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Closed-Loop Adsorption-Based Upgrading of Heat from
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for Future Development
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and André Bardow?

Industrial energy efficiency can be increased by recovering waste heat, mainly available
below 100 °C. This low-temperature waste heat can drive adsorption heat transformers
(AdHTSs) to upgrade waste heat to industrially relevant temperatures above 100 °C.
Flexible process integration can be achieved by decoupling adsorptive and heat
transfer fluid in closed-loop cycles. However, the experimental feasibility of closed-loop
AdHTs has not been shown yet. Hence, this work studies an experimental one-bed
setup of an AdHT based on a closed-loop cycle using silica gel 123 and water as the
working pair. Experimental feasibility is demonstrated for heat transformation from 90
to 110 °C with waste heat released at 25 °C. The highest coefficient of performance
(COP) is 0.183 | J ' (23% of the maximum Carnot efficiency), and the highest specific
heating power (SHP) is 168 W kg . A systematic variation of the operating conditions
shows that efficiency COP and power density SHP strongly depend on the operating
temperatures, volume flows, and phase times. Furthermore, avoiding condensation
inside the adsorber casing and heat losses are identified to be crucial for the design of
AdHTs. In summary, AdHTs based on a closed-loop cycle show a promising

1. Introduction

Members of the United Nations strive to
achieve a sustainable future by defining
17  Sustainable Development Goals
(SDGs) and accepting the Paris Climate
Agreement.!t For reaching the interdepen-
dent SDGs, six profound transformations
have been proposed, with the third trans-
formation aiming at “energy decarboniza-
tion and sustainable industry.”® One
measure for a sustainable industry is to
increase industrial energy efficiency,*?
e.g., by utilization of waste heat,* which
is mainly available below 100 °C.”!
Utilization of this low-temperature waste
heat often requires heat transformation:
e.g., 70-88% of the European heat demand

performance to recover low-temperature waste heat.
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is required above 100°C® with about
11% already occurring between 100 and
150 °C.! The overall heat demand causes
about 64% of the European industrial final
energy consumption.”! Thus, the transformation of low-temper-
ature waste heat to temperatures above 100°C promises to
reduce industrial primary energy consumption.

For transforming heat, the literature has recently discussed
thermally driven heat transformers based on thermochemical
reactions”” or absorption'” and adsorption'"'? phenomena.
A comparison of these heat transformers was performed in
our previous article.[?] Among these three heat transformers,
adsorption heat transformers (AdHTSs) are particularly promising
as they are often based on weak physical interactions, allowing
very low-temperature waste heat below 60°C as driving
energy.' Besides, AdHTSs can employ nontoxic working pairs
with high material stabilities and working capacities (e.g.,
AQSOA zeolites and water),™> which are already well known
from adsorption chillers.">'® Thus, AdHTs are an environmen-
tally friendly technology that could increase energy efficiency,
leading to a more sustainable industry.

AdHTs use either an open- or a closed-loop cycle: open-loop
cycles exploit direct contact of the liquid adsorptive and the solid
adsorbent for generating steam with temperatures above 100 °C
and have been studied in the literature extensively.'”~*?/ For
example, researchers have demonstrated the experimental feasi-
bility of cyclic steam generation using zeolite 13X and water as
the working pair,'”*®! and developed and validated a dynamic
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model to support improvements in the system performance.!
Moreover, it has been experimentally shown that composite
zeolites?>*! or heat and mass recovery? increase the system
performance, such as temperature lift, generated steam mass,
or efficiency. However, open-loop cycles might be challenging
to integrate into industrial processes as the adsorptive is also
the heat transfer fluid. Adsorptive and heat transfer fluid are
decoupled in closed-loop cycles.

Closed-loop cycles have been studied mainly for the utilization
of ambient heat at temperatures around 0 °C to generate useful
heat at domestically relevant temperatures such as 30-40 °C.['22’]
Aristov and co-workers have comprehensively studied the
optimal working pair both theoretically and experimentally to
increase useful heat generation and, thus, the cycle performance.*
Important progress has been made, e.g., the theoretical derivation
showing that the optimal working pair requires a convex/concave
sorption isotherm for adsorption/desorption® or the experimental
demonstration of pressure-initiated desorption at very low vapor
pressures./”® Moreover, different prototypes of closed-loop cycles
have been studied experimentally at low temperatures, finding the
following: 1) the cycle is experimentally feasible with a one-bed
prototype and ACM35.4 and methanol as working pair,’?” 2) com-
posite adsorbents generate more useful heat than conventional
adsorbents for the studied operating conditions,” and 3) a
two-bed prototype can generate useful heat quasicontinuously.*”)

In contrast, closed-loop cycles have been rarely studied
for heat transformation around 100°C to recover industrial
low-temperature waste heat. Two theoretical studies determined
the maximal performance from a thermodynamic perspective
using idealized steady-state models.'"'*! Particularly, these
models allow to screen for suitable working pairs depending
on the operating temperatures,** with promising examples in
these studies as well.'* Besides, these studies found the follow-
ing: 1) working pairs with S-shaped isotherms are advantageous
for achieving high efficiencies,'!! 2) new-generation composite
adsorbents increase working capacity and efficiency compared
to pure adsorbents,'” 3) an assumed pinch temperature of
5 K within the heat exchangers can more than halve the achiev-
able efficiency,'"**) and 4) heat recovery in a two-bed cycle can
increase the achievable efficiency up to 50%.'** To also
account for adsorption kinetics and thermal masses, we recently
developed a dynamic model of a one-bed cycle assuming an ideal
evaporator and condenser.!"* We simultaneously optimized the
adsorber heat exchanger design and cycle control to evaluate the
AdHT performance: for the working pair AQSOA Z02 and water,
we determined exergy efficiencies greater than 60% with power
densities higher than 600 W kg™* when transforming heat from
90 to 110°C and releasing heat of condensation at 35 °C.["’!
Thus, AdHTSs based on a closed-loop cycle seem promising
for transforming low-temperature waste heat to industrially
relevant temperatures above 100 °C.

However, to the best of the authors’ knowledge, the experimen-
tal feasibility of an AdHT based on a closed-loop cycle has not
been demonstrated for heat transformation around 100 °C.
Therefore, in this work, we designed and built a lab-scale, one-
bed AdHT based on a closed-loop cycle, allowing us to assess
the AdHT performance systematically. Section 2 describes the
working principle of a closed-loop, one-bed AdHT and the experi-
mental setup, key performance indicators, and operating
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conditions investigated in this work. In Section 3, we present
the experimental results of one AAHT cycle in full detail and ana-
lyze the impacts of various operating conditions on the AdHT per-
formance. Finally, Section 4 summarizes the main conclusions.

2. Experimental Section

First, we introduce the working principle of an ideal, one-bed
AdHT based on a closed-loop cycle in Section 2.1. Then, we
describe the experimental setup (Section 2.2), experimental pro-
cedure (Section 2.3), and key performance indicators (Section 2.4)
used to evaluate the AAHT performance. Finally, we present the
operating conditions investigated in this work in Section 2.5.

