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Electricity demand flexibility performance of a sorption-assisted water storage on
building heating

Yongbao Chen'? Aditya Desai?, Ferdinand Schmidt?, and Peng Xu™*
'School of Mechanical and Energy Engineering, Tongji University, Shanghai, 201804, China
?Institute of Fluid Machinery, Karlsruhe Institute of Technology, Karlsruhe, 76131, Germany

Abstract: The energy performance and energy flexibility potential of a sorption-assisted water
storage (SAWS) for a medium-scale residential building with eight apartments under the climatic
condition of Potsdam, Germany were investigated. The SAWS system consists of a stratified
water storage coupled to an adsorption heat pump (AHP). The driving heat source for the AHP
was modeled as an ideal heater, which can be interpreted as an electric heater to serve as an off-
peak storage heating system. Five representative partial heating loads of a building were
investigated. Recharging situations of 2 h, 4 h, and 8 h with.an interval of 2 h heater switching
off were considered. Transient simulation results show that the 2 h heater switch off is feasible
and does not significantly reduce the occupants’ thermal comfort in the four low heating load
cases. However, for the highest heating load case, the load cannot be completely met. An
average heating coefficient of performance of 1.33 for all the five load cases is achieved.
Additionally, under the simple control scheme considered here, this SAWS system achieves high
electricity flexibility by controlling the heater switch on and off schedule for a demand response
program.

Key words: Adsorption heat pump; Demand response; Energy flexibility; Heating performance;
Stratified storage water tank

Nomenclature

Cp Specific heat capacity zones Number of temperature zones
(extraction)
Hcooler The ratio of cooler flow inlet and tank AT Temperature differential (°C)
height
Hheater The ratio of heater flow inlet and tank p Density (kg/m®)
height
Mcooler Mass flow through cooler side (kg/s)
Mcond Mass flow through condenser side (kg/s)  Abbreviations
Mevap Mass flow through evaporator side (kg/s) AHP Adsorption heat pump
Mrad Mass flow through building heating DR Demand response
system (Mrad = Mcong + Mcooler) (kg/S)
Mays System mass flow from storage tank to F Energy flexibility
adsorber (kg/s)
Qesrrer  Unit effective storage density of normal HTHP High-temperature vapor
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system (KWh/m®) compression heat pump

derr,saws Unit effective storage density of SAWS P Power (kW)
system (kWh/m®)

Taifr Temperature switching setting between SSWT Stratified storage water tank
two extraction rings (°C)

Treturn Return water temperature from building SAWS Sorption-assisted water
heating system (°C) storage

Tsupply Supply water temperature to building TES Thermal energy storage

heating system (°C)

1 Introduction

The progress in solar and wind power generation technologies in recent years has opened up
a transformation path for energy systems along which the share of variable renewable energy
(VRE) in the power grids is increasing rapidly, while the learning curves of these technologies
are quickly decreasing the generation costs [1, 2]. Integration of this increasing share of VRE
into energy systems is a major challenge for the next decades. Renewable power curtailment due
to insufficient grid capacity is already becoming a significant problem in some regions, e.g., in
northern China [3] and in Germany [4]. Besides grid extension, electricity storage is one option
to be developed, as well as conversion of power to heat [5, 6] and increasing power demand
flexibility through demand response (DR) measures [7].

For the building sector in heating-dominated climatic zones of the world, the two key
challenges of energy transformation are heating demand reduction through improvement of
building skins and de-carbonization of heating systems [8]. In most energy transformation
scenarios, electric heat pumps with vapor compression cycle come out as the dominant heating
technology for the target system. Several studies have analyzed the effects of increased
utilization of heat pumps with thermal storage on grid integration of VRE. Hedegaard et al. [9]
found in their simulation study for single-family houses in Denmark that combining heat pumps
with “passive heat storage” in the building mass by allowing temperature variations within the
comfort range provides a significant and cost-effective way of improving grid integration of
wind power. Additional integration of water storage tanks was found to provide additional
flexibility[9]. A more recent review by Fischer and Madani [13] reported similar results from a
range of different studies and points out that heat pump/thermal storage systems have the
additional benefit of reducing the need for backup power.

Typical vapor compression heat pumps for buildings can only use a limited temperature
range of a hot water storage. The energy density of the storage can be increased significantly if
the temperature range of the storage cycle can be extended. This requires adapted heat pump
cycles like transcritical or cascading cycles, which we do not analyze any further in this
contribution. Inevitably, heating a hot water storage to temperatures higher than required for
heating the building will require a higher temperature lift of the compression heat pump and thus
lower its efficiency (compared to direct heating without storage). The idea of the sorption-
assisted water storage (SAWS) is to utilize an adsorption heat pump (AHP) to achieve an



efficiency gain during the discharging of the storage and thus to compensate the efficiency loss
during the charging phase.

Research on AHPs and chillers has aimed at improving the coefficient of performance (COP)
and specific power output. In order to achieve this, one key research area is on new materials for
AHPs. Adsorbents, which have been tailored for specific applications, particularly dealuminated
zeolites [14], substituted aluminophosphates, composite “salt in porous host matrices,” and
metal-organic frameworks[15, 16]. The direct crystallization of SAPO-34 has also been studied
by Bonaccorsi et al. [17], where the use of graphite foams as substrate showed a higher thermal
conductivity compared to aluminum foams. Rivero-Pacho et al. [18] studied adsorption modules
with three alternative activated carbon composites using ammonia as working fluid.

