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ARTICLE INFO ABSTRACT

Keywords: In the course of a more intensive energy generation from regenerative sources, an increased number of energy
Thermal stratification storages is required. In addition to the widespread means of storing electric energy, storing energy thermally
Stratification indices can contribute significantly. However, limited research exists on the behaviour of thermal energy storages
CHP unit

(TES) in practical operation. While the physical processes are well known, it is nevertheless often not possible
to adequately evaluate its performance with respect to the quality of thermal stratification inside the tank,
which is crucial for the thermodynamic effectiveness of the TES. The behaviour of a TES is experimentally
investigated in cyclic charging and discharging operation in interaction with a cogeneration (CHP) unit at a
test rig in the lab. From the measurements the quality of thermal stratification is evaluated under varying
conditions using different metrics such as normalised stratification factor, modified MIX number, exergy
number and exergy efficiency, which extends the state of art for CHP applications. The results show that the
positioning of the temperature sensors for turning the CHP unit on and off has a significant influence on both
the effective capacity of a TES and the quality of thermal stratification inside the tank. It is also revealed that
the positioning of at least one of these sensors outside the storage tank, i.e. in the return line to the CHP unit,
prevents deterioration of thermal stratification, thereby enhancing thermodynamic effectiveness. Furthermore,
the effects of thermal load and thermal load profile on effective capacity and thermal stratification are
discussed, even though these are much smaller compared to the effect of positioning the temperature sensors.

Cogeneration
Thermal energy storage
Exergy analysis

1. Introduction the heat and transportation sectors, essentially by the construction of
PV and wind power plants. In order to increase the share of renewable

At the Paris UN Climate Change Conference in 2015 it was jointly energies in the heat and transportation sectors as well, it is necessary
agreed to limit global warming to a rise of temperature below 2°C, or to couple the sectors, or in other words to transfer the electricity
better still below 1.5°C, compared to pre-industrial levels [1]. At the generated by PV and wind power plants to the heat and transportation
2021 Climate Conference in Glasgow, this decision was reaffirmed, and sectors. In the latter sector, major efforts are currently being made
further measures such as halting the destruction of forests and reducing to introduce electromobility. In the heat sector, there is an increased

methane emissions were agreed [2]. However, the main focus remains
on phasing out the burning of fossil fuels to provide secondary energy
in the heat, electricity and transportation sectors. Many countries have
therefore set targets for switching to renewable energies. The EU aims
to reduce greenhouse gas emissions by at least 55 % by 2030 compared
to the 1990 baseline [3]. The USA announced a reduction of greenhouse
gas emissions by at least 50 % by 2030 compared to 2005 levels [4], and
China wants to be climate neutral by 2060 [5].

Looking at the measures and the success that have been initiated
and achieved so far, it becomes clear that the transformation in the
electricity sector has already progressed considerably further than in

focus on heat pumps. Another type of sector-coupling is provided by
cogeneration, where waste heat from electricity generation is utilised
for heating purposes. Since the chemical energy in the fuel is more com-
prehensively converted into electric power and useful heat, a higher
fuel efficiency is achieved. If, in addition, a CO,-neutral fuel such as
biogas or green hydrogen is used, cogeneration can serve as a highly
efficient, carbon neutral technology for providing both electricity and
useful heat.

In any sector-coupling technology, the use of energy storage systems
is indispensable to synchronise the generation and consumption of
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Nomenclature

< Specific heat capacity [kgLK]
D Diameter [m]

E,Q Energy, Heat [J]

Ex Exergy [J]

Ex* Exergy number [—]

g Gravitational acceleration LEZ]
H Height of the TES [m]

J Number of layers [—]

Mg Moment of energy [J - m]
MIX MIX number [—]

MIX* Normalised MIX number [—]
Pe Peclet number [—]

Ri Richardson number [—]

ST Stratification factor [K2]
ST* Normalised ST factor [—]

Str Stratification number [—]

t Time, [s]

TC Thermocouple

T; Temperature at node j [°C]
14 Volume [m?]

