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HIGHLIGHTS

e In the sorption heat storage, there is a non-linear relationship between temperature and heat flux, emphasized due to the desired high sorbent concentration
gradient.

o This non-linearity brings forth an unavoidable process stagnation when heat at a specific temperature is available but capacity to uptake at the specific temperature
is lacking.

o Simple sorption heat storage performance mapping is achieved in a concentration vs gross temperature lift diagram, including equilibrium condition and heat
capacity based deviation.
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Sorption storage is a potential game changer for heat storage in buildings, providing high volumetric energy
storage density and no loss over storage time. Application specific temperatures and material specific thermo-
dynamic properties are recognized as key for potential performance evaluation. Nevertheless, in system opera-
tion, finite heat and mass transfer kinetics detract from the theoretical maximum performance. In this study, it is
found that a nonlinear relationship between temperature gain and heat release of the sorbent, afflicts an un-
avoidable restriction to the performance potential. Heat transport increases as temperature gain decreases,
bringing about a temperature induced heat transfer stagnation to a heat transport fluid with linear temperature
to heat gain correlation.

In this paper, we present the background for performance analysis with emphasis on this nonlinear rela-
tionship. We propose a method for performance mapping, including the sorbent equilibrium line (the state where
the sorbent is in temperature, concentration and vapor pressure equilibrium) and the unavoidable deviation from
this line due to the afore stated non-linearity. As an example of this proposed mapping, we visualize results from
an absorption process with liquid aqueous sodium hydroxide and water.

Due to the nonlinear temperature rise in heat release, we conclude that it is important to operate a sorption
heat storage system in a way that only the minimum required temperature rise is achieved. By doing so, the heat
transport fluid capacity is increased in respect to the sorbent capacity, augmenting heat transfer and improving
the energy density.

low storage cost [8]. Sensible, latent and sorption storage technologies
are considered [9]. Sensible and latent storage systems experience
continuous heat loss, a major challenge for extended storage periods.

1. Introduction

Thermal energy storage is considered an important prerequisite for
the full use of renewable energy in buildings [1-6]. Crucial parameters
for success are high energy density, low loss during storage time [7] and
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This is addressed through large scale sensible storage systems [10] and
sub cooling in latent systems [11,12]. Sorption heat storage conversely,
basis on a variant of the sorption heat pump with intermittent working
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pair storage [9]. In this way, the potential (work) to recover heat at
elevated temperature is stored, rather than storing sensible heat [13].
Major competitive advantages of this approach are potentially high
energy density (up to 6 times that of equivalent water-based systems)
and no potential loss over time in as far as recombination of the sepa-
rated media is prevented [7,14]. For this reason, one specific application
focused on is inter seasonal heat storage for residential space heating
[1,15].

Sorption heat storage follows the concept of a reversible decompo-
sition reaction process. Both thermophysical and thermochemical bonds
are included [16,17]. In a bidirectional temperature swing process [18],
an aggregate change of the sorbate as a result of evaporation and
condensation is incorporated [13,19-24]. Desorption and condensation
(charging) and evaporation and sorption (discharging) are separated in
time, with the working pair stored in both charged and discharged state
[13,25-27]. Processes of adsorption onto solid sorbents [17,28,29] and
sorption into solid or liquid sorbents [17,18,25,29,30] are considered.
By preventing sorbent and sorbate recombination, the sorption potential
can be stored indefinitely, provided the pot life of the material is gran-
ted. The solid materials studied include zeolites, silica gels, and salts, as
well as the former impregnated with salt, referred to as composite ma-
terials. Liquid absorbents studied are usually alkaline aqueous solutions
such as sodium hydroxide, calcium chloride, and lithium bromide
[31-36]. Generally, water is used as a sorbate because it has a high heat
uptake/release in the gas liquid phase change, but generally limits the
heat input to temperatures above 0 °C. Other sorbates considered are
ethanol and methanol, and ammonia absorbed in water.

There are four different types of processes found in sorption storage
systems. These are differentiated into open and closed, and fixed and
transported [37]. Open vs closed refers to the contact of the sorbent with
the air. Open processes exchange heat and matter (water vapor) with the
environment [13,18,38-42], while closed processes are carried out in a
vapor atmosphere, generally at sub ambient pressure, and exchange
only heat with the environment [13,43-45]. Fixed vs transported refers
to the handling of the sorbent. In the fixed process, the sorbent is sta-
tionary and connected to the sorber/desorber heat and mass exchanger
(HMX) [13,18,34,41,45,46], whereas in the transported process, the
sorbent is moved from the storage vessels to the sorber/desorber HMX
and back [13,31,34,44,47-49]. Generally, the fixed process is used for
solid sorbents and liquid sorbents are transported (pumped). Systems
using the transport method have a continuous, uniform power output at
a constant temperature, whereas in fixed bed systems this varies greatly
depending on the state of charge [37]. Research in this field was started

in the early 1960 s [50,51] and is ongoing [52-55], with mature systems
yet lacking [56]. In combined tasks of the Solar Heating and Cooling and
Energy Storage Technology Collaboration Programs of the International
Energy Agency, work has been performed to encourage the overall
development and progress performance evaluation, through system
categorization [37] and uniform testing guidelines [14]. The investi-
gation in this work contributes to the said line of work by addressing the
question of maximum practical system performance in respect to the
material based theoretical maximum performance and proceeds to
propose an approach to performance mapping.