2.1. Working Principle

An AdHT based on a closed-loop cycle generates useful heat at a
high temperature T, by using heat at a medium temperature
Tinea as driving energy and rejecting waste heat at a low tempera-
ture Tiow.I""! The temperature difference between the medium and
low temperature Tpeq—Tiow iS the so-called temperature thrust (IT),
while the temperature difference between the high and medium
temperature Thigh—Timed is the so-called temperature lift (TL).DO]

A simple implementation of the AdHT is a one-bed cycle,
consisting of the three heat exchangers such as condenser,
evaporator, and adsorber.''] Additionally, a small pump returns
condensed adsorptive from the condenser into the evaporator."!
The ideal, one-bed AdHT cycle is a pressure-driven, cyclic batch
process that consists of four main phases, already described
in full detail in the literature.'"'**! Nevertheless, we briefly
describe the main phases using an isosteric diagram (cf.,
Figure 1a), allowing us to describe the experimental setup and
procedure more clearly in Section 2.2 and 2.3.

The first phase is adsorption-based heating (1-2, «cf,,
Figure 1a), in which the regenerated adsorber (i.e., state 1) is
heated to the high temperature Tz, by the heat of adsorption
released while adsorbing. For this purpose, the heat transfer fluid
of the adsorber flows through a bypass (cf., Figure 1b), thus
decoupling the adsorber from its secondary heat circuit.
Adsorption occurs because vaporous adsorptive flows from the
evaporator into the adsorber (cf., Figure 1b) due to a pressure

difference. In the evaporator, the supplied heat flow Qevap

continuously vaporizes liquid adsorptive at constant medium
temperature Tpeq and thus constant vapor pressure pfﬁted

(cf., Figure 1a). Once the adsorber reaches the high temperature
Thigh, the adsorption-based heating ends.

The second phase generates a useful heat flow Q. at the high
temperature Tpg by further releasing the heat of adsorption: the

useful heat flow Q.. is released isothermally in the ideal case
(2-3, cf., Figure 1a),'" while nonconstant temperatures higher
than Tig, occur in practice (2-2%-3, cf., Figure 1a).”"! For
extracting the useful heat flow Q,., the heat transfer fluid of
the adsorber now flows through the adsorber (cf., Figure 1c).
Thereby, the inlet temperature of the heat transfer fluid defines
the use cases of the AdHT, which are described in more detail
below. The use phase ends once the adsorber pressure reaches
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Figure 1. a) Phases of a one-bed adsorption heat transformer cycle (ideal: 1-2-3-4-1; nonideal: 1-2-2*-3-3*-4-4*-1) working at the temperature
triple Tiow/Tmed/ Thigh and saturation vapor pressures pi2 /ps2t . shown in an isosteric diagram. Implementation of the cycle phases in the experimental

low/ Fmed

setup: b) adsorption-based heating phase (1-2), c) use phase (2-2*-3), d) reflux and predesorption phase (3-3%*), e) predesorption phase (3*—4),
and (f) desorption phase (4-4*-1). Red thick lines indicate secondary circuits or internal steam/liquid pipes that are active, and color-filled valves

are closed.

the vapor pressure at medium temperature p$' ; and the adsorber
temperature reaches the high temperature Ty;gh.

The third phase is predesorption (3—-3*—4, cf., Figure 1a), in
which the loaded adsorber (i.e., state 3) is cooled from the high
temperature Thign to the medium temperature Tpeq. The heat
transfer fluid of the adsorber flows again through the bypass
(cf., Figure 1e), thus decoupling the adsorber from its secondary
heat circuit again. Due to a pressure difference, desorbed vapor-
ous adsorptive flows from the adsorber into the condenser
(cf., Figure le). The required heat of desorption is provided
by the sensible heat of the adsorber itself, which thereby cools

down. In the condenser, the heat flow Q4 is released to the
environment allowing continuous condensation of the adsorptive

at constant vapor pressure pjo. and constant low temperature

Energy Technol. 2022, 10, 2200251 2200251 (3 of 14)

Tow (cf., Figure 1a). Once the adsorber reaches the medium tem-
perature Tp,.q, the predesorption ends.
The last phase continues the desorption. A desorption heat

flow Qge, is absorbed isothermally at the medium temperature
Tomeq in the ideal case (4-1, cf., Figure 1a),™! while the tempera-
ture reduces below Tpneq in practice (4-4*-1, cf., Figure 1a).[**!

For providing the desorption heat flow Q. the heat transfer
fluid of the absorber flows again through the adsorber
(cf., Figure 1f). The desorption phase ends once the adsorber
pressure reaches the vapor pressure at low temperature
p and the adsorber temperature reaches the medium
temperature Tpyeq.

For closing the AdHT cycle, a small pump returns the con-
densed adsorptive from the condenser into the evaporator during

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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all desorption phases (i.e., predesorption and desorption). Note
that we realized the condensate reflux without a pump in this
work and, therefore, no pump is shown in Figure 1. Instead,
we returned the condensate during the reflux and predesorption
phase (3-3%, cf,, Figure 1d) by exploiting gravity and the pressure
difference between condensate reservoir and evaporator. More
details of the experimental procedure are given in Section 2.3.

The AdHT cycle described above can be applied for two use
cases that only differ in the inlet temperature of the adsorber's
heat transfer fluid during the use phase. 1) For the use case “con-
stant temperature,” the inlet temperature of the adsorber's heat
transfer fluid is Ty, representing, e.g., steam generation at a
constant temperature. 2) In the use case “temperature lift,”
the adsorber's heat transfer fluid increases its temperature from
Tryeq at the inlet of the adsorber to at least Ti;g, at the outlet of the
adsorber. This use case represents a classical heat-pump applica-
tion in heating networks. Thus, the phases of the AAHT cycle are
the same, except for the two thermostats of the adsorber that are
both operated at the medium temperature Ty,q for the use case
“temperature lift” while one is operated at the medium tempera-
ture Tpneq and the other at the high temperature Ty, for the
use case “constant temperature.” The use case “constant
temperature” has been predominantly studied in the literature.
However, the use case “temperature lift” might be more
universally applicable in industrial processes. Hence, we assess
the performance of both use cases in this work.

2.2. Experimental Setup

The experimental setup (cf., Figure 2) was built to systematically
assess the performance of a one-bed AdHT based on a closed-
loop cycle (cf., Figure 1) at different operating conditions such
as operating temperatures or phase times. For this purpose,
the control of the experimental setup was entirely automated
using a control system written in LabVIEW 2017, allowing a sim-
ple reproduction of experiments.

The main components of the AdHT are the three heat
exchangers condenser, evaporator, and adsorber within vacuum-
tight, cylindric, stainless steel casings (Table 1). The evaporator
and adsorber casings are modular in design using ISO-K flanges,
allowing the heat exchangers to be replaced quickly. Water is the
heat transfer fluid in all three heat exchangers: the water is at
ambient pressure in the condenser and evaporator, while it is
pressurized to 10bar in the adsorber. The high pressure in
the adsorber is prescribed by safety reasons of the existing
hydraulic adsorber circuit as the circuit also allows for higher
temperatures than investigated in this work. The water temper-
atures are kept constant at the heat exchanger inlets by using
thermostats (Figure 2a and Table 2): one thermostat for the con-
denser and evaporator each, and two thermostats for the
adsorber. The two thermostats of the adsorber allow changing
the water temperature between the medium temperature Tpeq
and high temperature T;g rapidly.m]

In addition to the three heat exchangers, another important
component is a vacuum-tight, rectangular, stainless steel reser-
voir (casing mass: 4.8 kg, liquid adsorptive capacity: 1 L) to store
condensed adsorptive between the condenser and evaporator.
ISO-KF-flanges and ISO-KF pipes connect all components: the
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(@)

condensate
protection

condenser
heater

Figure 2. a) Scheme of the experimental setup. Circles indicate measure-
ment sensors: p—pressure transducer, T—temperature sensor, and
V—volume flow sensor. Indices indicate positions of measurement sen-
sors: in—inlet, out—outlet, and sor—adsorbent. Solid connections of
main components indicate steam pipes, and dotted connections indicate
liquid pipes. b) Photograph of the lab-scale adsorption heat transformer.

pipes for steam (inner diameter: 40 mm) can be cut off by pneu-
matically operated butterfly valves, while solenoid valves can cut
off the pipes for liquids (inner diameter: 16 mm). All pipes and
other components are thermally insulated to avoid heat losses
between the components and the environment.