Vv Volumetric flow rate [mé]

y Vertical distance [m]

y Distance to layer centre node [m]
a Thermal diffusivity ["%2]

p Coefficient of thermal expansion [1/K]
At Sampling period [s]

0z,4z Change in vertical distance [m]
n Efficiency [—]

p Density [%]

v Fluid velocity [?]
Subscripts

bot Bottom of tank

cold Cold region

eff Effective

fully-mixed Fully-mixed case

hot Hot region

ideal-str ideally-stratified case

in Inlet

j Layer or node number

m Mixed or Bulk mean

max Maximum

min Minimum

t At a specific time

tank The TES tank

TES Thermal energy storage tank
top Top of tank

the different forms of energy. When coupling the electricity and heat
sectors, as in the case of cogeneration, it is often beneficial to use
a thermal energy storage (TES) with water as the storage medium,
usually labelled as hot water tank. This method of energy storage is less
expensive than electrical energy storage systems. Moreover, such tanks
are often mandatory to decouple thermal generation from fluctuations
of the current heat demand in time, and therefore they usually form an
integral part of cogeneration plants and heat pump systems anyway.
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Despite the benefits of thermal energy storages, their efficient use
is constrained by limited understanding of the exact thermodynamic
properties inside the tank. Therefore, in many cases basic “rule of
thumb” methods are applied to estimate a good size of the hot water
tank acting as thermal energy storage. For a better understanding,
the distribution of temperatures especially in vertical direction is of
interest, due to the fact that hot water rises because of its lower den-
sity, while cold water descends accordingly. This is known as thermal
stratification. Besides the practical aspects of this phenomenon, it is
also important in terms of thermodynamic effectiveness of the TES. A
perfectly stratified storage tank with a hot water zone in the top and
a cold water zone at the bottom, is thermodynamically more valuable
than an isothermal TES at constant mixing temperature, although the
content of energy is the same in both cases. Thermodynamically, this
effect is expressed by exergy, and for that reason exergy will be one
of the metrics applied in the following for evaluating the quality of
thermal stratification in thermal energy storages.

Another reason why thermal stratification in the TES of cogenera-
tion and heat pump installations is of special interest is the fact that
the temperatures inside are measured at different locations, or more
specifically different heights, for turning the CHP and heat pump units
on and off. Hence, it is important to know what fractions of the entire
energy stored in the tank are located above and below the temperature
sensor for controlling the units. In other words, the vertical temperature
distribution in the tank is an important measure for the functional
and efficient operation of these systems. Moreover, since demand-
oriented operation is heavily dependent on the ability of cogeneration
units (CHP units) and heat pumps to efficiently match generation with
consumption, the thermal energy storage is a key element in the entire
installation, further emphasising the need for a good understanding of
its thermodynamic behaviour [6,7].

To address this challenge, the thermal stratification was experimen-
tally investigated and analysed in a TES as part of a cogeneration plant.
In particular, the research questions are how different operating modes
of a CHP unit affect thermal stratification in the TES, how this affects
its thermodynamic effectiveness, and what metrics are appropriate
for accurately evaluating the quality of thermal stratification in this
application. For this purpose, various experiments were carried out
on a TES connected to a small CHP unit. Subsequently, the results
were evaluated with regard to thermal stratification in the TES using
different metrics to derive its thermodynamic effectiveness. This finally
serves to answer the research questions in both aspects: It will become
clear what kind of metrics are suited to evaluate thermal stratification
and, through this means the thermodynamic effectiveness of a TES in
a CHP installation. In addition, the results will reveal the effects of
the parameter varied during CHP operation on thermal stratification
in the TES. These answers constitute the novelty and originality of the
publication compared to the existing literature, as will be shown in the
next section.

The structure of this paper is as follows: In Section 2, various
works from the existing scientific literature dealing with the analysis
of thermal stratification in thermal energy storages are collated and
evaluated to form a basis for the analysis. Section 3 describes the
experimental setup at the test stand. Section 4 is devoted to the var-
ious metrics and criteria found in the literature for characterising the
thermodynamic quality of thermal stratification in a TES. At the end
of the section, the criteria applicable for an installation comprising a
CHP unit in combination with a TES are identified. After illustrating
the experimental procedure in Section 5, the test results are explained
and evaluated in Section 6 based on the criteria elaborated beforehand.
A conclusion finalises the publication in Section 7.