In this article, we address the issue of unavoidable process limita-
tions in sorption heat storage systems. The work is based on sodium
hydroxide (NaOH) and water (H»0) in a closed transported system, as an
example, whereby it is expected that restrictions are applicable for other
working pairs and processes. Although, the heat storage sorption process
is similar to other heat transformer processes, the concept of storage is
unique. High sorbate exchange between working pair charged and dis-
charged state is sought-after, capacitating high energy density. When
looking at the system heat release process, the temperature-increase
from the low temperature heat source (e.g. ground source heat
exchanger) to the heat sink (e.g. building heating system), depends on
the sorbent concentration. High concentration warrants high tempera-
ture gain. Nevertheless, the mass uptake of sorbate in respect to the mass
specific concentration change is not constant. As the concentration de-
creases and thus temperature gain decreases the mass uptake in respect
to concentration change increases. Thus, more heat is available at lower
temperature gain. Due to the large concentration gradient, required for
high energy density, the non-linearity of temperature gain and heat
release of sorbent working pairs is emphasizes. This brings about a
stagnation of heat transport from the sorbent to the heat transport fluid
with constant temperature dependent heat capacity. This considerable
limitation has not been given sufficient attention to. We show that in a
diagram displaying concentration vs gross temperature lift, this
boundary can be well visualized along with the sorbent equilibrium line.
Specific system performance can then be included, providing a simple
means of performance mapping.

Focus of this publication is set on pinpointing and calculating said
system founded limitation and to propose a method of clear performance
mapping. The lab scale results included are provided as an example but
not as focal point.
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2. Method
2.1. Technical system

This work concerns the closed transported process with the working
pair sodium hydroxide (NaOH) and water. The working pair is chosen
due to its fitting temperature profile, both in charging and discharging,
the high availability of the elements sodium, oxygen and hydrogen as
well as the moderate material price in comparison to other liquid sor-
bents. The technical system employed in this work, consists of two
vertically installed spiral finned tubes making up the heat and mass
exchanger (HMX) in an interconnected dual chamber as described in
[44]. The spiral fins are, 1000 mm long, with a finned length of 900 mm,
fin outer diameter of 21 mm, fin width of 4.5 mm, and fin spacing of 2.3
mm. These function as desorber (absorber) and condenser (evaporator)
in the charging (discharging) process. Sorbent (sorbate), flows on the
tube fin from top to bottom by gravitational force and heat transport
fluid (HTF) is pumped from bottom to top through the tube, in counter
flow as shown in Fig. 1.

Charging involves a separating process in which heat at elevated
temperature is used to evaporate sorbate (in our case H,O) from the
sorbent solution (in our case aqueous NaOH). This vapor is condensed
and the heat of condensation is released to the ambient. Concentrated
sorbent solution and condensed sorbate are gained and separately
stored, preventing recombination (loss of sorption potential). Dis-
charging involves a combining process in which low temperature
(ambient) heat is used to evaporate sorbate, which condenses on the
charged solution. Since, at equal temperature, the vapor pressure on the
solution is lower than the evaporating pressure, the sorbate condenses
on the sorbent solution, releasing the heat of condensation. This process
continues, increasing the sorbent solution temperature to the point of
evaporator to absorber surface pressure equilibrium, deducing a chem-
ically driven heat pump operation with heat released at an elevated
temperature.
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Fig. 1. Illustration of the spiral finned tube. The sorbent flows from top to
bottom on the spiral fin and the heat transport fluid is pumped through the
inner tube from bottom to top in counter flow.
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2.2. Temperature assessment

The operation, and thus also performance, in respect to temperature
gain, power and energy density, of a sorption heat storage system is
highly dependent on operating temperatures [57]. Source and sink
temperatures, both in charging and discharging, are governing [14].
Fig. 2 illustrates the process with particular emphasis on source and sink
temperatures in desorption and sorption. Since a temperature swing
process is followed, the temperature difference between desorber and
condenser in charging and absorber and evaporator in discharging is
focal, deriving an increased sorbent concentration in charged state and
decreased concentration in discharged state. Energy density basis on its
difference, temperature gain on its charged condition, and power on the
rate of sorbate mass transport.

For this reason, defining realistic operating (testing) temperatures is
a significant initial step in the performance evaluation. Since heat
storage for domestic space heating is followed in this work, we find
valuable guidance in the electrically driven heat pump testing standard
EN 14511 for the discharging (heat release) process [58]. For this work,
we consider abidance to existing testing standards to be more univer-
sally relevant, rather than to derive own testing conditions from build-
ing load simulations. In accordance to the standard, for the evaporator,
the heat source supply temperature is 10 °C and the return temperature
is 7 °C. The heat sink temperature, for building space heating, is 30 °C
supply temperature and 35 °C return temperature. For the charging
procedure, we follow the hot water storage tank standard EN12897
[59]. Hereby the maximum heat source supply temperature, for example
from solar thermal collectors is 95 °C and by following the EN14511
standard in respect to supply and return temperature difference (3 K),
the return temperature is 92 °C. To complete the required temperature
profile, condensing conditions need to be defined. These can again be
taken from the heat pump standard, whereby heat from air conditioners
is released at 30 °C supply temperature and 35 °C return temperature.