The working pair selected was silica gel 123 and water based
on an internal preliminary steady-state analysis and good avail-
ability. The adsorbent was produced by W. R. Grace & Co. and
had a spherical granular shape with an average diameter of
0.9mm and a bulk density of about 710kg m~3. In total,
1.9kg of dry granular adsorbent was filled in the void between
the fins of the adsorber heat exchanger. The adsorber has a con-
densate protection heater that can be optionally operated to avoid
the condensation of vaporous adsorptive on the inner surface of
the adsorber casing. For this purpose, a hose made from rubber
(length: 60 m, diameter: @12 x 2.5 mm) is completely wrapped
around the cylindrical adsorber casing. The heat transfer fluid
is again water, with its inlet temperature kept constant by an
additional thermostat (Table 2).

For evaluating the AdHT performance, measurement sensors
are installed in the secondary circuits of each heat exchanger
(Figure 2a). Temperature and volume flow sensors are placed
at the inlets, while only temperature sensors are installed at
the outlets. Moreover, pressure transducers are placed at the
evaporator, condenser, and adsorber, and three additional tem-
perature sensors measure the adsorbent temperature within
the adsorber heat exchanger. All temperature sensors were

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Table 1. Geometric details and further specifications of the main components of the AdHT prototype.

Description Unit Condenser Evaporator Absorber

Casing

Dimensions mm Length: 220 Length 836 Length: 650
Diameter: @120 x 2.5 Diameter: @324 x 3 Diameter @324 x 3

Metal mass kg 2.7 58.9 50.9

Heat exchanger

Dimensions mm Double helix made
from copper tube
Length: 3984

Diameter: @10 x 1

Area at heat transfer fluid side m? 0.10
Area at adsorptive/adsorbent side m? 0.13
Metal mass kg 1.2
Heat transfer fluid mass kg 0.2
Liquid adsorptive mass kg 0.5

14 identical, capillary active copper tubes

serially in a single layer®®®

Finned-tube heat exchanger made from copper

covered with circular fins and connected ~ with rectangular fins and two layers of five tubes

each, all connected serially

Length: 7208 Length: 4100
Diameter: @17 x 0.7 Diameter: @12 x 0.32
Fin height: 0.9 Fin height: 32
Fin thickness: 0.3 Fin width: 27.7
Fin pitch: 0.64 Fin thickness: 0.12

Fin pitch: 2
0.34 0.15
1.24 3.43
43 5.0
1.3 0.4
29.5 -

Table 2. Specifications of measurement equipment and thermostats, with locations given in Figure 2a. All uncertainties are given for a standard
uncertainty (i.e., coverage factor k=1), and the uncertainty of temperature sensors is the upper limit after applying the calibration procedures (cf.,

Section A, Supporting Information).

Measurement sensors

Sensors Manufacturer Model Unit Uncertainty
Pressure Keller AG fur Druckmesstechnik PAA-33X, 1 bar, digitally read mbar +1
Temperature SE Sensor Electric Pt100 type, class A, four-wire connection K +0.06

Volume flow Endress+Hauser AG 5P5B15-4VT7/0 and 5P5B25-6HLO/O, L min~" +0.5% of measured value

both models digitally read

Thermostats

Location Manufacturer Model Unit Temperature stability
Condenser and evaporator Peter Huber Kiltemaschinenbau AG CC-510w with Pilot ONE K + 0.02
Adsorber: Medium temperature Single Temperiertechnik GmbH Compact TKS-90-9-116 K +1
Adsorber: High temperature Single Temperiertechnik GmbH Advanced NS-180-24-65 K +1
Adsorber: Condensate protection Thermo Fisher Scientific Inc. N6-C41 K +0.1

calibrated using two high-accuracy temperature sensors
(Ahlborn, PT100 type FPA923L0250 read with data logger
Ahlborn, ALMEMO 1030-2) to increase measurement accuracy
(cf., Section A, Supporting Information). Table 2 summarizes
the measurement uncertainties of all sensors and further
specifications.

2.3. Experimental Procedure

Before starting the automated measurement campaigns, the
experimental setup was prepared in four steps. First, the entire

Energy Technol. 2022, 10, 2200251 2200251 (5 of 14)

experimental setup was heated to the maximum achievable tem-
peratures of the components (condenser: 75°C, evaporator:
90 °C, adsorber: 160 °C) and evacuated for 12 h. All valves were
opened permanently (cf., Figure 2a), and neither adsorptive nor
adsorbent was inside the experimental setup. Second, a leakage
test was performed using a quasi-isothermally pressure rise test
for 72 h, finding a pressure increase of 1.3 Pah ™. The calculated
air leak rate results in 4.81 x 10™* mbar Ls~'.** Thus, the exper-
imental setup was considered sufficiently vacuum-tight for the
conducted measurement campaigns, mainly because 1) infil-
trated inert gas was quickly extracted via a vacuum pump

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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between all measurements and 2) all measurements were shorter
than 6-8 h. Third, the evaporator and condenser were filled with
degassed water, and the adsorbent was filled between the fins of
the adsorber heat exchanger. Fourth, the components were sep-
arated by closing all valves except the valve between the con-
denser and reservoir (cf.,, Figure 2a). The components were
heated to the maximum achievable temperatures and evacuated
again to remove inert gas, possibly infiltrating the experimental
setup during step three.

After finishing the one-time preparation of the experimental
setup, all measurement campaigns were performed automati-
cally using the LabVIEW-based control program. Each measure-
ment started with an initial heating phase in which all
thermostats were set according to the operating temperatures
and volume flows, and the main components were heated up
until reaching quasi-steady-state conditions. Subsequently, the
AdHT cycle was repeatedly measured until reaching a cyclic-
steady-state condition, and 3-6 repeated AdHT cycles were
recorded afterward.

The implementation of the AdHT cycle largely corresponded
to the AdHT cycle described in Section 2.1. However, the con-
densate reflux was realized differently because no suitable con-
densate pump was available when performing the measurement
campaigns. Instead, the condensate was gravitationally returned
in an additional phase of the AAHT cycle (cf., Figure 1d) in three
steps: 1) the reservoir was separated from the condenser, 2) the
vapor phases of the reservoir and evaporator were connected for
pressure equalization, and 3) the liquid phases of the reservoir
and evaporator were connected for the actual condensate reflux.
The condensate was returned by gravity as the reservoir was
installed higher than the evaporator in the experimental setup
(cf., Figure 2). The condensate reflux was performed simulta-
neously with predesorption (cf., Figure 1d), thus not unnecessar-
ily increasing the overall cycle time.

