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Abstract: A modified single-adsorber cycle for a gas-fired adsorption heat pump (GAHP) is described
and analyzed through dynamic simulation with Modelica. The adsorption modules are based on
the SAPO-34 / water working pair with parameters taken from a recent R&D project. A stratified
storage integrated into the primary heat pump loop is employed for heat recovery of the adsorber
as well as the EC heat exchanger (functioning both as an evaporator and condenser). A heating
system of a stock multifamily residential building in Germany is assumed as the load to be covered
by the heat pump. Representative load points according to VDI 4650-2 and DIN EN 12309-6 rules are
considered. The hydraulic system design and implications of the storage integration on degrees of
freedom during operation are discussed. The results show that, for a well-stratified storage, similar
COP values to a dual-adsorber heat pump cycle based on the same adsorption module type are
achievable. Possible additional benefits of the storage are discussed.

Keywords: single-adsorber cycle; dual-adsorber cycle; sensible heat recovery; gas adsorption heat
pump; seasonal gas utilization efficiency

1. Introduction
1.1. Research Context

Thermally driven heat pumps are being researched and developed as a means to
reduce fossil energy consumption and to cut CO2 emissions, mostly in the building sec-
tor. While absorption heat pumps of the ammonia/water type are market available for
larger buildings since several decades, with typical heating powers upwards of 30 kW (see,
e.g., [1,2]), adsorption heat pumps have actively been developed over the past 20 years,
especially for smaller buildings [3]. Absorption heat pumps mostly rely on the ammo-
nia/water working pair [1], enabling ambient air as the low-temperature heat source even
at temperatures below 0 °C. In contrast, there is a broader range of working pairs avail-
able for adsorption heat pumps (see, e.g., [4–6]). A key challenge in the development of
adsorption heat pumps is to achieve low heat and mass transfer resistances in the adsorber
heat exchanger to enable high-volume specific heating powers [3,7]. One particularly
promising development route for adsorbers enabling excellent thermal contact between
adsorbent and heat exchanger material is the consumptive in situ crystallization of certain
alumino-silicates and alumino-phosphates on aluminum substrates [7–9]. Especially the
silico-aluminophosphate SAPO-34 can be synthesized via this route [7] and has favorable
adsorption properties for chillers and heat pumps with water as the working fluid, namely
a high water adsorption capacity [6] and an S-shaped adsorption isotherm with a steep
loading increase in the low-relative-pressure range [10,11].
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1.2. Project Background

Based on the progress in adsorber development along this route (for the SAPO-
34/water working pair) at the company Fahrenheit and its research partners [9,12], it
seemed feasible to develop a compact gas-fired adsorption heat pump for multifamily
stock buildings, using either a borehole heat exchanger or ventilation exhaust air from the
building as the low-temperature heat source.

A key challenge on the system level was to achieve heating supply temperatures of
up to 55 °C (at full load), since, for this design temperature, a large fraction of existing
radiators in the German multifamily building stock could still be used with the heat pump,
thus reducing the renovation costs [13,14]. The temperature lift (between low-temperature
source and medium-temperature sink) achievable with the SAPO-34/water working pair
is limited to about 30 K, meaning that, with the available low-temperature sources, the
adsorption process would not be able to generate the 55 °C supply temperature required at
full heating load. It would also not be able to completely supply the domestic hot water
(DHW) loads in centralized systems requiring a hot water circulation of, at minimum,
55 °C for hygienic reasons (legionella prevention). Therefore, the system-level design of
the adsorption heat pump would require a “direct burner mode” for supplying the peak
loads with the highest supply temperature demands. Achievable gas savings on an annual
basis would therefore strongly depend on the part-load performance of the adsorption heat
pump. This development endeavor was undertaken within the collaborative R&D project
“AdoSan” funded by the German federal ministry of economics and climate protection [15].

1.3. Project Results

The main results of that project, including the experimental results on the gas adsorp-
tion heat pump (GAHP) demonstrator unit tested at Fraunhofer ISE, have already been
reported by our colleagues [16]: the GAHP demonstrator was run under four different cycle
conditions, and these experimental results were used to calibrate and validate a numerical
GAHP system model in Modelica. Using this validated model, annual simulations of
a reference multifamily building were performed and yielded a seasonal gas utilization
efficiency (SGUE) of 1.21. When representative load points according to VDI-4650-2 [17]
were simulated, the obtained SGUE was 1.26 for a heating system with 55 °C/45 °C design
supply and return temperatures [15,16]. Those results provide the reference case for our
analysis reported here. Note that the SGUE, as defined in [17], represents the annual ratio
of output heat to the input gas heat. In contrast, the seasonal coefficient of performance
(SCOP) for electrically driven heat pumps, as detailed in [18], is defined as the ratio of
output heat to input electrical energy. Thus, both SGUE and SCOP serve the same function,
but they differ in the energy source.

1.4. Cycle Concept Dependency on Adsorption Module Type

There are two distinct adsorption module types, depicted in Figure 1. Within the
AdoSan project, the module manufacturer Fahrenheit had a preference for the valveless
module type (left in Figure 1) that features a single combined evaporator/condenser
(EC) HX and no vapor valve within the vacuum chamber encompassing the adsorber
and evaporator/condenser. The other (right) module type has separate evaporator and
condenser units, which are each separated from the adsorber chamber through a vapor
valve that is designed to open (without external actuation, aided by gravity) upon a positive
pressure difference between the bottom and top side.
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Figure 1. Schematic comparison of two adsorption modules types (depicted during adsorption
process): the adsorber/desorber (ADHX) in the right module is connected to separate evaporator
and condenser units, with valves positioned between them. In contrast, in the left module, the
adsorber/desorber and the combined evaporator/condenser (EC) are placed within the vacuum
chamber with no valves between them. (Blue lines indicate the low-temperature source loop; orange
lines represent the medium-temperature sink loop; green dash lines show water vapor; and grey lines
denote inactive components).

Regarding achievable GAHP performance (assuming perfect operation of the vapor
valves), the valveless module type (left) is at a disadvantage since it requires the external
switching of the EC HX between the low-temperature source loop (when functioning as an
evaporator) and the medium-temperature sink loop (when functioning as a condenser),
involving a sensible heat required to heat the EC HX from the evaporator to condenser
temperature after each adsorption half cycle.