Another key research direction in this area has been the improvement of the heat and mass
transfer in adsorber heat exchangers. Different methods for applying the adsorbent to the metal
surface of the heat exchanger, including various coating technologies and their characterization,
have been discussed in[19, 20]. One promising approach is the direct in situ crystallization
method described by Bauer et al. [21]. A scaled eZea module, from Fahrenheit GmbH (formerly
SorTech AG), where the same coating method is applied to a fin-and-tube heat exchanger, was
used as the AHP in the current work, as a dynamic model for this type was readily available.
This approach has been further investigated by Wittstadt et al. [22, 23] in a novel adsorption
module, which uses a composite of sintered aluminum fibers with an in situ crystallized coating
of silico-aluminophosphate (SAPO-34). A heating COP of 1.4 without heat recovery and a
volume specific power of 320 W/L was demonstrated using this adsorption module.

Apart from the development of improving energy performance, energy flexibility is also one
aspect that should be considered in the future. Buildings account for a large proportion of
electrical demand, particularly for heating, ventilation, and air conditioning (HVAC) systems.
Using well-designed thermal storage HVAC systems can shift electric demands from peak load
time to peak-valley time and provide energy flexibility for building load management and DR
programs. Energy system with flexibility is a promising way of balancing the electricity supply
and demand side in the electricity market recently, especially that a large proportion of
renewable energy, such as solar energy and wind power, is pouring into the grid [24]. Coupling
the electricity and heat with energy storage was introduced in many studies. Felten and Weber
[25] proposed a coupled building and heat pump with a storage tank system to investigate energy
flexibility. A power-to-heat system has been studied as a flexibility resource in [26].

While systems with AHP often also contain a hot water storage, that storage is normally not
being used as a driving heat source for the AHP. For adsorption chillers (ACH), however, a
configuration in which a hot water storage driving the ACH is quite common, e.g. in combined
heating, cooling and power (CHCP) systems [27]. In our SAWS system, the hot water tank is
being operated as a stratified storage for a thermodynamically improved coupling to the
adsorption cycle, as detailed by Schwamberger and Schmidt[28] . The stratified storage water
tank (SSWT) features multiple water inlets/outlets (rings) at different heights of the tank so that
the released heat from adsorption half cycle can be stored at different temperature levels. One
objective of this study is to improve the SAWS energy efficiency on a real building application



by optimizing the system parameters, which include system mass flow, ring temperature
differential, zone number, position height of heater and cooler, and condenser and cooler mass
flow. Another objective is to investigate the energy flexibility potential of this SAWS system in a
DR context. The remainder of this paper is organized as follows. In Section 2, we describe the
SAWS system. In Section 3, the definition of energy flexibility and COP are presented. In
Section 4, we introduce the SAWS system model. In Section 5, the simulation scenarios are
described. In Section 6, we provide the corresponding results and discussions. In Section 7, we
present our main conclusions.

2 SAWS system description

The SAWS system consisting of a stratified hot water storage coupled to an AHP is
considered here for larger buildings (multi-family residential ‘as well as non-residential
buildings). Initial results on the storage discharging behavior of such-a system were reported by
Schwamberger and Schmidt [28] and by Li et al. [29]. The SAWS system provides two key
benefits compared to a standard water storage tank coupled to a vapor compression heat pump.
First, the heat stored in the SAWS tank at a temperature higher than currently required by the
heating system is utilized via the AHP, thus adding ambient heat to the useful heat and
increasing system efficiency. When the SAWS tank is charged by a high-temperature vapor
compression heat pump (HTHP), the usable temperature range of the sensible storage is larger
than when using a standard heat pump and tank, which in combination with the sorption effect
can lead to a considerable increase in the effective energy density of the storage. For example, if
the minimal usable heating temperature is 30 °C and the standard heat pump can charge the
storage up to 60 °C in a normal system, the usable temperature spread is 30 °C and the effective
energy density per volume of stored water is

kWh

m3

1)

For SAWS with an.assumed maximum HTHP charging temperature of 100 °C and a 1.2 average
COP of the AHP during storage discharge, the effective storage density of SAWS is

Qeffrer = Cp P ATrer = 35

kWh

m3

)

In this.example, the effective storage density of SAWS is higher by a factor of 2.4, which in
many use cases means a similar increase in the installable storage capacity, considering the usual
space limitations of existing boiler rooms in the building stock. The storage charging COP of the
HTHP will of course be considerably lower than that of the standard heat pump, but the
discharging COP of SAWS narrows this performance gap. The second of the abovementioned
SAWS benefits is that the “sorption assist” works with any heat source used to charge the storage.
If, for example, a gas burner is used as a backup/peak load heater with the HTHP, the system can
work as a gas heat pump and make use of the ambient heat source independently of its operating
mode. In this initial study regarding the demand flexibility provided by the SAWS system, we
consider only an ideal heater in our model, which could later be replaced by an HTHP model or a

eff,saws = Cp " P * ATsaws - COPdischarge ~ 84



hybrid heating system model. Here, a simple heating rod (electrical resistance heater) can be
used as a heater.