2. Related work

When comparing different TES devices on the market, it is desirable
to have and use numerical indices to determine the ability of a TES
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to promote and maintain thermal stratification during charging, stor-
ing and discharging processes [8]. The performance characterisation
of TES devices, with respect to thermal stratification, requires the
implementation of a variety of indices that are obtained from literature.

Haller, et al. [8] provided an extensive review of different meth-
ods that have been proposed in literature to characterise thermal
stratification in TES devices. These methods specifically focussed on
determining the effect of stratification using single numerical values
that can be useful when comparing different experimental cases. The
authors highlighted the importance of distinguishing between factors
that influence the degree of stratification and the numerical numbers
that are generally used to characterise stratification. Factors that in-
fluence the degree of stratification include the height of the tank and
its relation to the tank diameter, the inlet water temperature and the
flow rate of the discharging water. The authors concluded that not all
characterising metrics are equally applicable to all three processes of
charging, discharging and storing [8]. For example, indices such as the
stratification coefficient, ST, and the thermocline thickness both require
internal temperature measurements of the TES and provide an appro-
priate indication of the quality of stratification for all three processes
as mentioned before, however, a metric such as the discharge/charging
efficiency number is not applicable for purely storing processes.

Gonzalez-Altozano, et al. [9] presented a method, termed the vir-
tual thermocouple (TC) method, which allows water temperature to
be estimated at any depth and at any time during a TES charging
process. During the formulation of this method, the five-parameter
logistic (5PL) function was applied to fit and estimate the sigmoidally-
shaped temporal trend that was observed for each measured node.
The experimental data was collected from a test bench comprising a
905 litres vertical TES tank with a 0.8 m diameter and a height of 1.8 m.
The temperatures along the height of the tank were recorded using
12 type-T thermocouples that were installed equally-spaced along the
height of the tank. In addition, two more thermocouples were used
to measure the inlet and outlet temperature. Two independent and
geometrically-varying inlet ports were arranged at the top of the tank
in-line with its vertical axis — a conventional inlet elbow and a sintered
bronze conical diffuser. Four experiments were conducted, a low flow
rate of 6litres/min and a high flow rate of 16litres/min for each of the
two inlet configurations. The results of the Virtual TC method showed
an appropriately-fitted model for the internal temporal trends. The
average RMSE value for the elbow inlet configuration model was shown
to be 0.5075 °C for low flow rate and 0.9523 °C for high flow rates. The
average RMSE values for the conical diffuser inlet configuration model
was 0.2374 °C for low flow rate and 0.4197 °C for high flow rates.

Gasque, et al. [10] conducted a study where the characterisation
of internal temporal trends in a TES was investigated with the aim
of minimising the number of thermocouples used for model develop-
ment. Their study was an extension on the work that was done in
Gonzalez-Altozano, et al. [9]. More specifically, this study was focused
on assessing the sensitivity of the Virtual TC method as defined in
Gonzélez-Altozano, et al. [9] and how it could be used to determine
the minimum number of thermocouples needed for accurate charac-
terisation. Using the existing data from Gonzalez-Altozano, et al. [9],
four additional models were developed for each of the four experi-
ments. These models were each developed with fewer and a decreasing
number of thermocouples — 7 TCs, 4 TCs, 3 TCs and 2 TCs. From the
results it was concluded that models developed using fewer number
of thermocouples, such as 7 TCs, 4 TCs and 3 TCs, showed a similar
temporal patterns to the former 12 TCs models. The RMSE values for
all models were on average less than 0.6°C.