From these static temperatures, material temperatures are derived.
We take a temperature difference of 2 K, an assumption based on the
good thermal conductivity of the liquid sorbent and sorbate and the
favorable heat exchange from the counter flow process [60]. This is an
average value that is affected by operation and strongly depends on the
HMX design. We find that in our standard testing process, the value is
well fitting.

The sorbent concentration greatly depends on the temperature dif-
ference between the absorber/desorber and the evaporator/condenser.
We term this gross temperature lift (GTL). Two variations can be
considered, upon basis of the HTF, shown in Table 1 column 4 or in
respect to material temperatures, shown in column 6.

In the desorption process, the measure of charged state, in our case
the final concentration, is substantially dependent on the GTL. The HTF
based GTL is calculated as shown in Eq. (1), based on the desorber and
the condenser HTF input temperature. The material GTL considers the
temperature difference of the material to the HTL (Eq. (2))

GTLDHH = TDm - TCm @

GTLp = (Tp, — 2K) — (T¢,, + 2K) 2

In the sorption process, the measure if discharge, and thus also the
concentration difference between the charged state and the discharged
state, which determines the storage energy density, strongly depends on
the minimum GTL. The HTF based GTL is calculated as shown in Eq. (3),
based on the absorber and evaporator HTF input temperature. The
material GTL considers the temperature difference of the material to the
HTL (Eq. (4))

GTLa,, ,r = T, — TE, 3)

GTLy,, = (Ty, +2K) = (Tx,, — 2K) C))

The maximum GTL in the sorption process strongly depends on the
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Fig. 2. Illustration of the testing temperature allotment, shown in the desorption (charging) process and sorption (discharging) process. Sorbate release and uptake
are illustrated by declining and increasing blue bars. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 1
Operating temperatures for space heating.

Process

Operation HTF Input Temp. HTF Output Temp. HTF GTL Material Temp. Material GTL
Discharging Desorption Tp, =95°C Tp,, =92°C GTLp,,; < 60K Tp =93°C GTLp < 56 K
Condensation T, =30°C Tc,. =35°C Tc =37°C
Charging Evaporation Tg, =10°C Tg,, =7 °C GTLA e = 20 K Tg=5°C GTLy,,, =27 K
Sorption T, =30°C Th,, =35°C Ta,, =32°C
GTLpy e = 15K GTL,,,. = 22K
Ty, = 25°C GTLa, e > 25 K Tape =27 °C GTLa,, > 32K
Tape =37 °C

sorbent starting concentration. The HTF based GTL is calculated based
on the absorber HTF output temperature and the evaporator input
temperature as shown in Eq. (5). Again, the material GTL considers the
temperature difference of the material to the HTL (Eq. (6))

GTL,.w =T, — Tk, 5)

max,HTF

max

GTLa,, = (Ty,, +2K) — (T, — 2K) (6)

The material based GTLs are significant for the initial material

evaluation and the HTF grounded values for the system evaluation.

For the HTF input temperature (Ty,), two values are taken to
exemplify its importance, 30 °C and 25 °C. The lower value is indicated
with an asterisk (*) in the subscript (Ty,.). For clarifications sake, the
temperatures are illustrated both in the desorption and the sorption
process, in Fig. 2.

The sorbent and sorbate temperatures are not strictly defined, but in
general storage is taken to be at room temperature (20 °C) or slightly
lower. Preventing heat loss from sorbent thermal capacity (e.g. greater
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sorbent temperature to storage than from storage) is a matter of system
engineering and not addressed in this work.

Founded on the above defined process and temperature profile, an
investigation into the expected performance in terms of temperature,
power, and energy, is pursued in this work and followed by an evalua-
tion of experimental results as a preliminary example. The initially
solely material based investigations, termed ‘Material performance’ and
‘Temperature hysteresis’, are followed by considering limitations
derived from the HMX process, titled ‘Temperature to heat correlation’
and ‘HMX performance’. This static assessment is complemented by the
kinetic evaluation ‘Concentration gradient’. From this work, a method of
performance mapping is developed and three experimental results are
mapped as examples.

3. Results
3.1. Material performance

Initial material evaluation is generally based on the vapor pressure vs
temperature diagram with the material equilibrium state presupposed at
material temperatures (Table 1, column 5). In our case, the diagram for
aqueous NaOH is shown in Fig. 3 with lines drawn to illustrate the
charging process (dashed) and the discharging process (full). The
referred material temperatures from Table 1 are indicated in brackets.
The arrow heads on the vertical lines indicate the process dependency.
In desorption (dashed lines) T¢ determines the chamber vapor pressure
(horizontal line), since operation is under exclusion of non-condensing
gases. This in turn defines the maximum concentration, dependent on
the maximum sorbent temperature. In sorption (full lines) Tr regulates
the chamber vapor pressure and the resulting Ty, depends on the
sorbent concentration. The final concentration during sorption in dis-
charging depends on Ty,,,. In this closed process, the chamber pressure is
the temperature-based evaporating / condensing pressure of the sorbate.