2.4. Key Performance Indicators

To assess the AdHT performance, we used the two key

performance indicators 1) coefficient of performance (COP)

and 2) specific heating power (SHP), defined by

COP _ chcyicl}:s:i Q,usedT _ Q,use (1)
f:cydc,cnd QevapdT + ﬁcydc,md QdesdT Qevap + Qdes

cycle start cycle,start

Teycleend -
f Teycle,start Quse dT

(Tcycle,end - Tcycle,start)msor

SHP =

(2)

The COP relates the useful heat Q. to the heat amounts
required for vaporization Qgy,, and desorption Qges. The three
heat amounts are calculated by integrating the corresponding

heat flows Q.. Qevap, and Qg., from cycle start Teydle,start O Cycle
end 7eyce end- The COP describes the energy efficiency (i.e., first-
law efficiency) of the AAHT. In contrast, the SHP relates the aver-
age useful heat flow over one cycle to the dry adsorbent mass
Msor, thus considering system dynamics and system size. Note
that a volumetric heating power could be used instead of the
SHP for systems limited in size. The SHP values given can
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be easily converted by multiplying by the dry sorbent mass
(i-e., 1.9kg, cf., Section 2.2) and then dividing by the desired ref-
erence volume, e.g., the volumes of the main components
(cf., Table 1) or the volume of the adsorber heat exchanger
(i-e., 6.3 L). The heating power normalized by the adsorber heat
exchanger can thus be determined by multiplying the SHP
with 0.30kg L™ (=1.9kg6.37'L™"). Both key performance
indicators have a trade-off: the COP becomes maximal at longer
cycle times because the actual AdHT cycle approaches the ideal
AdHT cycle, whereas the SHP has a maximum at shorter
cycle times.™?!

Note that the condensate protection heater around the
adsorber casing (cf., Figure 2a) should be theoretically included
as an additional expense in Equation (1) as it inserts an additional
heat flow into the adsorber. However, we neglect this heat flow
for four reasons: first, condensation on the inner surface of the
adsorber casing is avoidable when redesigning the adsorber heat
exchanger. The vaporous adsorptive would not be in direct con-
tact with the casing if the vaporous adsorptive flowed from the
adsorber center to the adsorbent instead of from the adsorber
outside. For this purpose, the arrangement of the adsorber heat
exchanger would have to be changed from “casing—vaporous
adsorptive—adsorbent—heat transfer fluid” to “casing—heat
transfer fluid—adsorbent—vaporous adsorptive.” Thus, conden-
sation would be avoided, and a condensation protection heater
would not be necessary. Second, the condensation can substan-
tially be reduced when redesigning the adsorber casing: the
actual casing mass (58.9kg, cf., Table 1) could be strongly
decreased as the casing is part of a first iteration lab-scale proto-
type. Thus, the thermal mass that is heated due to condensation
would be lower, which reduces condensation. In turn, the evap-
orator power, additionally required due to condensation (cf.,
Section 3.2), would strongly decrease and a condensation protec-
tion heater might not be necessary. Third, the impact of conden-
sation can be greatly reduced when improving insulation of the
adsorber casing to the environment. For example, the principle
of a vacuum flask could be used if the thermal mass of the
adsorber casing (i.e., inner flask) is reduced simultaneously.
Thus, the temperature of the inner flask would stay almost con-
stant, and a condensation protection heater would not be
required. Fourth, we measured steady-state heat losses of the
adsorber according to the operating conditions investigated
(cf., Section 2.5): for this purpose, the temperature of the conden-
sate protection heater was set to Ty,eq While the temperature of
the adsorber's heat transfer fluid was set to Tmeq and Thign,
respectively. In both cases, heat did not flow from the ambi-
ent/casing into the adsorber heat exchanger (cf., Section 3.2).
Instead, the measurements show slight heat losses of the
adsorber heat exchanger to the ambient/casing, caused by the
fact that the temperature of the adsorber casing was slightly
below Tpeq (cf., Section 3.2). These measurements thus show
that no heat flows from the condensation protection heater into
the adsorber heat exchanger such that this contribution does not
need to be considered. In summary, the condensate protection
heater only keeps the temperature of the adsorber casing con-
stant, which would not be necessary with a proper design of
the adsorber casing according to the recommendations given
above.

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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For calculating the heat flows Q,, steady-state energy balances
were applied to the circuits of the heat transfer fluids for each
heat exchanger
Qi = AH; = pi(Tiin) Vilhiin(Tiin) = Biou( T o)) &)

where AH; describes the differences in the enthalpy streams
of the heat transfer fluids between the inlets and outlets of

the heat exchangers; p;/V; are the densities/volume flows of the
heat transfer fluids at the heat exchanger inlets; h; i/h; ou: are the
specific enthalpies of the heat transfer fluids at the heat
exchanger inlets/outlets; T;in/Tiou are the corresponding tem-
peratures; and i defines the heat exchangers condenser (cond),
evaporator (evap), and adsorber (ads). Note that the heat flow

during the use phase Q. is only considered when the adsorber
outlet temperature T,4s our 1S greater than the high temperature
Thigh. In the same way, the heat flow during the desorption phase

Ques is only considered when the adsorber outlet temperature
T.ds,out 1S below the medium temperature Tjpeq.

Fluid properties of the adsorptive and heat transfer fluids (i.e.,
water) were calculated using RefProp,**! with the equation of
state from Wagner and PruR.*®) Measurement uncertainties
were carried out according to the “Guide to the Expression of
Uncertainty in Measurement” (GUM),*”) with full details given
in Section A, Supporting Information.

2.5. Operating Conditions and Control of the AdHT Cycle

A reference case was defined for the operating conditions
(Table 3), following the objective of upgrading industrial low-
temperature waste heat to temperatures above 100°C (cf.,
Section 1). The operating temperatures Tiow/Tmeda/ Thigh Were
25/90/110 °C, corresponding to the use case “constant tempera-
ture” (cf., Section 2.1). Accordingly, the temperature of the con-
densate protection heater Tprotection Was set to the medium
temperature Tpeq to avoid condensation at the inner surface

of the adsorber casing. The volume flows \‘/Cond/\'/eva]p [ Vise /des
were the highest achievable in the respective heat exchangers
during the use and desorption phases (i.e., 7/10/8 L min™"), thus
ensuring the maximal possible heat transfer for the secondary
circuits.

To systematically assess the AAHT performance, we varied the
operating conditions for the use case “constant temperature” and
compared results with the reference case: the condensate protec-
tion heater was deactivated to analyze the impact of condensation
at the inner surface of the adsorber casing (measurement set “1,”
cf., Table 3), and operating volume flows were halved to evaluate
heat transfer limitations of the secondary circuits (measurement
sets “2—4,” cf., Table 3). In addition, the operating temperatures
were reduced or increased by 5 K (measurement sets “5-9,” cf,,
Table 3) to analyze the effects of the recooling temperature (i.e.,
Tiow), driving temperature (i.e., Tynea), and useful temperature
(i.e., Thign). Note that the temperature of the condensate protec-
tion heater was always set to the medium temperature T,cq, and
the medium temperature T;,.q Was not increased by 5 K due to
limitations of the thermostats.
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Table 3. Operating conditions of conducted measurement sets: inlet
temperature of condensate protection heater of the adsorber
(Torotection); volume flows of heat transfer fluids at inlets of the

condenser (Vcong) and evaporator (Ve,p), and at the adsorber inlet

during the phases use (V) and desorption (Vge,); temperatures of
heat transfer fluids at inlets of the condenser (T,,,) and evaporator
(Tmed), and at the adsorber inlet during the phases use (Tags,n) and
desorption (Tmed); and desired temperature of heat transfer fluid at
adsorber outlet during the use phase (Thigh/Tadsout). Values varied
compared to the reference case are highlighted in bold.