The AdoSan GAHP demonstrator unit was based on a dual-adsorber cycle, in which
two identical valveless adsorption modules were operated alternatively [16]. The hydraulic
scheme is shown in Figure 2. For dual-adsorber cycles, there are efficient ways for a (partial)
recovery of the abovementioned sensible heat between the two EC heat exchangers of
the two adsorption modules [19]. For the AdoSan unit, a delayed return flow switching
of both the adsorbers and the EC heat exchangers is employed for heat recovery [20–22].
In contrast, in single-adsorber cycles (as reported here), heat recovery is possible only
through integrated storage, since there is no second module available operating with a
phase shift to the first module. A single-adsorber cycle concept dubbed “Stratisorp” was
previously developed in our group [23–26], which relies on the coupling of the adsorber to
a stratified storage equipped with inlet stratifiers and multi-way valves for extracting fluid
from different heights in the storage. Note that, in this Stratisorp cycle, only the adsorber is
connected to a stratified storage. During the adsorption process, both sensible and sorptive
heat from the adsorber are stored in the storage to reuse during the desorption process. In
this concept, the lowest temperature within the stratified storage (at its bottom layer) is
the return flow temperature of the heat sink loop. Under favorable conditions, including
very good stratification in the storage, this approach can lead to a heat recovery higher
than that achievable with the two-adsorber cycle described above, enabling high COP
values [25]. However, this only works well for the module type with separate evaporator
and condenser heat exchangers (right in Figure 1). When the other (left) module type is
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used in a Stratisorp cycle, the sensible heat of the EC HX (at temperatures below that of the
heating return flow) cannot be recovered for the lack of a storage option.
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Figure 2. Hydraulic scheme of heating system with dual-adsorber cycle (reference) GAHP, shown
during desorption of left and adsorption of right module; red lines represent the high-temperature
source loop; blue lines show the low-temperature source loop; orange lines present the medium-
temperature sink loop; green dash lines show water vapor; and grey dash lines show currently
inactive connections.

In the single-adsorber cycle presented in this study, both the ADHX and EC HX are
connected to the stratified storage, as shown in Figure 3. The innovation lies in utilizing
the lowest part of the stratified storage to store heat at temperatures below the heating
return flow. This configuration enables heat recovery in both adsorber and EC loops. The
rationale for this research lies, on the one hand, in potential cost savings of a single-adsorber
heat pump, and, on the other hand, in the flexibility and adaptability of a single-adsorber
cycle coupled to a stratified storage. Our main objective here is to find a single-adsorber
configuration (with a hydraulic scheme and control scheme) that achieves an SGUE as high
as possible with the same adsorber configuration (and same adsorbent mass per kW of
nominal power of the heat pump) as in the reference system. Our simulation results should
serve as a proof of concept for the hydraulic scheme and as a starting point for further
control optimizations.
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Figure 3. Hydraulic scheme of heating system with single-adsorber cycle GAHP (shown during
desorption phase); red lines represent the high-temperature source loop; blue lines show the low-
temperature source loop; orange lines depict the medium-temperature sink loop; green dash line
shows water vapor; and grey lines show currently inactive connections.

2. Method
2.1. System Sizing with Respect to Reference System

In the AdoSan GAHP demonstrator and its validated model [16], the design power of
the GAHP was 40 kW, i.e., 20 kW per adsorption module. Since we are using that same pre-
validated component model of the adsorption module in our analysis of a single-adsorber
cycle, we set the GAHP design power to 20 kW, i.e., both our nominal heating load and
nominal burner power are set to 20 kW. However, in this research, the mass flow rates of
the adsorber and condenser have additional degrees of freedom due to the decoupling
from the sink mass flow enabled by the integration of the stratified storage tank.

2.2. System Description

Both in our single-adsorber system as seen in Figure 3 and the reference GAHP
(Figure 2), the primary circuit is distinctly isolated from the secondary circuit by the
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medium-temperature sink HX and the low-temperature source HX. Also, both systems
feature a burner with two heat exchangers (BRN_HX_HT and BRN_HX_MT), of which the
latter one is, in both systems, directly integrated into the medium-temperature sink (MTS)
loop. Its function is to cool the flue gas below its dew point (achieving condensation) and
to transfer the extracted heat directly to the secondary circuit (heat sink).

The integration of the first heat exchanger BRN_HX_HT) differs between the two
systems. While, in the dual-adsorber GAHP, it is symmetrically connected to both adsorp-
tion modules to be able to heat either of them during desorption, in the single-adsorber
GAHP, it can be linked either to the upper part of the storage or to the adsorber, acting as a
high-temperature source.

Note that the storage in Figure 3 is an integral part of the heat pump system, which
is integrated into its primary fluid loop. In contrast, in the dual-adsorber cycle [15,16,27],
the storage is typically positioned on the other side of the medium-temperature sink heat
exchanger, as depicted in Figure 2. Therefore, in our single-adsorber system, the storage
serves a dual role: internal heat recovery within the cycle and buffering for loads. The role
as a buffer storage is however not analyzed further within this contribution, since only
stationary load points are considered here. Beyond the scope of this work, it is envisioned
that the storage could at the same time serve as a storage for DHW preparation, i.e., act as
a combi-storage.

The stratified storage is connected to the single-adsorber cycle GAHP through four
multi-way valves, which are modeled here as ideal extraction and insertion from/into
specific layers of the storage. The adsorber and the EC HX are each connected to a pair of
these valves. Additionally, for switching the connection of the EC HX between stratified
storage and borehole heat exchanger as a low-temperature heat source, two three-way
valves (V_EC_sup and V_EC_ret in Figure 3) are located in the supply and return lines and
operate in the following modes: during the desorption process, both valves are connected
to the stratified storage. In this mode, supply water is extracted from the stratified storage
via an ideal extractor and directed to the condenser. Then, the heated water is inserted into
the storage through an ideal inserter. At the end of the desorption process, a transition
mode to adsorption occurs. During this transition, both three-way valves remain connected
to the stratified storage to transfer sensible heat from the condenser to the stratified storage.
This is achieved by changing the EC HX set point temperature from space heating supply
temperature to the storage bottom-layer temperature in 180 s intervals, as described in
Table 1.

Table 1. Transition modes between desorption and adsorption processes.