To improve the COP of SAWS, the Institute of Fluid Machinery of Karlsruhe Institute of
Technology has been researching the heat recovery of AHP systems, with a particular focus on
the Stratisorp system in which the AHP is coupled to an SSWT for internal heat recovery
between the adsorption and desorption half cycles [28, 30, 31]. As commonly known, the AHP
operates in periodic cycles, which include adsorption and desorption half cycles. In the
adsorption half cycle, the refrigerant (adsorbate) vaporizes in the evaporator adsorbing heat from
the low-temperature heat source. Thus, the heat pumping effect from the low-temperature heat
source to the temperature for usable heat is achieved. The adsorber is then regenerated by
connecting it to an external heat source at a higher temperature. In the desorption half cycle,
adsorbate vapor is driven out from the adsorbent and is condensed in the condenser, where more
usable heat is released. The SSWT in the Stratisorp system allows storing the heat released
during the adsorption half cycle, which can reduce the external-heat required during the
desorption half cycle.

In this study, this system called SAWS is considered. Similar systems have also been
studied earlier [28, 29, 32]. A sketch of this proposed system is shown in Fig. 1. The system
consists of an AHP module, a stratified storage tank, electricity heater, building module and
ground heat source module. The AHP module contains an adsorber and another heat exchanger,
which operate alternately as evaporator and condenser, enclosed in a vacuum chamber and an
SSWT. The SSWT can be charged using an external heat source (electric heater). Because
electricity DR is considered in this study, an electric heater is used as the heat source. However,
it can also be replaced by any other energy sources, such as solar energy, industrial waste heat, or
a compression heat pump. The ' SAWS system can provide heating continuously by extracting
heat directly from the lower part of the SSWT during the entire cycle. The detailed configuration
of SSWT can be seen in'Fig. 2. The building heating system thus serves as a cooler for the
SSWT. During the desorption half cycle, the condenser of the AHP is also connected to the
building heating system. The adsorber of the AHP is connected to the SSWT and is
cooled/heated during the adsorption/desorption half cycle, respectively. The AHP extracts heat at
a low temperature for the evaporator from the ground using a borehole heat exchanger.
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Fig. 1 Sketch of SAWS system for building heating

3 Energy demand flexibility and COP definition

As heat is extracted from the storage tank during the desorption half cycle and part of that
heat is recovered by the storage tank during the adsorption half cycle, real-time heating COP is
not applicable for AHP, and usually the COP is given as a cycle average. While there are some
special conditions existing, one is called stationary cycle that means the amount of stored energy
in tank keeps constant at the beginning of each cycle, the other is the heater closed condition so
that the stored energy in the tank is used to drive the AHP. Thus, the heating COP of each cycle
is proposed and calculated using Eq. 3.

Qcondenser,cycle + Qcooler,cycle
COPh,cycle (3)
Qheater,cycle - AQtank,cycle

Where Qpeqter cycle 1S the heat from electric heater side of each cycle, AQ¢ank cycie IS the heat
variation of each cycle of the storage tank, Qcongenser cycie A Qcooler,cycie are the heat supply

for heating by the condenser and cooler sides of each cycle, respectively. For stationary SAWS
cycles, AQ¢ank cycie 1S Zero. Inthe case of electric heater switch off cycles, Qneqtercycie 1 Z€r0.

In real applications, usually, the dynamic electricity price, DR event triggering, and
duration time are difficult to predict in advance. Thus, a common grid peak period, a duration
time of DR event (e.g., 2 h), and thermal capacity of the storage tank are considered in this study.
Eq. 4 shows the heater switch on and off schedule for one day.
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The SSWT can be charged using peak-valley or lower price electricity, while discharging
during peak electric load or high electricity price time. The SSWT works as a heat buffer so that
the SAWS system can provide energy flexibility F (W), which is defined in Eqg. 5. The energy
flexibility is described in the power system as the ability to cost-effectively and continuously
balance electricity supply and demand, while simultaneously maintaining acceptable service
quality to connected loads [33]. The common nomenclatures are delayed load, forced load and so
on. More information about the definition of energy flexibility can be found in our previous
research [34].

F(t) = Pacruar (t) — Pref(t) ®)

where P,.,.q: 1S the actual heater power when the heater switch on‘and off schedule is executed.
P, is the reference heater power when the heater works with no interruption condition. The
maximum available (potential) flexibility is equal to the.maximum heater power. Normally,
during the peak-valley and lower price electricity time, the tank could be forced to fully charge
to increase energy consumption, which is characterized as positive flexibility. During the peak
load and high price electricity time, the tank stops charging to decrease energy consumption,
which means that the flexibility is negative by this time.