Variable Tprotection Vco"d Vevap Vuse Vdes Tiow Tmed Tadsiin ~ Tads,out
(i-e., Thign)

Set\ Unit °C  Lmin"'Lmin”'Lmin”' L min™" °C °C °C °C

Reference 90 7 10 8 8 25 90 110 >110
1 off 7 10 8 8 25 90 110 >110
2 90 35 10 8 8 25 90 110 >110
3 90 7 5 8 8 25 90 110 >110
4 90 7 10 4 4 25 90 110 >110
5 90 7 10 8 8 25 90 105  >105
6 90 7 10 8 8 25 90 115  >115
7 90 7 10 8 8 25 8 110 >110
8 90 7 10 8 8 20 90 110 >110
9 90 7 10 8 8 30 90 110 >110
10 90 7 10 8 8 25 90 100 >100
11 90 7 10 13 8 25 90 90  >100

The impacts of the two use cases (cf., Section 2.1) on the
AdHT performance were compared at a temperature lift of
TL=10K, for which the operating temperatures Tiow/Timed/
Togsin— Tadsour Were  25/90/100— >100°C and  25/90/
90— > 100°C (measurement sets “10-11,” cf., Table 3). Note
that the volume flow of the adsorber was set to the lowest
possible value during the use phase (i.e., 1.3 L min™") for the
use case “temperature lift,” as the adsorber power was too low
to realize the desired temperature lift of 10K for a greater heat
capacity rate.

For each measurement set, we accounted for the trade-off
between COP and SHP (cf., Section 2.4) by changing the phase
times of the AdHT cycle. The times for the use and desorption
phases (zyse and Zgesorption) Were identical, which is typically for
commercial adsorption systems to keep system complexity low,
and increased in steps of 100 s starting at 100 s until no useful

heat flow Q. was generated in the use phase anymore. The reflux
time 7,y Was constant for all measurement sets and set to 30's,
ensuring that all condensed adsorptive was returned into the
evaporator. In contrast, the adsorption-based heating and predes-
orption times (Theating aNd 7 predesorption) Were controlled in all mea-
surement sets, based on the average adsorbent temperature

Tsor — T?Ol’ + Tfor + TSOI’ (4)

The adsorption-based heating ended by automatically switch-
ing the corresponding valves once the average adsorbent

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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temperature T, exceeded the high temperature Ty;gn by 5 K for
at least 5s. In the same way, the predesorption ended once the
average adsorbent temperature T, was below the medium tem-
perature Tpeq by 5K for at least 5s. Note that the minimum
times of adsorption-based heating and overall predesorption
(i-ew Treflux and predesorption + Tpredesorption) were 22 and 35 S, respec-
tively, due to limitations in the hydraulic circuits when
switching between the thermostats for the high and medium
temperatures.

Furthermore, we measured the maximum achievable
adsorber temperatures as well as the heat losses in condenser,
evaporator, and adsorber for each measurement set. For this
purpose, an AdHT cycle without useful heat generation was
measured using constant phase times (i.e., Theating =400s,
Treflux and predesorption = 00'S,  Tdesorption = 500s, and 7,=0s),
and steady-state heat loss measurements were performed for
each heat exchanger separately.

3. Results and Discussions

First, we analyze the AdHT cycle in detail operated according to
the reference case (Section 3.1) and derive design rules of AdHTs
(Section 3.2). Afterward, we assess the impact of different oper-
ating conditions (Section 3.3) and the use cases (Section 3.4) on
the AdHT performance.

3.1. Detailed Cycle Analysis of the Reference Case

The AdHT cycle studied shall upgrade heat from below 100 to
above 100°C. To establish the feasibility of this upgrade for
our measurement set, we started by measuring the maximum
achievable average adsorber temperature Tq,. The maximum
temperature Ty, is about 127 °C and is reached after 250 s for
the reference case (Figure 3). The temperature T, increases
sharply from 90 to 125°C in less than 60s at the beginning
of the adsorption-based heating phase. Thus, the AdHT proto-
type can quickly heat the adsorber from below 100 to above
100 °C by using the heat of adsorption. It should be noted that
the temperature T, also decreases sharply from 127 to 93 °C in

1254/ “AMME — cycle 1

[ | --- cycle 2

T 115! | cycle 3

S) | | cycle 4

° L \ -+ cycleb

\5 105 | | cycle 6
I~ 95 _: \

85 : —

0 250 500 750 1000
T/s—

Figure 3. Reproducibility of the maximum achievable average adsorber
temperature T, (cf., Equation (4)) for the measurement set “reference”
(cf., Table 3). Dashed gray vertical lines indicate phase boundaries (from
left to right: adsorption-based heating, predesorption and reflux, desorp-
tion; cf,, Section 2.5), the dashed gray horizontal line indicates the
medium temperature T4, and transparent areas indicate measurement
uncertainties (typically within line widths).
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less than 60s at the beginning of the reflux and predesorption
phase. Furthermore, the trajectory of the temperature T, is
reproduced six times after reaching a cyclic steady-state condi-
tion, demonstrating excellent measurement reproducibility
within measurement uncertainty. Consequently, we regard the
experimental setup designed and built in this work as suitable
to measure AdHT cycles.

To increase understanding of the process, we exemplarily ana-
lyze trajectories of pressures, temperatures, and differences in
enthalpy streams at phase times of 300 s for the use and desorp-
tion phases (Figure 4).

Pressure rapidly equalizes at the beginning of the adsorption-
based heating phase and reflux and predesorption phase: the
adsorber pressure p,4s increases by 475 mbar and drops by
350 mbar in 2 s, respectively (cf., Figure 4a). At the same time,

@)
700 e
600 _— |
T 500 + 77 Dads
'D%‘ 400 4 T Pevap
7 Pcon
2 300 Peond
~
Q 200 A
100
0 T T T T T T
b
(b) 120T !
100
T g0 [T X
&) _
© Tsor - Teva Jjout
: 60 Tads,in (:onfl,in
ads,out T(‘()l'l out
40 eja;) int et
20 T T T T T
©
i - AHads
10 § - AI.{evap
;l\ 5'§k - AI-Icond
= e, A
o 0e—= }th«—f”
~ V
:: _5 -
<
710 -
—15

0 100 200 300 400 500 600
T/s—

Figure 4. Trajectories of a) pressures, b) temperatures, and c) differences
in enthalpy streams in the main components adsorber (ads), evaporator
(evap), and condenser (cond) for the measurement set “reference”
(cf., Table 3) at phase times 7yse/des = 300 s. All trajectories are reproduced
six times at a cyclic steady-state condition. Dashed gray vertical lines indi-
cate phase boundaries (from left to right: adsorption-based heating, use,
predesorption and reflux, predesorption, desorption; cf., Figure 1), dashed
gray horizontal lines indicate operating temperatures or pressures, and
transparent areas indicate measurement uncertainties (typically within line
widths).
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the evaporator outlet temperature Teyap out decreases from 89.5 to

84 °C (cf., Figure 4b), and the evaporator power AHevap increases
from 0.5 to 4 kW (cf., Figure 4c). The condenser outlet tempera-
ture Teondour increases from 25.1 to 54.4 °C (cf., Figure 4b), and

the condenser power AH,,q increases from 0 to 14.2kW
(cf., Figure 4c). Thus, the rapid pressure equalizations cause
fast vaporization and condensation, leading to high mass flow
rates of water vapor and high rates of adsorption and desorption.
High adsorption and desorption rates induce fast changes
in the average adsorbent temperature T, (87.7-118 °C in just
22s or 111.2 to 77.4°C in just 35s, cf, Figure 4b).
Consequently, the rapid pressure equalizations cause high sys-
tem dynamics, which will support the realization of high power
densities of the AdHT.