Sequence Time [s] Set Point (Desorption to Adsorption) Set Point (Adsorption to Desorption)

1 60 Space Heating Return Temperature Bottom-Layer Temperature

2 60 Bottom-Layer Temperature Plus 2 °C Bottom-Layer Temperature Plus 2 °C

3 60 Bottom-Layer Temperature Space Heating Return Temperature

Subsequently, during the adsorption process, the two three-way valves (V_EC_sup
and V_EC_ret in Figure 3) connect the EC HX (now functioning as an evaporator) to
the low-temperature source (LTS-HX) to take up energy from the borehole HX, within
a temperature range of 6 °C to 9 °C [17]. Finally, at the end of the adsorption process, a
transition mode from adsorption to desorption occurs to heat the EC HX, as described in
Table 1. During this mode, the two three-way valves (V_EC_sup and V_EC_ret in Figure 3)
reconnect to the stratified storage in order to raise the EC HX temperature to the space
heating return temperature and recover the stored sensible heat.

2.3. System Modeling

The Modelica system model employed in this study is a dynamic model that attempts
to capture multiple physical aspects of the real system: adsorption equilibria of the working
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pair, heat and mass transfer resistances within the adsorption module, thermal masses of
the components, heat losses to the ambience, and heat flows within components due to
thermal bridges. Our model directly builds on that of the dual-adsorber reference system,
described in detail in [16]. More details on model assumptions (especially regarding heat
and mass transfer) are provided in [27] and in the PhD thesis of A. Velte [21] (in German).

In this research, a single-adsorber cycle, utilizing a borehole heat exchanger as a low-
temperature heat source, is integrated with a space heating circuit. The supply and return
temperatures for the borehole heat exchanger and space heating circuit are specified in
Table 2 to maintain room temperature within comfort range. Heat production and heat
consumption are connected through a one-cubic-meter stratified storage tank with default
30 layers to have the same simulation condition as the AdoSan’s heating system. Selecting
a stratified storage has been carried out based on available water extraction technologies,
such as movable extractor [28], thermo-differential [29], multi-way, and integrated valves,
which support precise temperature layer management and enhance system efficiency. These
components are numerically constructed using sub-models from publicly available libraries
for Dymola, which is a commercial modeling and simulation tool for systems modeled
in Modelica. These libraries include Buildings-Library [30], AixLib [31], IBPSA [32], and
SorpLib [33], which are employed to analyze the simulation model for this research. For
each boundary condition described in Table 2, the model was simulated over three days
until the results stabilized and exhibited periodicity. Periodicity is achieved when the
system state at the end of cycle n is equivalent to the state at the end of cycle n + 1. A
three-day simulation is generally sufficient for equilibration. Within the last ten cycles,
the fluctuation in GUE is always less than 0.3%. Then, the last cycle was extracted for the
evaluation.

Table 2. The part-load ratios and temperature boundary conditions for the secondary hydraulic
circuit in Figure 3 include supply and return temperatures for the heating system. These temperatures
are specified for heating circuit design temperatures of 45/55 °C (according to VDI 4650-2 [17]) and
41/55 °C (according to DIN EN 12309-6 [34]).

Number

Part-Load
Ratio DIN
EN 12309-6

(%)

Return in °C
DIN EN
12309-6

Supply in °C
DIN EN
12309-6

Part-Load
Ratio VDI
4650-2 (%)

Return in °C
VDI 4650-2

Supply in °C
VDI 4650-2

Borehole
Heat

Exchanger
Inlet in °C

6 100 41 55 100 45 55 5

5 73 37.1 47.6 63 37.2 43.4 5

4 58 34.7 43.1 48 33.8 38.5 6

3 46 31.9 38.2 39 31.7 35.6 7

2 31 29 33.2 30 29.6 32.6 8

1 15 25.4 27.4 13 24.8 26 9

2.4. Control Strategy

There are three layered control strategies for the heating system with a single-adsorber
cycle GAHP, as shown in Figure 3. The first layer operates at the component level, control-
ling certain components, such as the mass flow rate of the pumps (P_HDS and P_MTS),
the mixing valve V_MTS with a PI controller, and splitting valve V_HDS. The second layer
operates at the module level, switching the extraction and insertion valves (from/to the
stratified storage) according to temperature criteria. In this way, the adsorption, desorption,
and transition processes are being controlled. The third layer operates at the system level,
supervising the mass flow rate of pumps based on module-level conditions. It also con-
trols the burner’s operation mode, either heating the upper part of the storage to supply
space heating demand when the heat pump cannot or disconnecting from the storage and
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connecting to the desorber to sustain the desorption process. Each level is discussed in
detail below.

2.4.1. Component-Level Control

The nominal mass flow rate of different components for the reference system and
single-adsorber cycle system are provided in Table 3. The three-way valve V_MTS (cf.
Figure 3) fulfills the function to maintain the required supply temperature to the heat
distribution system. It is connected to layers 1 and 6 of the stratified storage and mixes the
two flows by means of a PI controller, in this case, using the supply temperatures specified
in VDI 4650-2 [17] or DIN EN 12309-6 [34] for renovated buildings as set points.

The three-way splitting valve V_HDS is controlled to maintain a mass flow rate of
0.1 kg/s through BRN_HX_MT when the burner is active. This is carried out to achieve
the condensing boiler effect despite the high fluid temperatures in the first heat exchanger.
A sensitivity analysis conducted during the AdsoSan project for the reference system had
shown that this low mass flow was sufficient to extract the heat of condensation and that
system efficiency was not very sensitive to the exact mass flow value [15].

Table 3. Nominal mass flow rate of different components in reference system [16] and single-adsorber
cycle system.

Nominal Mass Flow Rate [kg/s] Reference GAHP Single-Adsorber Cycle GAHP

Burner 0.67 0.35

Adsorber/Desorber 0.67 0.35

Condenser 0.67 0.5

Evaporator 0.94 0.5

BRN_HX_MT 0.1 0.1

2.4.2. Module-Level Control

On the module level, there are separate temperature-based controls for the extractor
valves of the condenser and adsorber using different set-point temperatures depending
on the cycle phase. During the desorption phase, the water extracted in the supply line to
the condenser is set to match at least the return temperature of the space heating circuit
(based on VDI 4650-2 [17] or DIN EN 12309-6 [34] standards and the specific representative
operating points in Table 2). A bit later in the cycle, when the desorber is heated directly
from the burner, the condenser extraction temperature set point is set to the supply tem-
perature of the space heating circuit. This is mainly because the condenser temperature
has a degree of freedom in a single-adsorber cycle GAHP as opposed to a dual-adsorber
cycle GAHP. Therefore, a temperature difference (T_des − T_cond) of approximately 40 K,
which is defined as temperature thrust, is sufficient for the desorption process. This indi-
cates potential for enhancing efficiency by increasing the condenser temperature during
the final desorption step, as shown in the time series of the average temperatures of the
adsorber/desorber and evaporator/condenser for a cycle in Section 3.