In the example (Fig. 3), a concentration of 60 wt% may be reached in
charging. Nevertheless, sorbent crystallization beyond 50 wt% at room
temperature, limits the charging temperature to 78 °C, noted as Tp_,
since in our system, sorbent and sorbate are pumped and thus need to
remain in liquid state. In discharging, the vapor pressure declines, T is
substantially lower than T¢, since ambient heat source temperature in
winter is lower than in summer. For this reason, Ty, is also lower than
Tp-. The final sorbent concentration in discharged state, and thus also
the energy density, depends on the minimum sorbent temperature
(space heating return temperature). The energy density (E;) is calcu-
lated based on the water vapor uptake (m,), and includes the condensing
enthalpy (AH,) plus enthalpy of solution (AH;) minus the temperature
increase dependent thermal capacity of the condensing water (AHgens),
divided by the volume of the sorbent and sorbate in charged state

wt% NaOH in H.0
S P P P P
101

100 a2 7
/(TTE) (T/T/(T )A,tﬁ‘/(r/klmax)
A_min’) !

/| %
101
20

0

Vapor pressure [kPa]

40 60 80 100
Temperature [°C]

Fig. 3. Vapor pressure vs temperature diagram of NaOH. Indicated is the
process based on the proposed operating values.
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(greatest volume, V).

mv(AHV + AHJ - Hcens)
E;, = %

@)

At T, (Ta,,.), the sorbent concentration is 42 wt% (38 wt%), and
the energy density, based on the sorbent volume in its discharged state,
160 kWh/m® (227 kWh/m?). Precise temperature assessment is thus
very important.

The material based GTLs in desorption and sorption are indicated in
Fig. 3, for further clarification of the values.

3.2. Temperature hysteresis

In Fig. 3 it can be recognized that at a fixed vapor pressure, the GTL
depends on the sorbent concentration. Alternative visualization of pro-
cess can be obtained by plotting sorbent concentration in respect to
changing GTL. This diagram is derived from Fig. 3 by changing the
specific temperature to the temperature difference (GTL) at a fixed
vapor pressure, plotted to the specific resulting concentration. Fig. 4
shows this plot with two lines representing material-based equilibrium
conditions in charging (T¢) and discharging (Ty). In reading the dia-
gram, discrete temperatures can be obtained by adding the vapor pres-
sure equivalent temperature (T¢ or Tg) to the x-axis value and energy
density is asserted based on the concentration change visible on the y-
axis.

In this representation, a temperature hysteresis is recognized, not
clearly visible in the scope of Fig. 3. The effect is based on the changing
vapor pressure. At T¢ the GTL to reach 50 wt% is 41 K and at T it is 38 K.
Thus, a decline in GTL of 3 K occurs between the charging and dis-
charging processes. Furthermore, this hysteresis affects energy density.
Where 42 wt% concentration and from this 160 kWh/m?® are reached
with Tg, and 40.5 wt% and 200 kWh/m® are achieved in the case of T at
equal minimum GTL. The lower evaporating temperature in discharging
thus negatively affects both the maximum output temperature and the
energy density. This is a consequence of the application as heat storage,
since classically in this applicationT¢ > Tg.

In our work, this concentration vs GTL diagram provides the basis for
simple performance mapping and will be adhered to. In technical
operation, desorption results are always to the right of the equilibrium
state (P1), in horizontal deviation from equilibrium, since temperature
and thus pressure imbalance is required to remove sorbate. Operational
values for sorption are always to the left of the equilibrium state (P2)
since imbalance is again required for uptake of sorbate. Difference in
GTL is represented by horizontal (temperature) deviation from

55
® Te=5°C
® Tc=37°C
T 50 (p2)
3 NS
$
z 45 AGTL
g p
= AQ ’
g 40 vd
C
w /
[$)
5
3 35
GTLo
/ GTlen GTLr,maxl
30 4
10 15 20 25 30 35 40 45 50

GTL[K]

Fig. 4. Diagram showing concentration vs GTL of aqueous NaOH at Ty and T¢
equivalent vapor pressures. Indicated are the vapor pressure dependent GTL
and capacity losses. Technical operating points P1(required charging GTL), P2
(resulting discharging GTL), and P3 (resulting final concentration) are included.
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equilibrium and concentration in vertical deviation (P3).

3.3. Temperature to heat correlation

As noted in the previous chapter, GTL at constant vapor pressure,
depends on sorbent concentration. In contrast to this, heat release from
sorption is a function of the water vapor uptake. In the progression of
desorption (sorption), the amount of water vapor released (taken up) in
respect to the concentration change, decreases (increases), see Eq. (8). In
the equation, X is the mass fraction and my, is the water mass in the
solution in respect to the NaOH mass. If the mass fraction (X) is 0.5 (50
wt%) then the solution contains equal mass of water and NaOH, if it is
0.25 (25 wt%) then the water mass is 3 times that of the NaOH mass.
Thus, while the mass fraction change, effecting GTL is linear, the change
of water content, energy transport, is not.

1

My,0 = } -1 (8)

Consequently, the correlation between sorbent temperature and
released heat (vapor exchange) is not linear, while the HTF heat capacity
is, based on the assumption of constant specific heat. This imposes
limitations on heat transfer from sorbent to HTF in discharging. The
issue is illustrated in the temperature vs heat diagram in Fig. 5.
Desorption is not affected, since in this case the sorbent line (black with
dots) curves to the overlaying HTF line (dotted) and ends can meet,
allowing maximum heat transport. Contrastingly, in sorption the sor-
bent line curves away from the lower positioned HTF line, permitting
only a single point of contact, restricting heat flux. Thus, while the HTF
thermal capacity can be altered dependent on the mass flow, linearity
remains. Three variations of HTF flow are shown in the diagram. At low
flow, the maximum HTF temperature is reached but energy transfer
(capacity) is curbed due to the increase in sorbent heat release at lower
temperatures and the coherent lack of HTF thermal capacity, and vice
versa at high HTF flow. Energy density and temperature are therefore
inter-linked and the thermal capacity of the HTF (flow) influences the
specific potential of a sorption storage system. This issue arises from the
broad spectrum of concentration and is expected to applies to all sorp-
tion heat storage concepts and materials.