During the use phase, the adsorber pressure p,gs slowly
increases to 666 mbar (cf., Figure 4a) as the evaporator continu-
ously vaporizes liquid water (cf., Figure 4c). The adsorber pres-
sure increases slowly because the evaporator thermostat limits
the evaporator power, as seen by the drop of the evaporator inlet
temperature Teyapin from 90 to 88.5°C (cf., Figure 4b).
Furthermore, the adsorber outlet temperature T,gsour peaks
initially (100/107 °C, cf., Figure 4b) due to switching the flow
direction of the heat transfer fluid from bypass to adsorber
(cf., Figure 1b,c). Note that the peak durations agree with
1) the volume flow of the heat transfer fluid Ve Jdes and
2) the lengths of the adsorber heat exchanger and its connecting
pipes, assuming a plug flow for the incompressible heat transfer
fluid. Most importantly, the average adsorbent temperature T,
is always higher than the adsorber inlet and outlet temperatures
(Tads,in and Tags,out), and the adsorber outlet temperature Tygs out
is always higher than the adsorber inlet temperature T4y, after
15 s of the start of the use phase (i.e., 7eyqe = 35 s, cf., Figure 4Db).
Thus, the adsorber proved a useful heat flow until the end of the
use phase (i.e., 7cyqe = 320 s, cf., Figure 4b), as indicated by the

negative adsorber power AH,q. The same observations are
found for the desorption phase; however, the condenser
thermostat is less limiting than the evaporator thermostat
(cf., Figure 4a, c). Overall, the AdHT cycle is experimentally fea-
sible, successfully using driving heat at 90 °C to generate useful
heat above 110 °C.

During the reflux and predesorption phase, pressure rapidly
equalizes between the evaporator and reservoir (cf., Figure 4a),
resulting in fast vaporization (cf., Figure 4c) and a decrease in the
evaporator outlet temperature Teyap out (cf., Figure 4b). In the sub-
sequent predesorption phase, pressure rapidly equalizes between
the reservoir and condenser (cf., Figure 4a), causing a slight
increase in the condenser power (cf., Figure 4c) and condenser
outlet temperature Teong ou (cf., Figure 4b). Consequently, the
gravity-supported reflux phase is experimentally feasible.
However, it should be noted that the gravity-supported reflux will
most likely generate more entropy than pump-supported reflux
due to the additional pressure equalizations, resulting in lower
AdHT performance.

Overall, the AAHT prototype based on a closed-loop cycle is
experimentally feasible for heat transformation from below
100 to above 100 °C. Besides, the experimental setup designed
in this work shows excellent reproducibility of measurements.

Energy Technol. 2022, 10, 2200251 2200251 (9 of 14)

www.entechnol.de

3.2. Deducing Design Rules for Closed-Loop AdHT Cycles

The AdHT performance is evaluated using the efficiency COP
and power density SHP (cf., Section 2.4). The trade-off between
COP and SHP is accounted for by changing phase times of the
use and desorption phase 7,5¢/des (cf., Section 2.5). For the refer-
ence case, the highest SHP is 168 Wkg ' and occurs at
COP=0.178]] " and phase times Tuse/des = 300's, while the
highest COP is 0.183]] ' and occurs at SHP =138 Wkg ™!
and phase times 7ye/des = 500 s (Figure 5). With further increas-
ing the phase times 7yge/des, the COP and SHP would decrease as
1) the negative impact of heat losses becomes predominant and
2) the adsorber outlet temperature T,4s ot Was already too low at
phase times 7yge/des Of 500 s to supply useful heat above 110 °C.
Overall, the SHP varies stronger than the COP with phase times
Tuse/des ON the Pareto frontier (i.e., results for phase times from
300 to 500s, cf., Figure 5), which agrees with our findings in a
numerical study.!*?!

To better assess the observed AdHT performance, we 1) repeat
measurements of the AdHT cycle without the condensate protec-
tion heater, 2) compensate heat losses, and 3) calculate efficien-
cies theoretically achievable at maximum. Thereby, three design
rules are identified for closed-loop AdHTs.

When turning off the condensate protection heater of the
adsorber, the AdHT performance shows the same trends as
the reference case (cf., Figure 5). However, the highest power
density decreases by about 20% to SHP =134 W kg™, and the
highest efficiency decreases by about 33% to COP =0.123] J .
Thus, condensation at the inside of the adsorber casing strongly
reduces the AdHT performance: more water is vaporized but
not adsorbed, thus increasing the required driving heat Qeyap.
The evaporator cannot maintain the same working capacity
Aw as in the reference case while condensation is present,
decreasing the generation of useful heat Q,c. Consequently,
the first design rule is to avoid condensation inside the adsorber
casing to achieve high AdHT performances. Condensation is

2507 - w/o condensate protection
— reference case
- w/o heat losses

T 9004
~ 1004 / 2
s | ¢ =
n !"0_ 80
U7 e 100 s 400 s @)
m 200 s » 500 s
x 300 s

0

00 01 02 03 04 05
COP /JJ ' —

Figure 5. Efficiency COP and power density SHP for the measurement
sets “reference” and “1” (cf., Table 3). Phase times of use and desorption
phase 7yse/des Vary from 100 to 500s. Dashed gray vertical lines indicate
the COPyorking pair aNd COP,gsorber (cf., Section B, Supporting Information)
that are theoretically achievable at maximum. Vertical and horizontal lines
at each marker indicate measurement uncertainties (typically within
marker sizes).
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avoidable, e.g., by redesigning the adsorber. First recommenda-
tions for better designs are given in Section 2.4.

Heat losses also reduce the AdHT performance. For the
reference case, heat losses measured at steady-state (cf.,

Section 2.5) are AQSVQPJOSS:350:I:47W for the evaporator

and AQads,loss =22 +42W for the adsorber. Note that the heat
losses of the evaporator are higher than those of the adsorber
because the adsorber casing is kept constant at the medium
temperature Tpeq by a condensate protection heater while the
evaporator casing is not (cf., Section 2.2). Compensating for
these heat losses shows the strong impact of heat losses on
the AdHT performance (cf., Figure 5): the highest efficiency
increases by 40% to COP = 0.257 ] ] '; in contrast, the SHP hardly

increases as the adsorber has almost no heat losses AQads,loss due
to the condensate protection heater. Consequently, the second
design rule is to ensure sufficient insulation, which is important
mainly due to the high driving temperature when recovering
industrial waste heat.

To identify the upper limit of measured COPs for the
reference case, we calculate theoretical COPs using steady-state
equilibrium considerations that indicate maximum achievable effi-
ciencies (cf., Section B, Supporting Information). The Carnot COP
is COPcarmor = 0.807 ] ], but it considers neither the limitations
of the selected working pair nor the selected heat exchanger. When
considering the working pair silica gel 123 and water and addition-
ally thermal masses of the adsorber heat exchanger, the maximum
achievable efficiency is COPagsorper = 0.446 ] J~'. Thus, the work-
ing pair selection and design of the adsorber heat exchanger
already reduce the maximum achievable COP by 45%: novel
adsorbents with tailor-made equilibrium properties for the selected
operating temperatures could increase the maximum achievable
COP. Consequently, the third design rule is to select the working
pair properly and design the adsorber carefully (i.e., low thermal
mass combined with high heat transfer).