In the single-adsorber cycle with a valveless module (left in Figure 1), the working fluid
always flows between the adsorber/desorber and EC, even during the supposedly isosteric
phases of the cycle. This fluid flow is especially pronounced when the temperatures of the
two components do not align precisely with the isosteric temperature profile. Therefore, it
is important to avoid the loss of cooling capacity through synchronously cooling both the
condenser and the desorber during the transition mode from desorption to adsorption. To
achieve this, the temperature set point of the condenser undergoes a series of changes over
a 180 s period (Table 1) to push warm water from the condenser into the stratified storage.
The length and steps of this transition period have been determined by trial and error and
thus could be further optimized.
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Conversely, during the transition mode from adsorption to desorption, the temperature
levels are adjusted to push the cold water from the evaporator into the stratified storage
over 180 s (Table 1).

Before explaining the control logic of the ideal extractor valve for the adsorber/desorber,
it is important to note that the bottom part of the stratified storage is designated for heat
recovery between the evaporator and condenser, which corresponds to the temperature
range between the borehole HX and the space heating circuit return temperature. The
middle part of the stratified storage is designated for buffering heat for the sink loop,
covering the temperature range between the supply and return temperatures of the space
heating circuit. Finally, the top part of the stratified storage is designated for buffering
heat above the supply temperature, as shown in the color spectrum of the storage in
Figure 3. Thus, the module-level control strategy evaluates two distinct conditions through
the ideal extractor valve to regulate the adsorption and desorption processes within the
single-adsorber cycle.

In the adsorption process (after the abovementioned transition phase), the adsorber
is gradually cooled through the storage. The ideal extractor valve is controlled such that
it always extracts the warmest water that is at least 2 K colder than the mean adsorbent
temperature. Meanwhile, the evaporator is connected to the borehole HX, taking up
ambient heat. This process continues until the set point temperature reaches the space
heating return flow temperature. Once this transition condition is met, adsorption continues
at the current extraction level until the temperature difference between the adsorber outlet
and inlet falls below 1 K. Then, the transition phase into desorption is entered.

During the first part of the desorption phase, heat is supplied to the desorber from the
stratified storage, while the condenser transfers heat to the stratified storage. During this
phase, the control system selects the coldest layer that is at least 2 K warmer than the mean
adsorbent temperature. This process continues until the condition reaches the top storage
layer. When there is no hotter storage layer available to satisfy the condition, the desorber
is connected to the burner and the desorption process continues until the desorber output
temperature exceeds 90 °C. Then, the cycle restarts.

Schwamberger [25] showed for the Stratisorp cycle that higher driving temperature
differences lead to higher cycle powers. However, we adopted a simple approach and
chose a 2 K temperature difference between the adsorber/desorber and storage selected
layer. Thus, improved control could vary this value based on load fraction.

Furthermore, the return water from the condenser and adsorber/desorber is directed
to the layer in the stratified storage with the closest temperature through ideal inserters,
located in the return line of the adsorber/desorber and condenser heat exchangers.

2.4.3. System-Level Control

The concept of system-level control is based on the fact that the space heating demand
may not be satisfied with the heat pump for high load points, since the burner can only
heat the single desorber during the cycle fraction corresponding to the last desorption
step. When this is the case, the burner operates for an extended period to charge the
storage directly. This “direct heating mode” of the storage by the burner is activated in the
system-level controls when the topmost storage layer temperature is lower than a specific
set point temperature. For this “direct heating”, water is extracted from the second highest
level in the storage and reinserted into the top level after passing through the burner HX.
When the adsorber extraction index valve reaches the top layer of the storage and the
layer temperature matches the set point temperature, the burner is shifted from heating the
upper part of the stratified storage to the desorber viaV_BRN and V_ADHX in Figure 3.
Furthermore, the system-level control monitors the mass flow rate of the adsorber/desorber
pump and reduces it only during each of the two 180 s transition phases.
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2.5. Energy and Entropy Balance

Since our Modelica model builds on the GAHP model of the reference system that
is described in detail in [16], our readers are kindly referred to that paper for the energy
balances of all components except for the stratified storage (which is given below). We here
focus on the entropy balance of a single-adsorber cycle and especially the stratified storage.
An entropy balance for the “Stratisorp” single-adsorber cycle was previously given by
Schwamberger [25,26]. His model was implemented in MATLAB (R2015b), which allowed
him to separate the plug flow in the storage from the thermal mixing and to separately
calculate the mixing entropy. Since we have found no such way to separate these effects in
our Modelica model, the entropy balancing described below differs from Schwamberger’s
account. A detailed discussion of different sources of irreversibility in a stratified storage
can be found in [35].

2.5.1. Stratified Storage

The numerical model of the stratified storage tank, referred to as ‘Stratified’ from the
Buildings Library [30], is based on the ideal plug flow assumption, with no additional
mixing model except in cases of temperature inversion, which is addressed by natural
mixing due to buoyancy effects. This modeling approach is commonly employed in system
simulations with stratified storage tanks, as demonstrated in [36]. For this study, we have
chosen to use this model with 30 layers, which is a higher number than that commonly
used. The lower the number of layers, the greater the numerical dissipation generated,
so a model with fewer layers can roughly mimic the effect of convective mixing in a
storage tank. Our intention here is to analyze a very-well-stratified storage in order to
determine the potential of this cycle type (independent of effects of poor stratification). Our
understanding is that existing stratification devices and extraction valves would need to be
adapted and/or improved to achieve the level of stratification exhibited by our model in
practical applications.

A schematic of an n-layer stratified storage tank is illustrated in Figure 4. Each layer
contains a unique volume and three fluid ports. Port one is used as the water inlet for the
layer, port two is used as the outlet, and port three is used for the extraction or insertion of
water from a particular layer. Additionally, each layer transfers heat to the environment
and adjacent layers through its thermal resistance. The energy balance for the stratified
storage tank, assuming that layer 1 is the hottest and layer n the coldest, can be expressed
as follows:

Storage:

CV1 : ∑(ṁinhin)1 − ∑(ṁouthout)1 − Q̇1,2 − Q̇1,env =
dE1

dt

CV2 : ∑(ṁinhin)2 − ∑(ṁouthout)2 + Q̇1,2 − Q̇2,3 − Q̇2,env =
dE2

dt
.