These limitations can be included in the concentration vs GTL dia-
gram of Fig. 4. To specify the capacity balance, an HTF to sorbent mass
flow ratio (FR) is used.

50
Charging
Heat flux from HTF to absorbent] 50
T
40 (e}
— ©
S <
2 1l a0
© 30 c
@ kel
Q ) =
g | e Charging flow s
|9 - Low discharging flow %
20 — - Medium discharging flow o
— High discharging flow 30 5
S o o
Discharging S
10 Heat flux from absorbent to HTF
0 500 1000 1500
Heat [kJ]

Fig. 5. The diagram shows the principle of heat transfer in the HMX. The black
dotted downwards bent line shows the heat released, for 1 kg of charged
aqueous NaOH at a starting concentration of 50 wt%, and a saturated water
vapor pressure at Tg. The dotted line above the black curve illustrates the
constant HTF thermal capacity during charging. The dashed and full lines below
the curve illustrate varying HTF capacities (flows) during discharging with only
a single contact, showing the resulting temperature and/or capacity loss. The y-
axis on the right indicates the respective sorbent solution concentration change.
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Depending on the FR, more or less heat can be transferred by the
HTF. If the sorbent heat capacity surpasses that of the HTF, the HTF
reaches the sorbent temperature, but the sorbate uptake is restricted
reducing the achieved energy density (Eq. (10)). In the case where the
heat capacity of the sorbent equals that of the HTF (point of line con-
tact), the HTF temperature equals the sorbent temperature and
maximum sorbate uptake is attained (Eq. (11)). Finally, if the HTF ca-
pacity exceeds that of the sorbent, maximum sorbate uptake is arrived
at, but the HTF temperature does not reach the sorbent temperate (Eq.
(12)).

if(AQ, > AQpurr)then(Tyrr = Ta)and(mﬂzo,‘mk(, < Myy0,,,) (10$)
if(AQu = AQurr)then(Tyrr = T,)and(m,o,,,, = Mit,0,..) an
if(AQ, < AQurr)then(Turr < To)and(Mu,0,,4, = Mi1,0,,,,) (12)

In Fig. 6, performance curves at FRs of 8 to 16 are shown. At a FR of
8, the curve touches the equilibrium line at 50 wt%. This means that the
maximum temperature is arrived at. Since the curve deviates from the
equilibrium at lower concentration, this points to the lack of HTF ther-
mal capacity and thus hindrance for maximum discharge, afflicting ca-
pacity loss. Considering Ty, (Ta,.) the final concentration increases
from 42 wt% to 43 wt% (38 wt% to 40 wt%), bringing about an energy
density drop from 160 kWh/m? to 142 kWh/m? (227 kWh/m? to 195
kwWh/m®). With a FR of 12 (14), the minimum concentration for T,
(Ta,,,) is arrived at, maximizing energy density, at the toll of 1.8 K (4.2
K) output temperature decline.

Up to this point in the evaluation, the focus has been on temperature
and energy. Based on the FR, initial evaluation of power, the most
complex parameter amidst the trio, can now be approached. By multi-
plying the HTF specific heat capacity (cp), its temperature increase
(AT,) and the FR, a value of power (P) per sorbent mass flow (m,) with
the unit J/kg or in our case more conveniently W/(g/min) is derived.
This is a specific power value, from which an absolute power value can
be attained by multiplication with the specific sorbent mass flow. The
sorbent mass flow is in reference to the supply flow, in sorption being of
50 wt% concentration. It must be noted that this does not involve the
uptake of sorbate. This must be so, since the uptake of sorbate and the
respective change of sorbate concentration, flow and heat capacity is
directly dependent on the operating temperature and the HMX design.

FR o > .0 Q¢
50 3 /"
48 /

46
Loss in output
44 temperature
Loss in 4
42 capacity 7

40 1>~

38
Tain Tain

36

Concentration [wt%NaOH]

20 25 30 35 40
GTL [K]
Fig. 6. Diagram showing concentration vs GTL at Tg. Included are calculated

flow ratio (FR) curves of 8 to 16. Deviation from the equilibrium curve indicates
temperature decline and storage capacity loss.
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ATA = ATA(,,,, - TA (13)

P
— = ¢,AT,FR (14)
ma

Looking at the previous example in Fig. 6, at the FR of 8, representing
a low HFT thermal capacity, the power per sorbent flow (%) also de-
creases, since maximum sorbent exploitation (sorbate uptake) is hin-
dered. It thus results that at a FR of 8, m% is 9 W/(g/min) and at 16 it is
12.8 W/(g/min). Thus, the nonlinear temperature to heat correlation
additionally interlinks temperature and power.

3.4. HMX performance

Up to this point, our considerations on performance evaluation are
based on sorption material temperatures (Table 1, column 6 and 7). On a
system scale, the HTF temperatures are consequential and we propose
that these are to be taken as basis for the performance evaluation dia-
gram. In sorption, equilibrium thus depends on Tk, , a value greater than
Tg.