4 SAWS system modeling

The SAWS modeling includes the two main parts: AHP and SSWT. The model for the
AHP describes the heat and ‘mass _transfer in its various parts. The evaporator/condenser is
modeled by a single temperature node. On the other hand, the adsorber is discretized in one
dimension along the flow direction of the heat transfer fluid (here, water). The vapor transport in
and out of the adsorber is described using a linear driving force model. The SSWT is also
discretized in one dimension along its height, as illustrated in detail in Fig. 2. The forced
convection caused by the water flowing into/from the adsorber, heater, and cooler is modeled as
a fractional plug flow, while the natural convection and conduction between neighboring tank
nodes are modeled using an amplified thermal conductivity of the water above its natural value.
The component and system models are implemented in MATLAB®. A detailed description of the
model can be found in the Ph.D. thesis and a conference paper of Schwamberger [30, 35].

The SSWT is fitted with water distribution rings at different heights, which can be used to
extract water from the tank or return it back into the tank, as shown in Fig. 2. This system has
been investigated in previous experimental studies [29, 31]. The adsorber can be connected to
different rings during the cycle, which allows the internal heat recovery of the AHP to be
controlled. In the desorption half cycle, the adsorber is heated, i.e., water is extracted from the
SSWT, pumped through the adsorber, and reintroduced at a ring lower than the extraction level.
This process starts at the bottom of the tank and continues into successively higher rings until the
top of the storage tank is reached. The rings for extraction are chosen such that a minimum



temperature differential (Tqi) between the water inlet and outlet temperatures is always
maintained. This process continues until water is being extracted from the uppermost ring and
the temperature difference between the inlet and outlet is less than a critical value (Tgiff, min) When
the extraction and introduction levels are switched and the adsorption half cycle begins. The
operational process for the adsorption half cycle is similar, with water being initially extracted
near the top of the tank and then from successively lower rings.
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Fig. 2 Operational process sketch of SSWT

In order to meet the heating demand for the building case considered here, a fictitious
“scaled” version of the eZea module from Fahrenheit GmbH was used as the AHP. The working
pair for the AHP is water/SAPO-34, and the adsorber technology is based on consumptive
crystallization of the adsorbent on its support [36]. The volume of the storage tank is 2.25 m?
according to the results of the energy performance in our previous experiment [29]. To avoid the
high cost in_pressure vessels, the maximum temperature in the storage and the maximum
regeneration temperature was chosen as 100 °C. The undisturbed ground temperature for the
building location is 9.54 °C. All the main parameter settings for the simulation are listed in Table
1 in the Appendix.

5 Simulation

5.1 Case building description

The case building is located in Potsdam, Northern Germany, and there are eight apartments
in this building. Normally, there is no cooling demand for the whole year. The temperature is
below —10 °C in the coldest winter; therefore, a ground heat source is considered. Fig. 3 shows
the ambient temperature and air-conditioning heating demand of this building case.
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Fig. 3 Ambient temperature and air-conditioning heating demand of building case

The calculation of the energy heating efficiency of thermally driven heat pumps is based
on the standard efficiency of modulating condensing boilers according to DIN 4650. It is
determined from five representative part-load points, each of which represents one-fifth of the
annual heating demand. The average annual gas utilization efficiency can thus be calculated by
simply averaging the partial loads at 27%, 44%, 53%, 61%, and 72% of the full load,
respectively. In a similar way, the standard energy performance of the AHP is determined by
these five part-load outputs corresponding to the related heating demand. Fig. 4 shows the load
duration curve and the five related heating demand part loads of this building case. Every area is
equivalent, and the numbers on the top of different areas are the average heating demand of each
of the five parts. These five average heating demand part loads are 34.5 kW, 29.3 kW, 25.7 kW,
21.2 kW, and 13.0 kW corresponding to relative output ratios of 72%, 61%, 53%, 44%, and 27%

of the AHP system, respectively. Hereafter, we designate these five part loads as 72% _P, 61% P,
53%_P, 44% P, and 27%_P.



50 " 1 " 1 " 1 " 1

N w B
o o o
1 1 1

Heating demand load (kW)

[EnY
o
1

T T T T T
0 2000 4000 6000
Time (h)
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The designed water supply and return temperatures of the AHP system are 45 °C and 35 °C,
respectively. The supply and return temperatures of the different power output loads are listed in
Table 1. The hourly heating demand and ambient temperature that satisfy the 72%_P situation
are shown in Fig. 5. It can be observed that the heating load demand in the night is higher than in
daylight.

Table 1 Supply and return temperatures of different part-load outputs

Power output ratio (%) Supply temperature (°C) Return temperature (°C)
27 27.1 24.4
44 31.3 26.9
53 33.6 28.2
61 35.4 29.3
72 38.1 30.9

100 45.0 35.0
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5.2 Simulation scenarios

Table 2 shows the parameter settings for the different parameters optimization scenarios.
Table 3 shows the main parameter setting information for different representative loads. More
detailed information on the parameter setting is provided in Table 1 of the Appendix. Note that
the real building heating demand-is fluctuating in one day (see Fig. 5), while we only export
enough average heating power from the proposed system as the heating supply for each five part
loads (see Fig. 4), which was calculated according to the method in VDI 4650. Actually, it is
possible to meet the real-time heating demand by changing Mcong and Heooler in the real

application.