Overall, the highest COP of the reference case already achieves
41% of the maximum efficiency COP,gsorper achievable for the
discussed working pair and adsorber. Besides the quantified heat
losses, the AdHT performance is further reduced by 1) noniso-
thermal use and desorption phases, 2) pressure losses, or 3) the
gravity-supported condensate reflux realized by pressure equal-
izations (cf., Section 2.3). The exact quantification of all losses
is beyond the scope of this work and should be addressed in
future studies.

3.3. Impacts of Operating Conditions on the AdHT
Performance

The operating conditions of the AdHT cycle are varied systemat-
ically to explore their impact on the AdHT performance. To
check if desired heat transformation is still feasible, we measured

the maximum adsorbent temperatures %sor,max (Figure 6).
Decreasing the medium temperature Tyeq from 90 to 85°C

reduces the temperature Ty, . the strongest from 127 to
119 °C. Half of this decrease is found when either halving the
volume flows or increasing the low temperature T, from
25 to 30°C. The reduction of the low temperature Tioy
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Figure 6. Maximum adsorbent temperatures T, ma, €ach averaged over
all reproduced cycles, with changed operating conditions (cf., measure-
ment sets defined in Table 3): temperatures T; are in °C, and volume flows
V; are in L min~". Bold values in red highlight changed operating condi-
tions compared to the reference case.

from 25 to 20°C hardly changes the temperature Ty, iy as
the working capacity Aw almost stays constant (cf., Section C,
Supporting Information). Overall, the heat transformation is fea-
sible from below 100 to above 100 °C for all operating conditions
investigated in this work (measurement sets “1-11,” cf., Table 3).

Figure 7 shows the impact of volume flows of the heat transfer
fluids in the main components on the AdHT performance: the
AdHT performance substantially decreases when halving one of

the volume flows in the order Vi, /des > Vevapz Veond-

The decrease in the AdHT performance is almost identical
(i-e., within the uncertainty of measurement) when halving

2509 — 7.0/10.0/8.0 1 min~"
-- 3.5/10.0/8.0 1 min~!
2004 70/ 5.0/840 1 min~—!
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Figure 7. Influence of volume flows \./c[md/\'/e\,ap/\'/use/des on the trade-off
between efficiency COP and power density SHP for the operating temper-
atures Tioy, = 25 °C/Tmed = 90 °C/Thigh = 110 °C (measurement sets “refer-
ence” and “2-4,” cf.,, Table 3). Varied values are highlighted in bold. Phase
times of use and desorption phase 7,s¢/des vary from 100 to 500 s. Vertical
and horizontal lines at each marker indicate measurement uncertainties
(typically within marker sizes).
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either the condenser volume flow V4 from 7 to 3.5 Lmin~" or

the evaporator volume flow Vevap from 10 to 5L min .

Compared to the reference case, the highest power density
decreases by 38% to SHP =105 Wkg™', and the highest effi-
ciency drops by 23% to COP=10.141]]"'. The AdHT perfor-
mance decreases as a reduction of the volume flows

Veond /Vevap limits the heat transfers on the heat transfer fluid's
sides: the condenser condenses less of the desorbed water, and
the evaporator cannot heat and vaporize the liquid water suffi-
ciently fast. Consequently, the working capacity Aw decreases,
reducing the useful heat generation Q¢ and, in turn, the
SHP and COP.

The AdHT performance drops the strongest when halving the
adsorber volume flow V. /des from 8 to 4L min~'. The highest
power density decreases by 51% to SHP =83 Wkg™ !, and the
highest efficiency drops by 44% to COP=0.102]]". The
AdHT performance decreases as the heat transfer limitation dur-
ing the use phase increases the temperature difference between
the adsorbent and heat transfer fluid, thus increasing entropy
production and decreasing efficiency. Additionally, the heat
transfer limitation during the desorption phase limits regenera-
tion of the adsorbent, thus also reducing the working capacity
Aw, the generation of useful heat Q,s, and the SHP and COP.

Overall, the volume flows should be selected as high as possi-
ble when only considering the heat transfer. However, higher
volume flows induce higher pressure drops in the main compo-
nents. Higher pressure drops increase the power consumption of
the pumps, which may be relevant in, e.g., exergy or thermoeco-
nomic analyses of an AdHT.

The AdHT performance also depends substantially on the
operating temperatures Tiow/Tmed/ Thigh (Figure 8).

When reducing the high temperature Tyg, by 5K to 105 °C,
less heat of adsorption is needed to heat the adsorber to the high
temperature Ty, compared to the reference case: the highest
power density increases by 43% to SHP =241W kg™ !, and
the highest efficiency increases by 27% to COP =0.233] J .
In contrast, more heat of adsorption is required when increasing
the high temperature Tpig, by 5 K to 115 °C: the highest power
density and efficiency decrease by 70% and 67% to
SHP =50 W kg™ ' and COP = 0.061] J ", respectively. Still note-
worthy, a temperature lift of 25 K is experimentally feasible at the
cost of lower efficiency and power density. Note that the working
capacity Aw remaining for the use phase is too small to generate
useful heat Q¢ for longer phase times than 7y des =200s
when increasing the high temperature Ty;g.

Reducing the medium temperature Tp,.q by 5K to 85°C
decreases the exploitable working capacity Aw during the
adsorption-based heating and use phase compared to the refer-
ence case: the highest power density and efficiency decrease by
70% and 60% to SHP=50Wkg ' and COP=0.074]]",
respectively. Thus, a sufficiently high medium temperature
Tmea that drives the AdHT is crucial when operating an
AdHT, which agrees with our previous numerical analysis.™™*!
Note that the medium temperature T,.q Was not increased by
5K due to limitations of the thermostats.

Increasing the low temperature Tj, by 5K to 30°C also
reduces the exploitable working capacity Aw during the

Energy Technol. 2022, 10, 2200251 2200251 (11 of 14)

www.entechnol.de

(a)250-
e 100's N
= 200 s A N
T 200 4 x 300 s ‘ -}-Tlngh ~l,
h 400 s
20150 9% 500 s '/'—1
= 1001
~
A, Thign T -- 25/90/105 °C
T 501 ,-® = 25/90/110°C
- - 25/90/115 °C
0 T T 1
®)
25014 100 400 s
= 200 s » 500 s
1 20047 300 s
s 150 - 1
=
= 1001
~
[l ﬂrled ~L
T 504 g% — 25/90/110 °C
@ o -- 25/85/110 °C
0 T T 1
(C) = -
2074 1008 400 s
= 2008 » 500s
[ 20047 300 s
I
Rt
- s -
o e — 95/90/110 °C
I 50' Et)w’T - 20/90/110 OC
7 - 30/90/110 °C
0

0.0 0.1 0.2 0.3
coP /JJt—

Figure 8. Influence of operating temperatures Tiow/Tmed/Thigh On the
trade-off between efficiency COP and power density SHP for the operating
volume flows V gng =7 L min’1/Vevap =10L min’1/\'/use/des =8L min"
(measurement sets “reference” and “5-9,” cf., Table 3). Subfigures show
the influence of the a) high-temperature level Tp;gn, b) medium-tempera-
ture level Tpeq, and c) low-temperature level T,,. Varied values are
highlighted in bold. Phase times of use and desorption phase 7,se/des vary
from 100 to 500's. Vertical and horizontal lines at each marker indicate
measurement uncertainties (typically within marker sizes).