Fernidndez-Seara, et al. [11] investigated the degree of thermal
stratification within a 150litres vertically-oriented tank with a heating
element located at the bottom. The tank was installed with 11 temper-
ature sensors positioned along the height of the tank to a probe depth
of 20 cm. The study introduced six different inlet-outlet configurations
and three different flow rates (5, 10, and 15 litres/min) as experimental

Applied Thermal Engineering 232 (2023) 121015

parameters. From their results, it is clear that the inlet-outlet port con-
figuration has a significant impact on the development of the internal
temporal trend as a function of time. This was also observed in the
studies by Gonzélez-Altozano, et al. [9] and Gasque, et al. [10]. The
stratification number, Str, was first defined in part 1 of this study and
was used as a stratification metric to compare the different experiments
with one another. Based on the results in the form of stratification
number, it was evident that low flow rates promoted better thermal
stratification, while high flow rates caused more turbulence and, as a
result, more mixing. This was observed and discussed in other studies
in literature [8,10,12-14].

Castell, et al. [13] compared a variety of characterisation num-
bers for thermal stratification and general efficiency for a vertically-
oriented TES tank. The experimental setup consisted of a TES device
with a volume of 287L, a height of 1.56m and a diameter of 0.5m.
The temperatures along the height of the TES were measured us-
ing six equally-spaced PT100 temperature sensors. The study used a
variety of dimensionless characterisation numbers, such as the MIX
number, Richardson number, discharge efficiency, Peclet number and
the Reynolds number. One of the study’s conclusions was that the Peclet
and Reynolds numbers were not suitable for thermal stratification char-
acterisation. They further concluded that the working flow rate and the
working temperature, also known as the set or target temperature, were
typically the most influential variables affecting the stratification in
their study. The MIX number and Richardson numbers were considered
to be appropriate metrics for characterising stratification. However, it
was noticeable that the MIX number was sensitive to small temperature
changes in device set temperatures.

Van Schalkwyk, et al. [14] developed an experimental platform for
a horizontally-oriented, domestic electric water heater (DEWH). The
aim of the study and platform was to measure the internal temperature
profile development and to characterise the thermal stratification for
numerous environmental and operational cases. The TES tank had a
volume of 150litres and was sectioned at the inlet side to envelope
a separate thermal stratification measurement unit with 66 tempera-
ture sensors. The study showed measured results that provided three-
dimensional temperature variation for heating, storing and discharging
experiments, including the thermal stratification in the vertical axis,
which was sectioned into 9 measured layers. The results provided
observations that the most prominent temperature variation occurred
in the vertical axis, owing to thermal stratification, and that there was
little to no temperature variation along the length of the tank, except at
the inlet port of the tank. It was also observed that the lower region of
the tank remained remarkably colder than the upper layers during the
thermal charging phase. A temperature difference between the bottom
layer temperature and the thermostat temperature was measured to be
at least 30°C at the time the thermostat measured a temperature of
60°C and switched off. The authors concluded that the three lower
layers of the tank have a significantly slower thermal response when
compared to the upper layers and could possibly remain within a
crucial temperature range, conducive for pathogenic growth, such as
Legionella pneumophila.

Celador, et al. [15] assessed different stratification modelling strate-
gies for TES devices that were used as buffer tanks in Combined
Heat and Power (CHP) plants. More specifically, the aim was to study
the effect of applying different models for energetic and economic
simulations of CHP units based on internal combustion engines. Three
different models for three TES stratification cases were studied and
applied — an actual stratified tank, an ideally-stratified tank and a
fully-mixed tank. The authors stated that thermal stratification not only
influences the exergy efficiency of the TES, but also the global perfor-
mance of the CHP plant. Also, mixing does not directly imply energy
losses, but more exergy destruction since the heat transfer between the
components of the plant is affected. The data from a case study using
a CHP plant, located in Bilbao metropolitan area in Spain, was used
to perform the comparison between the three models. The residential
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area had an annual heat demand for heating and hot water usage.
The thermal efficiencies of the storage tank were 95.60 %, 92.87 %, and
89.16% for ideal stratification, actual stratification, and fully-mixed
models, respectively. Interestingly, these three stratification cases were
also used when calculating the MIX number as shown in this and other
studies [8,12,13].