Table 2 Main parameter setting information for different parameters optimization scenarios

Scenarios Objective parameter range Other parameter setting
Scenario 1 Msgys (2.0-3.5 kg/s)
Msys = 2.4 kg/s
Scenario 2 T it (2—8 OC) Taix =5 °C
Zones = 6
Scenario 3 Zones (2-14) Hheater = 0.6
Hcooler = 0.4
Scenario 4 Hheater (0.5-0.8) Mcong = 0.6 kg/s
Tretwrn = 30.9 °C
Scenario 5 Hcooler (0.2-0.5)




Scenario 6 Meong (0.1-1.145)

Table 3 Main parameters setting information for representative loads

Representative load Main parameter setting

parts
Msgys = 3.0 kg/s
Tdiff =5°C
0
Treturn = 309 OC
Mgys = 2.1 kg/s
Tdif-f =5°C
0
61%_P Mcond = 1.145 kg/s
Treturn = 293 OC
Mgys = 1.7 kg/s
Tdiff =4 °C
0
53%_P Meong = 1:145 Kg/s
Treturn = 282 OC
Msys = 1.3 kg/s
Tdiff =4°C
0
44%_P Meond = 1.145 ks
Treturn = 26.9 °C
Mgys = 0.7 kg/s
27%_P Tairt =3 °C

Mcond = 1.145 kg/S
Treturn = 24.4 °C

6 Results and discussions

6.1 Effects of factors on SAWS energy performance

In_this section, we present the investigation of suitable system parameter settings and the
energy performance of the case building. The aim is to select some system parameter settings,
which are kept constant throughout the subsequent simulations to meet the required load at a
high energy performance. In order to investigate the optimal parameter setting in this condition,
the 72%_P case is investigated. Noticeably, the electric heater switches off is not considered for
all scenarios in this section. The simulation time lasts for 24 h including cycles of up to 150.
Avoiding the initial conditional parameter setting in all cases, such as the initial tank temperature,
the simulation results are taken from the state when the system is not affected by the initial
setting anymore. The main parameter settings in different cases are presented in Table 2. The
heating power, heating COP, and Tsyppiy Shown in the next figures are the average values during



the whole simulation day. As a typical feature of the “Stratisorp” cycle, the zones, Hpeater, and
Hcooler Will be fixed once they are determined.

6.1.1 Scenario 1: Mgy effect on heating performance

Msys is the mass flow from the storage tank to the adsorber and return. The effect of Mgy on
the SAWS heating performance at 72%_P is shown in Fig. 6. It can be observed that-as Msys
increases, the supply heating power and Tsypply also increase, while the heating COP' decreases.
For the 72%_P case, the daily mean demand heating power is 34.5 kW and the supply water
temperature Tgyppiy IS 35.9 °C (refer to Fig. 2 and Table 1).
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Fig. 6 Effect of Mg on SAWS system heating performance at 72%_P load

6.1.2 Scenario 2: Ty effect on heating performance

Tairr IS the minimum water temperature difference between the water inlet and outlet of one
temperature zone at the time of switching the extraction/introduction height (see Fig. 2). The
effect of Tgir on heating performance is shown in Fig. 7. It can be observed that as Tg increases,
the Tsupply and heating power increase, while the heating COP decreases. According to the 72%_P
conditions, Tgir Should be higher than 4.0 °C. In addition, when Ty is higher than 4 °C, the curve
gradient of heating power and Tsyppiy i nearly flat, which denotes that the increase in Tgi could
only improve the heating power slightly.
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6.1.3 Scenario 3: zone effect on heating performance

The effect of the number of zones of SSWT on the heating performance is shown in Fig. 8.
It can be observed that as the number of zones increases, the Tsyppy and heating power decrease,
while the heating COP increases. The number of zones should be smaller than six to meet the
heating demand, while a larger number of zones result in a higher heating COP. In our transient
simulation case, when the number of zones is larger than eight, the curve gradient of the heating
COP, heating power, and supply temperature are flat, which means that increasing the number of
zones can only improve the heating COP slightly. For real applications, the larger the number of
zones, the higher the complexity and the cost of the SAWS system. Therefore, less than eight
zones should be considered. In this study, the number of zones was set as six for all other cases.
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Fig. 8 Effect of number of zones of SSWT on heating performance at 72% _P load
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6.1.4 Scenario 4: Hcooler and Hieater €ffect on heating performance

Hcooler @aNd Hieater are the water extraction positions on the SSWT of cooler and electric
heater respectively. Here, using the ratio of water extraction height and storage height as the
position index, Hpeater increased from 0.5 to 0.8 (Hcooler = 0.4) and Hcooler increased from 0.2 to
0.5 (Hheater = 0.4). The effect of Hyeaer ON heating performance is shown in Fig. 9. It can be
observed that when Hpeager IS Within the range of 0.65-0.80, as the Hpeater increases, the gradient
of heating COP, heating power, and Tsyppiy Ccurves are flat. In the real building case, a lower
Hheater Will sacrifice the heating COP. In this study, a heater extraction height of 60% of the tank

height was selected for all succeeding analysis (i.e., Hneater iS 0.6).
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Fig. 9 Effect of Hneaer Of SSWT on heating performance at 72% _P load