adsorption-based heating and use phase, but less than reducing
the medium temperature Ty,.q. Thus, the highest power density
decreases only by 31% to SHP =116 Wkg ™', and the highest
efficiency decreases only by 21% to COP=0.144]] '
However, in contrast to our expectations, the AAHT performance
drops when decreasing the low temperature Tj,, by 5 K to 20 °C:
the highest power density drops by 18% to SHP =137 Wkg ™},
and the highest efficiency drops by 13% to COP=0.159]] %
Although decreasing the low temperature T, increases the
working capacity Aw and allows to generate more useful
heat Q,se, the heat demands for desorption Qs and vaporization
Qcvap increase simultaneously. Thereby, the heat for vaporization
Qevap increases as 1) more water has to be vaporized due to the
higher working capacity, and 2) the condensed water has to be
heated for a larger temperature thrust TT = Typeq—Tiow. Thus, the
AdHT performance shows an optimum value for the low
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temperature T, discussed in more detail in Section C,
Supporting Information.

Overall, the changes in the measured maximum COP
qualitatively match the changes in the theoretically maximum
achievable COP 4sorber When varying the operating temperatures
Tiow/ Trmed/ Thigh (cf., Table S1, Section B, Supporting Information).
However, the changes do not match quantitatively, showing that
not only the driving force changes but also the exergy efficiency of
the process, which is discussed in more detail in Section B,
Supporting Information.

3.4. Use Cases “Constant Temperature” versus “Temperature
Lift”

As introduced in Section 2.1, an AdHT has two use cases:
1) “constant temperature” and 2) “temperature lift.” While the
first use case is studied more frequently in the literature, the
second use case might be more applicable to industrial pro-
cesses, as it corresponds to the classic use of a heat pump.
Therefore, the “temperature lift” use case is also studied in
the following.

The study applies a temperature lift of 10K (Figure 9).
The use case “constant temperature” has the highest power
density of SHP=290W kg™ ' and the highest efficiency of
COP =0.256] ] . For the use case “temperature lift,” the high-
est COP and SHP are slightly lower: the highest power density is
SHP =280 Wkg ™" and occurs almost at the highest efficiency
COP =0.244]] . The efficiency of the “temperature lift” use
case should increase according to the thermodynamic equilib-
rium model because the thermodynamic mean temperature of
the heat transfer fluid in the adsorber decreases slightly
(cf., Table S1, Section B, Supporting Information). However,
in the “temperature lift” use case, the temperature difference
between the adsorbent and heat transfer fluid is larger due to
the experimental procedure (i.e., adsorption-based heating

350 1
— 25/90/100—>100 °C
-- 25/90/90—>100 °C
T 300 A
T
2
= 250 A
~ e 100 s
% m 200 s
4x 300 s
@ 200 100 5
» 500 s
600 s
150 T T )
0.0 0.1 0.2 0.3

COP /JJ ' —

Figure 9. Influence of operating temperatures Tiow/Tmed/ Tads,in — Tads,out
on the trade-off between efficiency COP and power density SHP (measure-
ment sets “10-11," cf., Table 3): the solid line indicates the use case
“constant temperature” and the dashed line shows the use case “temper-
ature lift.” Phase times of use and desorption phase 7,s¢;des vary from 100
to 600 s. Varied values are highlighted in bold. Vertical and horizontal lines
at each marker indicate measurement uncertainties (typically within
marker sizes).
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Figure 10. Trajectories of temperatures T in the adsorber (ads) for the
measurement set “11” (cf., Table 3) at phase times 7,se/des =4005s. All
trajectories are reproduced six times at a cyclic steady-state condition.
Dashed gray vertical lines indicate phase boundaries (from left to right:
adsorption-based heating, use, predesorption and reflux, predesorption,
desorption; cf., Figure 1), dashed gray horizontal lines indicate operating
temperatures, and transparent areas indicate measurement uncertainties
(typically within line widths).

phase, cf., Section 2.5), generating more entropy and decreasing
efficiency. In addition, for the “temperature lift” use case, the
connecting pipe between the adsorber outlet and the adsorber
outlet temperature sensor (i.e., 2.3 kg) must now be heated to
the high temperature, also decreasing efficiency. Thus, positive
and negative effects seem to balance in practice, resulting in
almost equal efficiencies for both use cases.

The use case “temperature lift” achieves the highest SHP at
the highest COP due to the definition of the useful heat flow

Quse (i-e., zero if Togq our < Thigh, cf., Section 2.4). Once the phase
times Tyge/des are exceeded at which the adsorber outlet temper-
ature T,gs out reaches the high temperature Tygp at the end of the
use phase (cf., Figure 10), COP and SHP sharply decrease when
further increasing phase times 7yse/qes. This is because useful
heat Q,c is then no longer generated. However, note that the
highest SHP may not occur at the highest COP when selecting
lower temperature lifts, at which the nonconstant temperature
difference Tags ou—Thign iS greater than the constant temperature
lift TL= Thigh_Tmed-

Overall, the use case “temperature lift” is experimentally fea-
sible and shows almost the same performance as the use case
“constant temperature,” thus promising an efficient and flexible
integration of an AdHT into industrial processes.

4, Conclusions

The primary energy consumption of the industry can be reduced
by transforming low-temperature waste heat from below 100 to
above 100°C. In this work, this heat transformation is experi-
mentally demonstrated for a closed-loop AAHT. For this purpose,
we 1) developed an AdHT prototype based on a closed-loop cycle,
2) assessed the power density SHP and efficiency COP for
systematically varied operating conditions, and 3) compared
the AdHT performance for two use cases to integrate an
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AdHT into industrial processes. As a result, four main conclu-
sions can be drawn.

First, the closed-loop AdHT cycle is experimentally feasible at
different operating conditions. The lab-scale, one-bed AdHT
achieves the highest efficiency COP and power density SHP
at 0.183]]* and 168 W kg™, respectively, for a reference case
defined as heat transformation from 90 to 110 °C with the dis-
charge of heat of condensation at 25 °C.

Second, the operating conditions strongly influence the AdHT
performance. 1) The volume flows of the heat transfer fluids
should be maximized for the highest heat transfer, as the
AdHT performance of the investigated prototype drops up to
50% when halved. 2) The temperature lift should be as small
as possible and the driving temperature as large as possible to
ensure a large working capacity exploitable for adsorption-based
heating and generation of useful heat. 3) The condensation tem-
perature has an optimum intermediate value in this work

Third, three design rules are identified for achieving high
AdHT performances. 1) Proper adsorber design increases the
AdHT performance up to 33% by avoiding condensation at
the inside of the adsorber casing. First recommendations for
a proper design are given in Section 2.4. 2) Using proper
equipment design and insulation reduces heat losses and
increases the AAHT performance by up to 40%. 3) Proper work-
ing pair selection and adsorber design can substantially increase
the maximum achievable efficiency compared to the Carnot
efficiency.

Fourth, the use case “temperature lift,” where the temperature
of the heat transfer fluid is increased as it flows through the
adsorber, achieves nearly the same AdHT performance as the
use case “constant temperature,” where useful heat is released
nearly isothermally.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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