Wang, et al. [16] conducted a study on the influence of a custom-
designed, inlet-fitted equaliser on the performance of thermal stratifi-
cation in a 60L TES installed in a solar plumbing configuration. The
TES tank also had an additional 1.5kW heating element for resistive
heating. The tank was probed with 16 PT100 temperature sensors at
a radial depth of 100 mm. The aim of the study was to determine the
influence of the TES inlet modes on the thermal stratification perfor-
mance and fill efficiency (a stratification performance index defined in
this study). The experimental tests were conducted with various flow
rates ranging from 1L/min to 6L/min. Apart from the experimental
results, a CFD model was also generated using ANSYS. The results
from the experiments and the CFD model were used in conjunction
with common stratification indices, such as Richardson number, MIX
number and exergy efficiency. The results of the study showed that the
inlet equaliser had a positive effect on the stratification conservation
in the tank and that the CFD model was in good agreement with the
experimental results. The authors concluded that the flow rate is one
of the most important influential factors during a thermal charging
process. This is corroborated by other studies [9,10,12,16].

Maruf, et al. [17] provided a detailed review of current power
to heat (P2H) and energy storage technologies and classified them
according to their climate neutrality, efficiency, technological maturity
for fossil-fuel substitution or supplement and their role in the European
energy system.

Lai, et al. [18] conducted a study on strategies to increase energy
savings while decreasing coal consumption through optimisation mod-
els applied to parallel CHP units which are connected to a heat storage
tank (or TES). Using a similar setup of CHP units and buffer tank, Wang,
et al. [19] introduced a buffer tank capacity configuration method for
a CHP plant to improve peak shaving ability.

Apart from Maruf, et al. [17], Lai, et al. [18] and Wang, et al. [19],
who provided holistic energy solutions and insights to CHP systems, the
studies mentioned before focussed more on TES devices and provided
useful insights and methods for analysing and characterising thermal
stratification. The most notable factors influencing stratification were
the inlet water temperature, its flow rate and the set/target temperature
of the device thermostat. The flow rate of the incoming water has a
direct influence on the degree of turbulence of the inlet water stream.
A higher flow rate would cause a higher degree of turbulence, as per
the Reynolds number, and thus induce more mixing in the tank [9,10,
14,16]. This ultimately decreases the exergy in the system as entropy
increases due to thermal diffusion. For this purpose, low flow rates
are favourable when the quality of thermal stratification needs to be
maximised. Other notable studies include Kizilors, et al. [20], Farooq,
et al. [21], Abdelhak, et al. [22], and Chandra, et al. [23].

Most studies from literature that focus on thermal stratification,
including the studies discussed above, use conventional TES tanks with
plumbing configurations fitted with single inlet and single outlet ports.
However, TES buffer tanks that are utilised in cogeneration applications
are fitted with two or three pairs of inlet-outlet ports, as shown in
Figs. 2 and 3. Table 1 provides a visual comparison between studies
mentioned above and highlights the relevant research gaps that this
paper aims to address.

One notable difference between the above-mentioned studies is
the thermal charging mechanisms for heating operations. Most studies
focus on resistive heating, whereas TES tanks in cogeneration appli-
cations are charged by circulation; replacing cold water with heated
water directly from a CHP unit’s heat exchanger. From this, two sig-
nificant differences are identified between conventional TES tanks and
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TES buffer tanks that are utilised in cogeneration applications — port
configurations and heating mechanism.

Table 1 shows the scarcity of literature examining the impact of
thermal stratification on the overall efficiency of TES buffer tanks
installed in CHP configurations. Conventional characterisation strate-
gies from existing literature will be applied to the thermodynamic
data from the buffer tank used in a cogeneration application. The aim
will be to test whether these stratification characterisation strategies
are applicable to TES tanks with cogeneration configurations. Further-
more, if they are, another remaining question would be if they can
be used to characterise the TES device’s thermodynamic effectiveness
appropriately.

3. Experimental setup

Fig. 1 shows the high-level experimental setup. It consists of a CHP
unit “Dachs G5.5” by SenerTec driven by natural gas providing 5.3 kW
net electric and 12.0kW thermal power. The TES is the SenerTec SE
750, made by SenerTec as well, with an internal volume of 750 litres.