At Hcooler Side, heated water is extracted from the SSWT for heating demand directly. The
effect of Heooler ON heating performance is shown in Fig. 10. It can be observed that the heating
COP is higher at lower Heooler. This is'because a lower Heoorer Will extract less heat from the tank
for direct heating, and a large amount of heat in the upper-temperature zones can be used to drive
the adsorber for higher energy performance. In this study, a cooler extraction height of 40% of
the tank height was selected for all succeeding analysis (i.e., Heooler = 0.4). Although Hecooler 1S
fixed during specific cases, it is an interesting open topic if the Hcooler is changeable (or unfixed)
with multiport valves-in real applications. In the unfixed Hcooler Case, although the heating COP
might be decreased, more heat at the top of storage tank can be used directly when there is not
enough heat to drive the adsorber, which means that the storage tank can provide a longer heater
switch off interval to realize more energy flexibility, while the recharging time would be longer
if the heat in tank is exhausted deeply. We can observe from Fig. 14 that there is still a lot of heat
at the top of the tank for direct heating.
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6.1.5 Scenario 5: Mcong @and Mcooler €ffect on heating performance

The total mass flow (M;aq) of cooler and condenser is kept constant according to DIN 4650
in the entire simulation time for all subsequent load cases. Mg is calculated using Eq. (6). In the
adsorption half cycle, Mcong IS Zero and Mcooler IS €qual to Myqg; in the desorption half cycle, Miaq
is the total flow at the cooler and condenser side.

Mrad = Pdesign/(cp * (Tsupply—design - Treturn—design)) (6)
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Fig. 11 Effect of Mcong O condenser on heating performance at 72%_P load

The effect of Mcong 0f condenser on the heating performance is shown in Fig. 11. It can be
observed that increasing Mcong Will increase the heating power, but the heating COP does not
change much when Mcong is over 0.4.

6.2 System performance of representative five part load cases

To achieve a higher heating COP and still meet the heating demand for each of the five part
loads, we examined the results of these five part loads. As mentioned at Section 6.1, the number
of zones, Hheater, and Heooler Were fixed, whereas Mgys, Mcong, and Tgir were varied with different
heating demand cases. Compared to the cases in Section 6.1, the electric heater in Section 6.2
was switched off according to the heater operational schedule (Eg. 4). The main parameter
setting for different representative loads is showed in Table 3. The energy performance results of
the five part loads for one day are shown in Fig. 12. All the values shown in Fig. 12 are the
average for one day. In our simulation control process, we used one and the same chamber as the
evaporator and condenser during the adsorption and desorption half cycles (see Fig. 1),
respectively. As the same heat exchanger is used alternatingly as an evaporator and condenser,
the evaporator has to be cooled at the beginning of the adsorption half-cycle from the medium
temperature to the low temperature level. After this cooling-down phase, the evaporator can
absorb heat from the ground source. In cases where the heat from the storage is not sufficient for
the desorption process, only a small amount of working fluid (water) is evaporated during the
adsorption half-cycle. In this case, the amount of heat released to the ground to cool the
evaporator is larger than the amount of heat extracted from it for evaporation. Thus, some cycles’
heating COPs are lower than 1 at the end of the heater switch off interval in the 72% P case.



For the 72% _P case, Fig. 12(a) shows that the mean heating power is 34.59 kW and the
mean heating COP is 1.16. We can observe that the heating COP decreases drastically after
several cycles when the heater is switched off, while the heating power decreases immediately
when the heater is switched off. We have three switch off intervals in one day, and every interval
lasts for 2 h (see Eq. 4). At the first switch off interval, the heating COP decreases from 1.20 to
0.99 and the heating power decreases from 37.52 kW to 23.91 kW. At the second switch off
interval, the heating COP declines to 0.88 because of switching off the heater again after 2 h of
recharging. At the last switch off interval, the heating COP decreases from 1.20 to 0.96. We can
conclude that a 2 h heater recharging (i.e., 10:00-12:00) is inadequate to recover the storage tank.
Although a 4 h heater recharging (i.e., 14:00-18:00) is enough to recover the heating COP, the
heating power is not enough, and the heating COPs during all switch off intervals are low. Thus,
a 2 h heater switch off is not recommended for high load demands such as over 72% _P case.

For the 61%_P case, Fig. 12(b) shows that the heating power and COP decrease when the
heater is switched off. The mean heating power is 31.18 kW, and the . mean heating COP is 1.31.
We can observe that the heating power decreases from 35.17 kW to 22.24 kW during the heater
first switch off interval, meanwhile, the heating COP declines from 1.32 to 1.22, which is
acceptable. At the second switch off interval, the heating COP declines from 1.32 to 1.05 and the
heating power declines to 18.21 kW, which are unacceptable. At the last interval, the heating
power and COP decrease to 18.75 kW and 1.13 respectively, which are still unsatisfactory. We
can conclude that the 4 h recharging is not enough to recover the storage tank. The storage tank
will be recovered, however, after more than 4 h of recharging (such as 8 h during night
recharging). Although the heating COPs are higher than 1 for all cycles and there are fewer
cycles being degraded compared to the 72% _P case, the recharging time of less than 4 h between
two heater switch off intervals is a poor strategy.