.

.

CVn : ∑(ṁinhin)n − ∑(ṁouthout)n + Q̇n−1,n − Q̇n,env =
dEn

dt

(1)

The source of irreversibilities in each layer is the finite temperature differences between
layers and the mass transfer between them. The entropy balance for a system undergoing
any process can be expressed in terms of the rate as follows [37]:

rate of net entropy transfer by mass + rate of net entropy transfer by heat
+ rate of entropy generation = rate of change in the Entropy
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Figure 4. Resistance-capacitance model with control volumes for an n-layer stratified storage. ṁ1,1:
External flow into CV1, ṁ1,3: external flow into or out of CV1, ṁ1,2: flow out from CV1, ṁ2,1: flow
into CV2 from CV1, and, etc., ṁn,2: flow out of CVn.



Storage:

CV1 : ∑(ṁinsin)1 − ∑(ṁoutsout)1 −
Q̇1,2

T1
− Q̇1,env

Tenv
+ Ṡ1,gen =

dS1

dt

CV2 : ∑(ṁinsin)2 − ∑(ṁoutsout)2 +
Q̇1,2

T1
− Q̇2,3

T3
− Q̇2,env

Tenv
+ Ṡ2,gen =

dS2

dt
.

.

.

CVn : ∑(ṁinsin)n − ∑(ṁoutsout)n +
Q̇n−1,n

Tn
− Q̇n,env

Tenv
+ Ṡn,gen =

dSn

dt

(2)

In the Modelica framework, the sign of a flow variable, such as mass flow rate, changes
automatically when the flow direction changes. Similarly, the sign of an across variable,
such as heat transfer, changes automatically depending on whether heat is entering or
leaving the system. This accurately represents dynamic systems where both flow directions
and heat transfer may vary over time.

2.5.2. Single-Adsorber Components

The R-C (resistance–capacitance) diagram with control volumes is depicted in Figure 5
and defined in Table 4. Each capacitance represents the thermal mass of the materials
and each resistance represents a particular heat transfer mechanism, including a mix of
radiation, conduction, and convection. The entropy balances of the respective control
volumes are given below.
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Figure 5. Resistance-capacitance model with control volumes for a single-adsorber cycle. Black
rectangles indicate the boundaries of the adsorber/desorber and evaporator/condenser components,
while green rectangles represent their control volumes. The red rectangles highlight the irreversibility
source in the single-adsorber cycle. Blue arrows on the right-hand side show the heat transfer fluid
inside the pipes, with the central section illustrating the superheating and desuperheating states of
the working fluid.

Table 4. Different elements of R-C model for a single-adsorber cycle.

Symbol Definition

HTF-TW-EC Resistance between Heat Transfer Fluid and Tube Wall in the Evapora-
tor/Condenser

PhS-TW-EC Resistance between Phase Separator and Tube Wall in the Evaporator/Condenser

PhS-Cas-EC Resistance between Phase Separator and Casing in the Evaporator/Condenser

AD-EC Resistance between Adsorber/Desorber and Evaporator/Condenser

Desuper-EC Desuperheat in the Evaporator/Condenser

Super-AD Superheat in the Adsorber/Desorber

WP-Cas-AD Resistance between Working Pair and Casing in the Adsorber/Desorber

WP-TW-AD Resistance between Working Pair and Tube Wall in the Adsorber/Desorber

HTF-TW-AD Resistance between Heat Transfer Fluid and Tube Wall in the Adsorber/Desorber



Evaporator/Condenser:

CV1 : (ṁ ∗ s)HTF,in − (ṁ ∗ s)HTF,out
−
+

Q̇HTF,Tube Wall

TTube Wall
+ ṠHTF,gen =

dSHTF

dt

CV2 :
+
−

Q̇HTF,Tube Wall

TTube Wall

−
+

Q̇Tube Wall,Phase Separator

TPhase Separator
+ ṠTube Wall,gen =

dSTube Wall
dt

CV3 :
Q̇Casing,Phase Separator

TPhase Separator
−

Q̇Casing,environment

TCasing
+ ṠCasing,gen =

dSCasing

dt

(3)
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

Between Evaporator/Condenser and Adsorber:

CVDesuperheat : ṁadsorber

(
sin,adsorber − sout,EC − (

hin,adsorber − hout,EC

TEC
)

)
+ ṠDesuperheat,gen = 0

CVSuperheat : ṁEC

(
sin,EC − sout,adsorber − (

hin,EC − hout,adsorber

Tadsorber
)

)
+ ṠSuperheat,gen = 0

CVadsorber-EC :
Q̇adsorber,EC

Tadsorber
−

Q̇adsorber,EC

TEC
+ Ṡadsorber-EC,gen = 0

(4)



Adsorber:

CV4 : (ṁ ∗ s)HTF,in − (ṁ ∗ s)HTF,out
+
−

Q̇HTF,Tube Wall

TTube Wall
+ ṠHTF,gen =

dSHTF

dt

CV5 :
−
+

Q̇HTF,Tube Wall

TTube Wall

+
−

Q̇Tube Wall,Working Pair

TWorking Pair
+ ṠTube Wall,gen =

dSTube Wall
dt

CV6 :
Q̇Casing,Working Pair

TWorking Pair
−

Q̇Casing,environment

TCasing
+ ṠCasing,gen =

dSCasing

dt

(5)

RIi =
Ṡi,gen

Ṡtot,gen
=

Ṡi,gen

ṠAdsorber,gen + ṠEC,gen
(6)

3. Results

The idealized standard cycle of an adsorption heat pump consists of two isosteres and
two isobars [38]. However, in any real system, isosteric phases do not occur due to the
heat capacity of the metal and the water inside of the evaporator and condenser [38]. In
real systems using the module type with a separate evaporator and condenser (right in
Figure 1), the switching phases between adsorption and desorption approximate isosteric
behavior. Conversely, in systems with a single EC and no internal vapor valves, mass
transfer within the module continuously occurs during the switching phases, leading to a
larger deviation from isosteric behavior [38].