The hydraulics and the instrumentation of the test bench are illus-
trated in Fig. 2. The thermal energy storage is shown in the centre of
the diagram, with the CHP unit on the left and circuits for domestic hot
water (DHW) and space heating forming the demand side on the right.

It can be seen that the TES is charged by the CHP unit, which
operates in On/Off-mode, by feeding hot water in the supply line to the
tank. For discharging, thermal energy is transferred to a heat exchanger
for generation of DHW and to a circuit for space heating. The two-way
control valves in the fresh water circuits are meant for maintaining a
predefined heat demand for DHW and space heating, respectively. In
addition, a three-way control valve is installed in the circuit for feeding
the heat exchanger for space heating with a constant and pre-defined
supply temperature. By this means, any profile for DHW as well as
heating load can be applied.

However, for reducing the number of input parameters and facil-
itating the analysis of the tests in the course of this paper, only the
heating circuit was utilised to discharge the TES. The circuit for DHW
was not in operation during the tests. Moreover, it can be seen from
Fig. 2 that numerous sensors for temperatures and volume flow rates
were installed, in order to evaluate heat rates as well as temperature
distribution in the TES. For the latter, seven thermocouple sensors
of type K were attached by high-conductivity glue on the outside of
the tank (TC1-7). Sensors TC1-7 were intended to be placed evenly
distributed over the height of the tank, which, however, was not
entirely possible due to the fact that a commercially tank was applied.

To increase the accuracy of the measurements, the thermocouple
sensors were calibrated against each other at ambient temperature,
which was adequate because the temperature differences to this ref-
erence is of interest for the further analysis, only. Temperatures T,,pers
Tniddle and Tjgye, Were measured by standard Pt500 sensors. All other
temperature sensors depicted in Fig. 2 were Pt100 type B 1/10 DIN
allowing, together with the magnetic-inductive volume flow meters,
relative uncertainties below 1.5% for the heat rates for charging and
discharging the TES.

During the experiments the CHP unit operated in heat-led mode,
whereby it turned on whenever the status of the TES was “fully dis-
charged” and continued in this state until the status of the TES turned
to “fully charged”. From that point onward the CHP unit stayed off,
and the heat demand was covered by the TES only. This state remained
operational until the TES was fully discharged, forcing the CHP unit to
be turned on again, and the cycle to start anew.

Turning the status of the TES from “fully discharged” to “fully
charged” or the other way around is determined and executed by the
three temperature sensors attached to the TES tank Typper, Tiniddie @nd
Tiower» Shown in Fig. 2. For this purpose, these sensors are typically
directly connected to the internal control of the CHP unit. In the event
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Table 1

Comparative summary of relevant stratification literature.
Study Stratification ~Measurements® TES and CHP Stratification Controlled Exergy TES heating method

indices® combination  modelling parameter variation analyses

[11] v v(11) X X 4 v Resistive
[21] X v(8) X v (FEA) X X Resistive
[22] v V(data [11]) X v (CFD) X X Resistive
[24] X v(11) X v (Multiple) v X Resistive
[20] X v(33) X X 4 X Resistive
[10] X v(12) X v (VTC,CFD) v X Circulation
[23] v v (20) X v (CFD) v X Circulation
[13] v v(6) X X 4 X Circulation
[15] X X X v (TRNSYS) X v Circulation
[16] Ve v (16) x4 v (CFD) v v Circulation
[18] X X v X X v Circulation
This study v v v X v v Circulation

2Note that all TES tanks are oriented vertically in these studies.

bThe measurements column includes the number of sensors used for stratification measurement in brackets.
Definition of new stratification performance index - fill efficiency.

dSolar setup - TES plumbing configuration very similar
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Fig. 1. Test bench setup at Reutlingen University.
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Fig. 3. Details of the TES at the test station.

of the temperature at the upper sensor dropping below a predefined set
point temperature, the TES is termed discharged, and the status of the
TES is set to “fully discharged” by the internal control forcing the CHP
unit to turn on, as described before.