For the 53%_P case, Fig. 12(c) shows that the mean heating power is 27.12 kW and the
mean heating COP is 1.37. This figure shows that the heating power slightly falls at the first and
last heater switch off intervals. At the second heater switch off interval, the heating power
declines from 26.78 kW to 18.15 kW, and heating COP declines from 1.37 to 1.18. Compared to
the second interval, the lowest heating COP and heating power at the last interval are
significantly improved to 1.26 and 21.4 kW respectively. Thus, the 4 h recharging is enough to
recover the storage tank in this case.

To investigate the adsorption process in the adsorber chamber during the heater switch off
intervals, the water loading on the adsorbent is shown in Fig. 13. We examine the water loading
state of 53% P case, which includes approximately 13 cycles during the first and second
intervals. At the first interval (approximately six cycles), the adsorbate (water) desorbs mostly
during the desorption half cycles, which means that the regenerated adsorbent (SAPO-34) has
less adsorbate residual after the desorption process. At the 6™ cycle of the first switch off interval,
the adsorbate mass decreases from 0.29 kg/kg to 0.05 kg/kg, and the heating COP of 1.38 is still
higher than the mean value of 1.37. At the second interval (approximately seven cycles), the
regenerated adsorbent has an increasing adsorbate residual at the end of each desorption process,
which is 0.15 kg/kg at the end of the 7" desorption process. At the second switch off interval, the



adsorbate residual at the end of the desorption half cycle increases from 0.03 kg/kg at the first
cycle to 0.15 kg/kg at the 7 cycle. The minimum heating COP is 1.18, which is lower than the
mean value of 1.37. This is because the heat is dissipated in the storage tank without heat supply,
and an increasing amount of water is accumulated in the adsorbent, which degraded the
performance of the adsorption and desorption processes. We found that the storage tank can be
recovered after 4 h recharging. Furthermore, Fig. 14 shows the tank temperature of heater switch
off intervals for the 53%_P case. Comparing the interval start temperature, we can observe that
the tank temperature is considerably degraded at the second interval, while most of its heating
capacity is recovered in the last interval. As for the interval end temperature, we can observe
even at the second interval that the ending tank temperatures are still higher than 60 °C (60—
78 °C) at the heater covered part. Even though this portion of heat cannot be effectively used to
drive the adsorber anymore, it could be used as a direct heating supply from the cooler side if the
cooler position is adjustable.

In the 44% _P case, the mean heating power is 21.54 kW and the-mean heating COP is 1.40.
In the 27%_P case, the mean heating power and mean heating COP are 13.96 kW and 1.41 kW
respectively. Fig. 12(d) and Fig. 12(e) show that switching off the heater will not degrade the
heating COP and heating power practically. In these two cases, the storage tank can be recovered
after 2 h recharging so that more electric heater switch off intervals and more than 2 h of each
interval can be implemented in real applications without sacrificing the heating COP and heating
power significantly. An overview of the results of these five part loads is shown in Fig. 15. All
the results are the mean values for the whole simulation day. It can be observed that the heating
COP increases when the power load decreases, while the rate of increase in the heating COP
slows down when the power load .is lower than 44% P. In Fig. 15, we can observe that the
heating COP is nearly the same as those at 44% P and 27%_P cases.
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(a) 72%_P case (mass flow = 3.0 kg/s, Mcong = 0.6 Kg/S, Tretwrn = 30.9 °C, Tgir = 5 °C)
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(b) 61% _P case (mass flow = 2.1 Kg/s, Mcong = 1.145 Kg/s, Tretwrn = 29.3 °C, Tgir = 5 °C)
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(c) 53%_P case (mass flow = 1.70 kg/s, Mcong = 1.145 kg/s, Trewwrn = 28.2 °C, Tgir = 4 °C)
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(d) 44% _P case (mass flow = 1.30 kg/s, Mcong = 1.145 Kg/s, Trewurn = 26.9 °C, Tgitr = 4 °C)
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Fig. 12 Heating COP, heating power, and heater power of representative five part loads
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Fig. 15 Overview of the results of the representative five part loads

Table 4 Recommended heater switch off interval and recharging duration of five part loads

Switch off Recharging Recharging Recharging

Load cases interval (2 h) duration (2 h) duration (4 h) duration (8 h)




72%_P X X X v
61%_P v X X v
53%_P v X v v
44%_P v v v v
27%_P v v v v

Note: X - not recommended, v - recommended

In all these cases, the storage tank can be recovered after nighttime recharging. However,
a 2 h heater switch off interval is extremely long for high load cases (such as larger than 72%_P),
where there is insufficient heat to drive the adsorber without sacrificing the heating efficiency.
When the loads are smaller than 61%_P, the switch off interval could be 2 h if the recharging
duration is long enough. The recommended heater switch off intervals and recharging duration of
each load are listed in Table 4. In real applications, the optimal heater switch off interval and
recharging duration can be determined by the real heating demand and electricity price.