In Fig. 7, performance (temperature, power and energy density) is
compared dependent on varying temperature profiles. All temperatures
are taken from Table 1:

1. Ideal: Assuming no temperature decline on the HMX (Tg,, Ta
TAOM)'

2. Realistic (Ta,,.): Including temperature decline on the HMX (T,
T A » Tape)-

3. Realistic (T4,,,): Including temperature decline on the HMX (T, Ta,,,,
TAmaX)

in* )

Condition (1) assumes an evaporating temperature of 10 °C (T, ), a
GTLa, ;. . Of 15 K, and requires a GTLa,,, ., of 25 K to reach 35 °C
output temperature (T4, ). This is achieved with a FR of 32, granting
maximum discharge to a final concentration of 32 wt% and an energy
density of 308 kWh/m? at a relative power of 22.4 W/(g/min).

Condition (2) includes HMX heat transfer-based temperature
decline, Tg is 5 °C, and Ty, is 27 °C. The minimum GTL is now 22 K
(GTL,,,.) and a GTL of 32 K (GTL,,,, ), is required to reach a Ty, of
37 °C allowing 35 °C output temperature (T4, ). Under these conditions,
the FR reduces to 18, the final concentration increases to 38 wt%, the
energy density reduces to 227 kWh/m?, and the relative power is 12.7
W/(g/min).

Under condition (3), the absorber HTF input temperature is

55

T 50

o

©
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< 1 2

=5 45 /3
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8 40 /
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g 2) Realistic (TA"”",)

O 35 3) Realistic (T )
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Fig. 7. Concentration vs GTL diagram showing the evaluation of performance
based on the three conditions; 1) Ideal, 2) Realistic (Ty,,.), and 3) Realistic
(T4a,,)- Lines with arrows are included to indicate GTL and concentration
values. The arrows indicate the evaluation direction.
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increased to 30 °C (Tj,,), increasing the minimum GTL to 27 K (GTL,4,,,),
while keeping the required GTL to reach 35 °C output temperature at 32
K (GTL,,,, ). Under these conditions, the FR increases to 22.5, the final
concentration increases to 42 wt%, and the energy density decreases to
160 kWh/m®. Even though the FR is greater under condition (3)
compared to condition (2), the relative power reduces to 7.8 W/(g/min)
since the absorber HFT temperature difference is reduced.

Thus, power and energy performance are closely interlinked and
substantially dependent on temperature conditions.

3.5. Concentration gradient

So far, material equilibrium conditions have been assumed with
temperature decline on the HMX accounted for. In technical operation,
additional, material-based mass and heat transport limitations are
encountered. These are heavily dependent on the heat and mass
exchanger design. To understand the basic mass transport response, a
study of water vapor uptake and mass transport into static aqueous so-
dium hydroxide thin films under relevant temperatures was performed,
using temporally and spatially resolved Raman spectroscopy [60].

Fig. 8 shows that particularly in the sorption process (centered in the
diagram), the rate of sorbate uptake (power) is highly concentration
dependent and leads to a concentration gradient in the thin film. It is
also shown that the film depth increases as the sorbate content increases.
Long exposure times, due to spatial and temporal gradients, are required
to reach close to equilibrium concentration at the end of the sorption and
desorption process. For this reason, even though the transported process
enables a constant system output power, Fig. 8 shows that, as the con-
centration throughout the length of the HMX decreases, much time is
required for water vapor uptake and heat release to reach low (close to
equilibrium) concentration and with-it high-energy density. Thus, the
average area and volume specific power of a sorption storage HMX will
be substantially lower compared to the sorption process in a chiller or
heat pump with small concentration differences across the HMX.

3.6. Experimental testing results

Three sorption tests with varying sorbent flow (2 g/min, 4 g/min,

70
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Fig. 8. Spatially and temporally resolved NaOH concentration measured
operando during water sorption and desorption, at a temperature of 35 °C and
55 °C, respectively, and constant evaporating temperature of 5 °C. Indicated are
both the spatial (0X/dL) and the temporal (0X/0T) gradient. The measuring
depth of the varying curves is indicated.
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and 6 g/min) are performed using our single tube lab test bench [44] see
Table 2. The FR is kept constant at 25, with an absorber HTF flow of 50
g/min, 100 g/min, and 150 g/min respectively. HTF temperatures as
defined in Table 1 are applied, whereby T, .. is taken. GTLa,, . is
derived from Ty, minus T, (Eq.5). Results are mapped in the con-
centration vs GTL diagram in Fig. 9, compared to the ideal performance
under the defined conditions, calculated to be; 27.8 K GTL, 22.3 W/(g/
min) power, and 308 kWh,/m? energy density based on equations 10-12,
14, and 7. Included are the equilibrium curve at 10 °C evaporating
temperature and the ideal performance curve at the FR of 25.

The results and comparison of the three different test cases show
clearly that for a fixed FR, at higher sorbent mass flows the actual po-
tential of the sorbent solution in terms of energy storage capacity and
temperature lift is not fully exploited. Specific power decreases along
with the energy density and the output GTL. This is due to the limitations
in mass and heat transfer kinetics. Mass flow increase at equal HMX
surface leads to an increase in film depth and greater flow. While the
later reduces the exposure time of the sorbent to the sorbate vapor,
increased film depth increases the mass transport distance from the
condensing surface of the sorbent to the sorbent film bulk, see Fig. 8,
increasing the concentration gradient. For this reason, more time is
required to approach equilibrium condition (decline of gradient and
temperature specific concentration). The increased mass flow rate on the
HMX counteracts this requirement and both lead to a reduction in en-
ergy density and sorbent flow relative power. For this reason, as shown
in Fig. 9, at constant FR, output temperature, relative power and energy
density decrease as sorbent flow increases. A sorbent system will thus be
designed for a nominal temperature gain, power and energy density,
based on a defined operating temperature profile (Table 1).