On the other hand, whenever the temperature at the lower sensor
exceeds its predefined set point temperature, the TES status is turned
to “fully charged”, and the CHP unit turns off. This description implies
that only two of the three sensors shown in Fig. 2 are needed to control
the CHP unit in heat-led mode. However, the third sensor placed in
the middle of the tank is used to replace either the lower or the upper
sensor for different control modes such as comfort or energy saving
mode. The latter mode operates the CHP unit only between the middle
and the upper sensor providing that the lower section of the TES always
stays cold, which tends to reduce heat losses from the TES. This mode
is often applied in summer time, when heat is needed for generation of
DHW, only. In comfort mode the CHP unit operates between the lower
and the middle sensor making a bigger portion of hot water available
in the top of the tank, which can i.e. be used for generating more DHW.

Fig. 3 shows a more detailed sketch of the TES, revealing the
positions of the sensors TC1-TC7 as well as Typpers Trigdle and Tigwer
more exactly. In addition, the locations of the connecting pipes for the
different circuits are visible. Any further nozzles depicted in Fig. 3 were
plugged. It should be noted that the connecting pipes may be extended
internally, in order to direct their inlets or outlets directly to the top
or the bottom of the tank. By this means, it is guaranteed that i.e. the
hottest section in the top of the tank is utilised for DHW generation
and the CHP unit is provided from the coldest section at the bottom of
the tank for maximising heat recovery from the exhaust gases including
condensation. Moreover, it should be noted that the fluids of the CHP
circuit, DHW and space heating circuit can mix within the tank. Hence,
there is no separation of the fluids by an internal heat exchanger, which
saves cost and is for that reason typical for most CHP installations. As
a consequence, thermal stratification may occur over the entire height
of the tank.

To facilitate the analysis of the TES, its geometry featuring the
two torispherical heads has been converted to an ideal cylinder with
a constant volume of 750litres and a constant internal diameter of
0.744 m. Hence, the height of the ideal cylinder is reduced from 1.823 m
to 1.725 m. In the same way the heights of the different sensor locations,
each measured from the bottom of the tank, have been converted to
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the ideal cylinder. Table 2 lists these heights as dimensionless relative
heights based on the total height of the theoretical cylinder. In addition,
each sensor is related to its partial volume, which is represented by
the volume slice resulting from cutting the total volume at half the
distance between two neighbouring sensor positions. This method was
performed independently for sensors TC1-T'C7 and for sensors Tigyer»
Thiddle and Typper, and the results are listed in Table 2 as dimensionless
relative partial volumes based on the total volume of the tank, which
is 750 litres.

As outlined before, it was intended to space the sensors equally
along the height of the tank, in order to create almost identical partial
volumes for each section. Due to the fact that a commercially available
tank was applied, this was not entirely possible. But the remaining
variations between the partial volumes does not affect the general
conclusions of the analysis.

4. Performance indices

There are many theoretical and practical methods that can be used
to quantify the performance and efficiency of thermal energy storages
such as the one investigated in this paper and described in the previous
section. In addition, many resources, strategies and numbers exist in
literature to analyse the quality of thermal stratification in hot water
tanks as summarised in Section 2. This section provides a detailed
overview of a few numerical indicators that were used to quantify
the thermal performance of the tank for the different experiments as
outlined before.

4.1. TES content of energy

For an adequate analysis of thermal stratification in a TES the tank
needs to be divided in a number of J layers, with every layer being
equipped with a temperature sensor. In the experimental setup, the tank
was divided into seven layers as discussed in Section 3. The internal
energy for each layer can thus be determined based on each layer’s
measured temperature and pre-defined volume; the latter as listed in
Table 2. As one metric of interest is the total internal energy inside the
tank, it can simply been derived from the sum of the internal energy
for each measured layer. This is expressed as

J
Ergs(n) = Z pi(T(0) - ¢, ;) (T;®) - V- (T(1) — Tref) @
j=1

where Ergg is the internal energy of the thermal energy storage, as
a function of time and measured in Joule. The variables p;, c,; and
T; are the density, specific heat, and measured temperature of the
water in the j’th layer, respectively. The variables V; and T, are the
predefined volume of the j’th layer and the reference temperature for
all layers, respectively. All calculations in this paper assume a reference
temperature of 20°C. Finally, index J is 7 with respect to the tank
under investigation.