6.3 Electricity flexibility

As we know, most of the time the air-conditioning system works at partial design load,
while the percentage of actual load and design load is highly related to different buildings.
Three-quarters of the design load for real building’s flexibility investigation is a reasonable
assumption refer to literature review [37, 38]. Therefore, to calculate the electricity flexibility in
use of this SAWS system, 72% P is taken as the case for analysis. Fig. 14 shows the storage tank
temperature at some specific times. Usually, as the tank temperature varies between the
maximum and minimum temperature, the tank can be charging or discharging through changing
the heater power and schedule to provide electricity flexibility anytime. Compared to a reference
situation, the electricity consumption increases by increasing the heater power, which denotes a
positive flexibility in use according to Eq. (5), and vice versa. The real-time electricity flexibility
in use of the SAWS system for the 72% P case is shown in Fig. 16(a). The area between the
actual and maximum heater power is the total positive flexibility potential, and the reference
heater power denotes the total negative flexibility potential. It can be observed that the negative
flexibility in use reach the maximum when the heater is switched off, and the positive flexibility
in use also goes to a high level when the heater is switched on again. In this figure, we can also
observe that the available energy flexibility between the actual heater power and the maximum
heater power varies over time. It is important to note that if the flexibility potential is used at a
specific time, the availability of flexibility at a future time will be changed. Actually, the
flexibility potential can be used any time during the day when the heater schedule is changed.
Although there is substantial flexibility potential in this system, the flexibility in use is not easy
to realize without sacrificing the occupant’s thermal comfort. Fig. 16(b) shows the delayed
(negative) and forced (positive) energy consumption in one day. The positive and negative
flexibilities in use are up to 30.0 kW and —33.0 kW respectively, and the total energy flexibilities



in use are 108 kW and 198 kWh in that case, respectively. Note that the flexibility will be
different in other load cases. Generally, there is more energy flexibility in the high power stage
and vice versa. With energy flexibility available in buildings, the energy management system,
DR programs, and other economic efficiency programs could be more flexible and profitable.
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Fig. 16 Daily flexibility profile of SAWS system for 72% _P case

7 Conclusions

In this study, an innovative AHP with stratified storage tank coupling was investigated. The
proposed system works under an electric heater switch off and on schedule that depends on the
electricity load and electricity price. Satisfactory energy efficiency and energy flexibility
potential were obtained from this system. Several main conclusions are as follows:



(1) The system mass flow has the strongest influence on heating performance. The heating COP
decreases drastically and the heating power increases by increasing the system mass flow.
Moreover, using more stratified temperature zones is beneficial for improving energy
efficiency but increases the complexity and cost of the system.

(2) In our building application, the SAWS system could provide approximately 2 h of adequate
heating supply without requiring electricity access. By using the ambient heat from the
borehole, this system has a promising heating COP compared to conventional AHP-systems.

(3) Although the heating COP is low at the end of some heater switch off intervals, the
temperature of the tank is still higher than 60 °C (60—78 °C) at the electric heater covered
part, and only approximately half of the storage volume is available as heat buffer volume in
this study. There is still plenty of heat for direct heating by extracting heat from the cooler
side if the cooler position is changeable (e.g., by installing multiport'valves) in a real system,
and the storage density efficiency will be higher.

(4) The SAWS system can provide energy flexibility almost anytime, and the maximum
positive and negative electricity flexibilities are up to 30 kW and —33 kW in the 72% P case.
The flexibility potential will vary with different load cases. This system is promising for DR
programs and energy management systems owing.-to.its relatively high energy flexibility
potential and energy efficiency for buildings in heating-dominated regions.
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Appendix Table 1

Detailed parameter setting in SAWS simulation system

# System parameters

e System mass flow Msys = variable

e Number of fluid nodes in adsorber =
16

e Number of pipes nodes = 12

# Evaporator and condenser specification

e Overall heat transfer conductivity of
condenser = 400 (W/(m*K))

e Heat exchanger area of condenser =
25 m?

e Mass flow in condenser Mgong =
variable

e Mass of copper in condenser = 23 kg

e Overall heat transfer conductivity of
evaporator = 400 (W/(m*K))

e Heat exchanger area of evaporator =
25 m?

e Mass flow in evaporator = 2.22 kg/s

e Mass of water in adsorber chamber =
5 kg

e Mass of copper in evaporator = 23 kg

# Electric heater and cooler parameters
e Mass flow of cooler Mcooler = Variable
e Maximum heater power = 65 kW
e Electric heater position Hneater =
variable
e Cooler position Hooler = variable

# Adsorber parameters
e Mass of adsorbent = 16.45 kg
e Adsorbate = water
e Adsorbent = SAPO-34

# Temperature setting
e Maximal regeneration temperature =
100 °C
e Evaporator temperature = 9.54 °C
e Condenser temperature Trewrm =
variable

# Heat exchanger
e Heat exchanger type = ideal
e Cooler type = ideal

# Storage parameters
e Water mass in storage = 2250 kg
e Number of zones for water extraction
= variable
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Highlights
1. Energy performance and energy flexibility of a novel system were investigated.
2. An average heating COP of 1.33 is achieved for five representative load cases.
3. This system achieves considerable electricity flexibility for a residential building.

4. This novel system can provide 2 hours of heating supply without electricity
access.