4. Discussion

In this paper, a careful look at the closed and transported liquid
sorption process is undertaken in light of the long-term heat storage
application. A fundamental challenge is found.

We propose that the three basic parameters for the sorption heat
storage performance evaluation, as would be central for any heat storage
system, are; the system output temperature (T,_,), the charge/discharge
power, and the volumetric energy density. In a technical system, failure
to reach the required output temperature and power, deem the system
nonfunctional. The parameter unique to the sorption storage applica-
tion, in comparison to the sorption heat pump, is energy density. Sorp-
tion heat pumps and chiller follow a continuous process of desorption
and absorption, without sorbent capacity storage. The question arises,
what this novel criterion brings about in respect to operation limitations.

It is argued that a pragmatic, application specific HTF input and
output temperature profile is at the root of clear operation evaluation.
Comparison between different systems as well as system evaluation such
as cycling stability can only be performed if a uniform constant tem-
perature profile is applied. We propose a profile based on heat pump
testing standards, since the sorption heat storage functions as a chemi-
cally driven heat pump. We believe that this will be more globally
accepted than own results from building load simulation and encourage
other researchers in the field to follow, making comparison possible.
From the HTF supply and return temperatures, material temperatures
derive. These are central for an initial material evaluation. As illustrated,
it would be wrong to take the HTF temperatures for the material

Table 2
Test results from a lab scale sorption storage heat pump.
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Fig. 9. Concentration vs GTL diagram including FR dependent curves and lab
scale HMX test results.

evaluation, since temperature difference between sorbent and sorbate to
HTF is inevitable. In our example with liquid sorbent and counter flow
heat exchange, we take an average difference of 2 K. This is low,
compared to solid sorbents in packed bed reactors with high thermal
resistance. The temperature difference between heat supply and sink,
termed “gross temperature lift” or GTL, is an important value strongly
effecting final concentration both in desorption and absorption and thus
also energy density. Based on the GTL and the concentration, we derive a
method for simple performance mapping. In this diagram, operational
points based on concentration and GTL can be visualized and compared
to theoretical maxima, or to varying test results.

Founded on the temperature profile, a stepwise discourse on the
operational potential, from preliminary material performance and
temperature hysteresis to the nonlinear temperature to heat correlation
and concentration gradient is followed. These steps are taken to evaluate
the practical performance potential upon which technical results may be
assessed.

We show that, since inclusion of energy capacity broadens the con-
centration scope of function, additional operation limitations derive.
This is founded on the nonlinear temperature to heat correlation (section
3.3). The desorption process is not affected, since starting and ending
conditions meet (Fig. 5), and, in our case, approaching final charging
concentration (heat and mass transport kinetics) can be accelerated by
increasing GTLp_ (Fig. 3), since the required charging temperate is
generally below the maximum available. Contrarily, in the sorption
process, the restriction applied, and careful assessment of the theoretical
potential is necessary to perform a clear technical evaluation to assert
the specific HMX design. For this reason, the absorption process is now
further discussed.

Absorption as also desorption, both depend on the evaporator/
condenser temperature, which defines the vapor pressure in the HMX
chamber. For this reason, the sorbent equilibrium line, the state at which
the sorbent is in temperature and concentration equilibrium at a specific
vapor pressure equivalent temperature is central. In terms of tempera-
ture and energy density, derived from the concentration difference, this
is the absolute theoretical maximum. We propose, that the equilibrium
line used in the performance mapping basis on the HTF temperature. It is

Test # Sorbent Flow GTLA_max HTF Power [W] Sorbent flow relative Power Energy density
i K
[g/min] (K] [W/(g/min)] Relation to max. (22.3) [kWh/m?] Relation to max. (308)
1 2 24.2 32.0 16.0 0.72 202.5 0.66
2 4 23.2 57.2 14.3 0.64 170.4 0.55
3 6 20.7 59.6 9.9 0.45 139.9 0.45
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clear that the material values will divert from this due to temperature
loss in heat transfer. Nevertheless, exactly this temperature loss is part of
the accumulated performance decline. In our application (example), the
evaporator supply temperature is taken to be 10 °C (Tg,). In our per-
formance mapping, the equilibrium line at 10 °C is therefore included. If
Tg, changes, the equilibrium line adjusts respectively. The second and
third consequential temperatures are Ty, (Ty,.) and T,,,, in our case
30 °C (25 °C) and 35 °C. Based on these temperatures and therefrom
resulting specific FR, a second curve is added to the diagram, showing
the performance decline due to the nonlinear temperature to heat cor-
relation (Fig. 7). This is the practicable maximum performance. From
this, the maximum relative power is also derived (Equation (14)),
completing the performance trio. Again, if T4, and T, , divert from the
defined values, the curve is adapted, adjusting the relative power and
energy density. The performance evaluation of a system thus basis on
the diversion from this practicable maximum curve. By mapping this on
the concentration vs GTL diagram, simple visualization is reached.