In the following, we will discuss the simulation results of the single-adsorber cycle
for the 30% load point according to VDI 4650-2 in some detail. The Clausius–Clapeyron
diagram of that whole cycle is shown in Figure 6, which shows the pre-cooling affected by
the transition of the EC HX described above and the simultaneous cooling of the adsorber.
Note that this pre-cooling is facilitated by the flexibility of connecting the single-adsorber
cycle GAHP to the stratified storage, allowing the condenser temperature to drop from the
heating supply temperature to the temperature of the storage bottom layer over a 180 s
interval, as shown in the second plot of Figure 7.

The pre-cooling process stores the available heat from the condenser in the storage. If
this heat is not stored, some of the condensation heat during the next desorption process
will be used to achieve the necessary sensible heating of the condenser to reach the space
heating return temperature. However, by storing and using this heat, a greater amount of
condensation heat remains within the useful temperature range, thereby improving the
performance. During the pre-cooling, a 180 s transition phase occurs by extracting water
from storage at a low mass flow rate to cool down the desorber, while the mass flow rate of
the condenser remains unchanged. However, the condenser temperature levels changes,
as shown in Table 1. The results of the 180 s transition phase, as presented in Table 5 and
Figure 6, show that the pre-cooling does not conclude at the end of this period. Then, the
condenser connects to the borehole HX and cools down to the evaporator temperature by
the end of the pre-cooling process. Furthermore, the pre-cooling process causes a portion of
the previously condensed working fluid to evaporate and be adsorbed by the adsorbents,
which reduces the condenser temperature.
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Figure 6. Variation in pressure, temperature, and loading for a working pair. These data correspond
to a heating system integrating with a single-adsorber cycle GAHP operating at a 30% part-load ratio
(refer to Table 2) for a single cycle, with the maximum high-temperature source set at 90 °C.
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Figure 7. Time series of the average temperatures of the adsorber/desorber and evapora-
tor/condenser, as well as the condenser set point temperatures for the ideal extractor valve in
the supply line of the evaporator/condenser, and the activation time period of the valve during
transition mode. These data correspond to a heating system integrating with a single-adsorber
cycle GAHP operating at a 30% part-load ratio (refer to Table 2) for a cycle, with the maximum
high-temperature source set at 90 °C.
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Table 5. Desorber and condenser conditions during 180 s transition for the 30% load point according
to VDI 4650-2.

Time Point
Desorber Condenser

Temperature (°C) Pressure (Pa) Temperature (°C) Pressure (Pa)

Start 89.7 6834 35.4 5750

End 67.3 1913 16.9 1920

The coefficient of performance and power density of GAHPs must be balanced as
a trade-off [15,21,25]. As a result, the adsorption process starts with a low adsorption
rate, as indicated by the loading plot in Figure 8. This low rate is due to the extraction
water from a high-temperature layer (T1 in Figure 8), which is a compromise for effective
heat recovery. Then, inserting water from the lower-temperature layer of storage into the
adsorber increases the driving temperature between the adsorber and stratified storage,
subsequently enhancing the rate of adsorption. One observation from Figure 6 is that there
is a notable pressure drop during adsorption close to an adsorber temperature of 40 °C.
This is related to the S-shaped water adsorption isotherm of SAPO-34 and occurs at the
final adsorption step, when the drop in temperature of the fluid extracted from the storage
strongly shifts the adsorption equilibria, leading to an increase in adsorption rate (at 600 s
in Figure 8). The pronounced variation in pressure during the ideally isobaric adsorption
and desorption phases also indicates that the EC HX is undersized relative to the adsorber.
However, this is not necessarily a design flaw, since, for the single-EC module type, there
is always a trade-off between the total heat transfer and thermal mass of the EC HX [39],
making a relatively small evaporator HX a rational choice in some cases.
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Figure 8. Time series of heat transfer fluid supply and return temperatures for the adsorber, stratified
storage representative layers’ temperatures, loading, and burner power. These data correspond to a
heating system integrating with a single-adsorber cycle GAHP operating at a 30% part-load ratio
(refer to Table 2) for a cycle, with the maximum high-temperature source set at 90 °C.

During the pre-heating phase, the evaporator temperature must reach the condenser
temperature. Thus, the evaporator connects to the storage. A 180 s transition phase occurs
by extracting water from storage at a low mass flow rate to heat up the adsorber, while the
mass flow rate of the evaporator remains unchanged. However, the evaporator temperature
level changes, as shown in Table 1. The results of the 180 s transition phase, as presented
in Table 6 and Figure 6, show that pre-heating does not conclude at the end of this period.
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The pre-heating process causes some of the working fluid within the adsorbents to desorb
and flow to the evaporator, which increases the evaporator temperature to reach the space
heating return temperature, explaining why the pre-heating process is not an isosteric
process.

Table 6. Adsorber and evaporator conditions during 180 s transition for the 30% load point according
to VDI 4650-2.

Time Point
Adsorber Evaporator

Temperature (°C) Pressure (Pa) Temperature (°C) Pressure (Pa)

Start 29.8 982 7.1 1010

End 43.4 3135 26.1 3377

Figure 9 clearly shows that the heat recovery occurs during transition modes between
the evaporator and condenser in a single-adsorber cycle, which is connected to the stratified
storage tank. In the first transition mode, the condenser heat is delivered to the storage,
resulting in the bottom-layer temperatures increasing. In contrast, during the second
transition mode, cold water is delivered to the storage, resulting in a decrease in the
bottom-layer temperatures.
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Figure 9. Time series of stratified storage layers’ temperatures for layer 15 and six bottom layers and
the activation time period of the condenser set point temperatures for the ideal extractor valve in the
supply line of the EC during transition mode. These data correspond to a heating system integrating
with a single-adsorber cycle GAHP operating at a 30% part-load ratio (refer to Table 2) for a cycle,
with the maximum high-temperature source set at 90 °C.

Similar to the beginning of the adsorption process, during the desorption process,
Figure 6 shows that the desorber pressure is above the condenser’s saturation pressure,
which continues until sufficient condensation occurs to reduce the pressure in the desorber.
As the extraction index approaches the first layer with the highest temperature, the des-
orption process requires a higher water temperature to proceed effectively. Consequently,
the burner is activated and connected to the desorber, as represented by the red plot in
Figure 8. This activation results in a noticeable increase in pressure, as demonstrated in
Figure 6. The connection between the desorber and the burner remains until the desorber
outlet temperature reaches 90 °C. At this point, one cycle completes.
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When the desorber outlet temperature reaches 90 °C, the burner turns off and connects
to the stratified storage. As the burner’s metal is still hot, the temperature difference
between the burner and the storage causes a spike in power due to high conduction heat
transfer at the beginning of a cycle, as shown in the time series of the burner power in
Figure 8.

