

SCOP = 2.09

5. Conclusions

In this contribution, we comprehensively described the Stratisorp cycle concept and introduced a
model suitable for the dynamic simulation of such advanced adsorption cycles. We applied the
Stratisorp cycle to a heat pump case assuming a working pair water–zeolite Li-Y, an advanced
adsorber, a driving temperature of 200 ◦C and a thermal oil as heat transfer fluid and storage medium.
The dynamic simulation results for this case study show that the Stratisorp cycle can achieve a high
degree of heat recovery between the adsorption and desorption half cycles even at a non-negligible
degree of mixing in the storage. The second-law-analysis of the cycle reveals that the entropy generation
due to external-temperature-coupling in the adsorber is strongly reduced compared to a standard
two-adsorber-cycle. The additional entropy generation in the Stratisorp cycle due to the mixing in the
integrated storage tank can reasonably be assumed to be much smaller than the reduction of entropy
generation in the adsorber. Therefore, the heating COP of the heat pump cycle can exceed values of 2.0
and in our case study, a seasonal COP of 2.09 is achieved for five representative operating points of
the heat pump. The results indicate that development of advanced adsorbers with high-temperature
working pairs such as water–zeolite should be pursued further and that the Stratisorp cycle is of high
interest in applications where the use of thermal oil does not pose an insurmountable barrier.

Author Contributions: Conceptualization, F.P.S. and V.S.; methodology, V.S.; software, V.S.; investigation, V.S.;
data curation, V.S.; writing–original draft preparation, V.S., A.D. and F.P.S.; writing–review and editing, V.S., A.D.
and F.P.S.; visualization, V.S. and A.D.; supervision, F.P.S.; project administration, F.P.S.; funding acquisition, F.P.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Baden-Württemberg Stiftung through the ZO-III Initiative grant
number ZO3E–11001 and by the Ministry of Science, Research and the Arts (MWK) Baden-Württemberg as part
of the Forschungsallianz Oberrhein. The APC was funded by the KIT-Publication Fund of the Karlsruhe Institute
of Technology.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Abbreviations

The following abbreviations, symbols, and subscripts are used in this manuscript:
CAD computer-aided design
HTF heat transfer fluid
LDF linear driving force

Symbols

A area m2

c specific thermal capacity J K−1 kg−1

C thermal capacity J K−1

COP coefficient of performance 1
d diameter or length m
D thickness of adsorbent m
h specific enthalpy J kg−1

h heat transfer coefficient W K−1 m−2

h storage height m
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l length scale hyperparameter of Gaussian process regression 1
l length m
L height of storage m
m mass kg
ṁ mass flow kg s−1

n number of adsorber nodes 1
Nu Nußelt number 1
p pressure Pa
P power W
Pr Prandtl number 1
q specific heat J kg−1

Q heat J
Q̇ rate of heat flow W
r radius m
Re Reynolds number 1
s specific entropy per heat K−1

SCOP seasonal coefficient of performance 1
t time s
T temperature K
u specific internal energy J kg−1

û canonical unit vector 1
U overall heat transfer coefficient W K−1 m−2

x loading kg kg−1

x length dimension along adsorbate flow m
X storage constant 1
Y storage constant 1
z length dimension along HTF flow m
Z storage constant 1
β effective diffusion coefficient s−1 Pa−1 = 10−5 s−1 bar−1

γ fraction (cooler, heater) 1
ε effectiveness of heat exchanger 1
φ splitting factor for diffusion coefficient 1
κ maximum amplification of fluid thermal conductivity 1
λ thermal conductivity W K−1 m−1

µ mean height of the amplification of the thermal conductivity m
σ2

f signal variance hyperparameter of Gaussian process regression 1
σ2

l noise variance hyperparameter of Gaussian process regression 1
σ Amplification width of fluid thermal conductivity m
Subscripts
⊥ orthogonal
a adsorbate
ads adsorber
avg average
c chamber
cap cap (top or bottom)
cd condenser
cl cooler
cool cool
Cu copper
eff effective
end last adsorber node
env environment
ev evaporator
g gaseous
h housing
heat heat
ht heater
htf heat transfer fluid (HTF)
hx heat exchanger
in incoming
insu insulation
irr irreversible
l (including) loss
lam laminar
lq liquid
ly storage discretization layers
min minimum
out outgoing
pi pipe
pool pool
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rj reject
s adsorbent
sat saturated
set setpoint
st isosteric
stor storage
wall wall
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