While in operation, the testing conditions are unalterable, either
following the temperature profile in Table 1 or in a real setting fixed by
the heat source (ground source heat exchanger) and sink (building), the
sorbent flow (r,) and the HTF flow (or FR) are alterable parameters,
jointly impacting power output. Upon this, two evaluation schemes are
obtained:

Scheme 1) variable r,, sequel FR, and fixed Ty,,: In this approach,
the FR is adjusted to reach a fixed Ty, based on rm, which is flexible,
affecting the specific power output. The changing values are power and
energy density. The specific power can then be divided by i, to derive
the sorbent mass flow relative power, a value that can be compared at
varying specific power settings.

Scheme 2) variable m,, fixed FR: In this approach, the FR is kept
constant and only m, is changed, affecting specific output power. The
changing values in this case are T, ,, power, and energy density. Again,
the sorbent mass flow relative power can be calculated for comparison of
varying tests.

Setting 1 is the application true assessment since the required Ty, is
upheld and thus true relative power and energy density are verified for
mg. Version 2 on the other hand can provide insight into influencing
limitations. By keeping the FR constant, the increase in power in respect
to m, theoretically remain linear under ideal conditions, resulting in
constant mass flow related power, energy density and Ty, . Diversion
there from points to process resistance and design limitations. This dif-
fers to scheme 1, where due to the change in the FR, required to uphold
Ta,., Since operation is not ideal, final theoretical energy density
changes.

Looking at the provided testing example, under ideal conditions, at a
FR of 25 and a GTL,,,. ., of 15K, a GTL,, ., of 27.8 K, a power output
of 22.3 W/(g/min), and an energy density of 308 kW/m? (32 wt%) are
calculated. These are the maximum values under the defined conditions
and the evaluation basis. In Fig. 9, the performance mapping of the three
example results is shown. The diagram includes both the theoretical
maximum (equilibrium line) and the practicable maximum (FR limita-
tion line). The concentration and GTL maximum values are noted as
unit, with specific values in brackets. The three test results are plotted
showing the maximum GTL at 50 wt% concentration and the final
concentration at GTL,4 (15 K), extended with the fraction of relative
power and energy density. In this way, Fig. 9 provides a straightforward
overview of the performance parameters Ty, (Tg, + GTL), relative
power, and energy density at varying specific power output. It is seen
that at increased power output (higher sorbent and HTF flow) at con-
stant FR, the performance to the theoretical maximum declines. Test 1,
at the lowest specific power, has the highest relative power and energy
density. Even so, there is a diversion from the maximum. This is ex-
pected, maximum cannot be reached in practice due to limited thermal
and mass transport kinetics. Chapter 3.5 shows mass transport re-
strictions. Again, these are more severe in the absorption process than in

min* HTF
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desorption. Increase in mass flow at constant absorber area leads to an
increase in film depth and flow. Greater film depth requires longer time
for sorbate mass transport from the film surface to the film bulk and
concentration gradient increases. Greater mass flow on the other hand
reduces the sorbent exposure time. For this reason, both the sorbent
mass flow relative power as well as the energy density are reduced.

The performance mapping clearly visualizes the working limits of a
respective HMX component. In-depth evaluation is now possible based
on more detailed measurement. By measuring the actual evaporating
temperature on the evaporator, a second FR limitation line can be
drawn, showing the loss of performance due to the temperature drop on
the evaporator. Again, by measuring the maximum and minimum sor-
bent temperature on the absorber, this can also be included. In this way
overall evaluation can be segmented and the varying individual con-
tributions quantified.

In our testing example, it is clear that mass transport of sorbate into
sorbent is limiting, since temperature differences of the HTF to the
sorbent and sorbate only marginally increase as m, is increased. Tech-
nical design challenges are thus at hand to increase the mass transport
kinetics.

5. Conclusion and outlook

In this paper we pursue a method for sorption heat storage perfor-
mance mapping. Central for this mapping (evaluation) is the derivation
of the technical maximum. We show that this is not the equilibrium
condition, but diverts there from due to the concentration based non-
linear temperature to heat correlation. Based on this we argue that
both maximum temperature and energy density as suggested in the
equilibrium evaluation cannot be achieved, indifferent of heat and mass
transport kinetic. In the transported liquid sorbent process the flow ratio
(FR) of sorbent to heat transport fluid (HTF) provides a good method for
determining the potential output temperature, power and energy den-
sity, recognized as the three main heat storage performance parameters.
Diversion from this technical maximum, points to kinetic limitations
from heat and mass transport, showing potential for heat and mass
exchanger (HMX) improvement.

Visual mapping is achieved by plotting specific test results in respect
to the FR maximum in the concentration vs GTL diagram. In order to
evaluate the degree of individual performance hindrance in heat and
mass transport, additional curves can be included based on local tem-
perature and pressure measurements on the HMXs. For example, based
on the actual evaporation temperature, being lower than the evaporator
input temperature (Tg, < Tg) a second FR curve can be added, showing
the share of performance decline due to the evaporator temperature
reduction. Based on the findings in this work, a more precise evaluation
of performance is possible, since unavoidable limitations are observed.
This enables to better detect and eliminate (reduce) design-based bottle
necks. From this evaluation, it is recognized that, in order to achieve the
best performance, the FR should be chosen such that the minimum
required output temperature is reached, permitting respective applica-
tion specific maximum discharging, enabling maximum power and
maximum energy density.
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