Following the module-level control strategy, if the temperature difference between
the mean adsorbent temperature and the inlet water temperature is less than 2 °C, the
extraction layer is altered. Consequently, the inlet temperature to the adsorber/desorber
changes during an adsorber cycle as shown in Figure 8. Moreover, the plot shows that
the stratified storage layer temperatures increase during adsorption, while they decrease
during desorption. It is also evident from Figure 8 that the desorption phase is significantly
shorter than the adsorption phase, which not only serves as an efficient parameter to
maximize COP and power density [40] but is also contrary to the behavior observed in the
reference GAHP [16].

The adsorber power time series within a cycle is depicted in Figure 10. It shows that the
first 180 s are associated with the transition mode from the desorption to adsorption process.
Subsequently, the adsorption process takes place. After another 180 s, a transition mode from
adsorption to the desorption process occurs, followed by the desorption process to complete
a cycle of processes. In the second plot, the extraction and insertion of water from stratified
storage into the adsorber/desorber are presented. Finally, the last plot illustrates the inlet
and outlet heat transfer fluid temperature within the EC. The closely matched inlet and outlet
water temperature at the end of each 180 s transition mode justifies the selection of a 180 s
duration for transition phases.
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Figure 10. Time series of power, supply, and return temperatures of heat transfer fluid for a module.
These data correspond to a heating system integrating with a single-adsorber cycle GAHP operating
at a 30% part-load ratio (refer to Table 2) for a single cycle, with the maximum high-temperature
source set at 90 °C.

Comparing the loading and power for representative operating points with a partial
load of 30% in Figure 8 and a partial load of 48% in Figure 11 reveals two primary outcomes.

First, the maximum loading of the adsorption process reduces, which prevents the
layers from attaining sufficient heating through the adsorption process to use in the desorp-
tion process.

Second, the burner activation period extends for high partial loads to heat the upper
section of the storage and fulfill the heating demand in the consumption section. Therefore,
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at the partial load of 48%, the storage layer 1 temperature is set to the space heating supply
temperature plus 8 to ensure that the space heating demands are met under this condition.

Since the stratified storage tank is designed to maintain conditions similar to the
reference system [15] for comparison with the single-adsorber cycle GAHP and is not sized
for hot water preparation and heating buffer functions, these outcomes lead to suboptimal
thermal stratification, with certain layers exhibiting negligible temperature variations, as
shown in Figure 12.
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Figure 11. Time series of heat transfer fluid supply and return temperatures for the adsorber, stratified
storage representative layers’ temperatures, loading, and burner power. These data correspond to a
heating system integrating with a single-adsorber cycle GAHP operating at a 48% part-load ratio
(refer to Table 2) for a cycle, with the maximum high-temperature source set at 90 °C.
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Figure 12. Stratified storage layers’ temperatures for a heating system integrating with a single-
adsorber cycle GAHP operating at a 30% part-load ratio (refer to Table 2) for a single cycle, with the
maximum high-temperature source set at 90 °C.

The entropy balance for main components of the single-adsorber cycle system is shown
in Figure 13. The highest spike in the adsorber/desorber is related to the direct burner
mode. When the desorption process finishes, the burner turns off and connects to the
storage. Therefore, the high temperature difference between the burner and storage leads
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to the high entropy generation at the beginning of the cycle, as shown in the second plot of
Figure 13. Additionally, the sources of relative irreversibility within the adsorber/desorber
are detailed in Figure 14. It reveals that the largest portion is related to “HTF-TW-AD”,
which represents heat and mass transfer inside the pipe between the heat transfer fluid
and tube wall in the adsorber/desorber. This finding aligns with Meunier’s results, which
defined this phenomenon as external thermal coupling between isothermal heat reservoirs
and temperature varying within the adsorber/desorber [41]. The second-largest portion
is “AD-EC”, denoting heat transfer between the adsorber/desorber and EC. The third-
largest portion is “HTF-TW-EC”, representing heat and mass transfer inside the pipe
between the heat transfer fluid and tube wall in the EC. Finally, the fourth-largest portion
is “WP-TW-AD”, indicating heat transfer between the working pair and tube wall in the
adsorber/desorber.
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Figure 13. Time series of entropy generation rate within module and storage, as well as transition
mode from condenser to the evaporator and vise versa. These data correspond to a heating system
integrating with a single-adsorber cycle GAHP operating at a 30% part-load ratio (refer to Table 2) for
a single cycle, with the maximum high-temperature source set at 90 °C.
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Relative Irreversibility of Single Adsorber Module

Figure 14. Relative irreversibility for distinct elements within a module. These data correspond to a
heating system integrating with a single-adsorber cycle GAHP operating at a 30% part-load ratio
(refer to Table 2) for a single cycle, with the maximum high-temperature source set at 90 °C. The
abbreviations of the entropy contributions are found in Table 4.
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3.1. Gas Utilization Efficiency Compared to Reference System

The seasonal gas utilization efficiency (SGUE) of a heating system integrated with a
single-adsorber cycle GAHP and stratified storage has been computed according to two
distinct standards, DIN EN 12309-6 [34] and VDI 4650-2 [17], based on the net calorific
value (NCV). The results are then compared with the SGUE of a heating system integrated
with the dual-adsorber cycle GAHP and hydraulic separator (reference system) in Figure 15.
The variation in SGUE values for the same heating system, assessed under VDI 4650 2 [17]
and DIN EN 12309-6 [34], can be attributed to the distinctive calculation methodologies em-
ployed in these two standards. VDI 4650 2 [17] considers five points, excluding 100% from
Table 2, and computes the harmonic mean value based on these five points. Conversely,
DIN EN 12309-6 incorporates six points and determines efficiency through a weighted av-
erage, including 100%. Consequently, VDI 4650 2 [17] tends to predict SGUE optimistically,
while DIN EN 12309-6 [34] tends to predict it pessimistically. This divergence in prediction
methods between the two standards is also documented in the reference system assessment
for the dual-adsorber cycle GAHP [16]. The observed differences arise from variations
in the weighting or selection of different partial load points. Specifically, the weather
data utilized for the Potsdam site result in a greater number of operating hours at lower
part-load points in VDI 4650 2 [17] compared to what is assumed in DIN EN 12309-6 [34].
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Figure 15. Comparison of the seasonal gas utilization efficiency of a heating system with a single- and
dual-adsorber cycle GAHP, assessed by two standards: VDI 4650-2 [17] and DIN EN 12309-6 [34].

Sensitivity Analysis: Desorption Temperature and Flow Rate

The sensitivity analysis of the single-adsorber cycle GAHP consists of two parts. Firstly,
the alteration of the high-temperature source from 90 °C to 110 °C, and secondly, doubling
the mass flow rate of the burner and adsorber while keeping the high-temperature source
at 90 °C. Figure 16 provides the results of the gas utilization efficiency for each part-load
ratio mentioned in Table 2 for VDI 4650-2 [17].
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Figure 16. Gas utilization efficiency of a heating system: sensitivity analysis with heat production
involving a single- and dual-adsorber cycle GAHP, and heat consumption is based on representative
operating points specified in the VDI 4650-2 standard [17]. The reference system high temperature
is 90 °C.

3.2. Seasonal Gas Utilization Efficiency

Figure 17 illustrates the SGUE in a heating system integrated with a single-adsorber
cycle GAHP and stratified storage under three different sensitivity analyses, comparing
it with the reference system including a dual-adsorber cycle [16]. The results indicate
that doubling the mass flow rate in the burner and adsorber leads to a higher SGUE than
the validated model. This improvement is primarily attributed to the increase in gas
utilization efficiency by 11.3% for the 13% part-load ratio and 7.3% for the 48% part-load
ratio, while decreasing by 3% for the 39% part-load ratio in Figure 16. This shows that there
is still room for optimizing mass flow controls and fully utilizing this degree of freedom in
storage-integrated single-adsorber cycles.

3.3. Remarks on Scalability and Adaptability of System

The degrees of freedom of the storage-coupled single-adsorber cycle with regard
to adsorber and EC mass flows as well as storage layer switching rules should make it
highly adaptable to different operating conditions and/or adsorber properties or even
working pairs. However, there is not yet a systematic understanding of how to design
the system controls to make the best use of these degrees of freedom. Tuning the controls
for this system involved some trial and error, and we would very much welcome further
work of control experts on this system. Regarding the chosen heating supply design
temperature of 55 °C, it should be relevant to a significant fraction of buildings in many
countries where similar types of radiators are employed and similar building insulation
standards are applied as in Germany. The VDI 4650-2 and DIN EN 12309-6 rules provide a
suitable framework for a relatively simple prediction of seasonal gas utilization efficiencies,
although deviations from the results of full annual simulations can be significant [16].

Scaling to different powers for larger or smaller buildings should be relatively straight-
forward. When the storage size is scaled with the nominal heating power, storage size
might become the limiting factor for finding installation space at higher heating powers.
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Figure 17. Seasonal gas utilization efficiency of a heating system: sensitivity analysis with heat
production involving a single-adsorber cycle GAHP and heat consumption based on representative
operating points specified in the VDI 4650-2 standard [17].

4. Summary and Conclusions

A simulation study was conducted in this research. The simulated heating system
includes a single-adsorber cycle GAHP with a borehole HX as a low-temperature heat
source and a burner as a high-temperature heat source, with space heating in a stock
multifamily residential building as the only heat sink. A stratified storage tank is tightly
integrated into the adsorption cycle, and an innovative coupling of both the adsorber and
the evaporator/condenser HX to the stratified storage enables heat recovery from both
heat exchangers within the cycle. The storage is modeled here by a simplified plug-flow
model without a specific mixing model, and this model is parameterized with 30 layers in
order to obtain a well-stratified storage for a study of the technical potential of the system
(without effects from poor stratification). Accordingly, the fluid extraction valves and
stratification devices for fluid reinsertion into the storage are assumed as ideal. A layered
control strategy is presented and shown to achieve the desired sensible heat recovery
between the evaporation and condensation phases A comparison with a reference system
with a dual-adsorber cycle GAHP [16] reveals the flexibility of the single-adsorber cycle:
the adsorber mass flow rate has a degree of freedom in this system (due to the decoupling
from the sink mass flow enabled by the storage). Increasing the mass flow has been shown
to increase system performance under some load conditions. The overall performance of
the system (in terms of the SGUE) is very similar to the dual-adsorber reference system.

Future work should focus on further improving the control strategy, making good
use of the flexibility enabled by the storage integration, e.g., through intra-cycle mass
flow variation. Both experimental and simulation work on stratification and mixing in the
storage under more realistic conditions are still needed. The system’s flexibility could be
utilized to an even higher degree if the adsorber and/or evaporator/condenser cycle were
adapted to the operating conditions: the hardware required for this system would also
allow for running modified cycles like a “double lift” or “enhanced efficiency” cycle [42].
These are essentially branched cycles that contain more than the four basic phases (isosteric
and isobaric) described here.

Additional uses for the stratified storage should be explored, e.g., by integrating a
domestic hot water (DHW) heat exchanger into the storage and analyzing the combined
performance for space heating and DHW.
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Abbreviations

GAHP Gas Adsorption Heat Pump
SAPO − 34 Zeo-type Silico Alumino Phosphate adsorbent
ADHX Adsorber/Desorber Heat Exchanger
P Pump
V Valve
HTS High-Temperature Source
MTS Medium-Temperature Sink
LTS Low-Temperature Source
HX Heat Exchanger
HDS Heat Distribution System
DHW Domestic Hot Water
HT High Temperature
MT Medium Temperature
LT Low Temperature
BRN Burner
BHX Borehole Heat Exchanger
ṁ Mass Flow Rate [kg/s]
T Temperature [°C]
t time [s]
dS
dt Entropy Change Rate [J/K·s]
gen generation
s Specific Entropy [J/kg·K]
dE
dt Energy Change Rate [W]
CV Control Volume
Q̇ Net Energy Transfer Rate by Heat [W]
ENV Environment
R Heat Transfer Resistance [K/W]
HTF Heat Transfer Fluid
h Specific Enthalpy [J/kg]
EC Evaporator/Condenser
in inlet
out outlet
avg average
w f Working Fluid
hads Specific Adsorption Enthalpy [J/kg]
RI Relative Irreversibility [-]
tot total
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