The mixed (bulk mean) temperature, T, is used in many cases
where the weighted average temperature is needed. It is expressed as

1

T = Veonk
tan

J
VT @
Jj=1

where Vi, is the total tank volume of in this case 750litres. Density
and specific heat properties are treated as constants in this equation,
in order to prevent an iterative process for finding T, (¢). The resulting
error is small as long as temperatures in the tank do not differ too much
from one another.
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Table 2
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Relative heights of sensor locations for the ideal cylindrical tank and relative partial volumes.

Sensor TC1 TC2 TC3 TC4

TC5 TC6 TC7 T]ower Tmiddle Tupper

Rel. height/- 0.081
Rel. part. volume/- 0.163

0.224 0.343 0.467 0.605 0.747 0.909 0.177 0.458 0.781
0.122 0.116 0.133

0.142 0.142 0.182 0.354 0.209 0.437

4.2. TES effective capacity

The effective capacity of the TES can be defined as the difference
between the maximum content of internal energy to the minimum con-
tent of internal energy in time. According to Section 3, the maximum
content of internal energy occurs whenever the TES reaches the status
“fully charged”, while the minimum content of internal energy occurs
when the TES reaches the status “fully discharged”. Hence, the effective
capacity Qrgs ¢ can be expressed by the following equation:

OtEseff = E1ES,max — ETES,min 3)

It is important to note that Qrgg ¢ is not a function of time anymore
from when the quasi-steady state of the TES is reached, as Erpg mayx
refers to the energy at the time instant when the TES is fully charged,
which is equivalent to the time when the CHP unit is turned off by the
internal control. Consequently, the TES reaches its minimum content
of internal energy Ergg min at times where it is fully discharged, which
is the time where the CHP unit is turned on.

4.3. Stratification indices

Thermal stratification is a natural phenomena that occurs due to
fluid density differences. Naturally, a fluid having a lower density
would rise, and remain above a fluid with a higher density. The
density of any liquid has an inversely proportional relationship with
temperature. That being said, an increase in temperature for a body of
water would mean a decrease in density for that same body of water.
In a common case where a region of water within the lower region of a
water tank is heated, the water molecules in this region would start to
rise to the top, and accumulate. This buoyancy effect is the reason why
thermal stratification occurs. It is a common phenomena and also an
indication of the amount of usable energy, also known as exergy, within
the TES tank. The degree of stratification and exergy can be analysed in
various ways — many of which are explained in the following sections.

In order to support these explanations, Fig. 4 illustrates the def-
inition of various parameter used in the following for deriving the
metrics. In addition, besides the experimental case displayed in the
middle of Fig. 4 two reference cases are shown. The first case on the
left represents a theoretical case of an ideally-stratified tank with two
volumes — a hot epilimnion and a cold hypolimnion. Note that these
volumes are dynamic and vary as a function of time. The tank presented
in the middle represents the experimental case where the tank is sec-
tioned, and temperatures measured at seven different locations along
the height of the TES tank. For the sake of simplicity the sections are
displayed with equal volumes, which could not be met entirely for the
tank applied, as explained in conjunction with Table 2. The third case,
as seen on the right, represents the theoretically isothermal tank having
only a single volume showing no stratification at all.

4.3.1. Stratification number (Str)

The stratification number is defined as the ratio of the average
temperature gradients at any time for thermal charging or discharging
to that of the maximum average temperature gradient in a TES tank,
the latter referring to ideal thermal stratification. This non-dimensional
evaluation metric is used and discussed in Ferndndez-Seara, et al. [25],
Abdelhak, et al. [26] and Chandra, et al. [12]. The number is defined

as
ar
2/t

(5)
2 / max

Str(t) = @

(g)z 1 .§<T1+1—Tj> ®)
oz/t J—-1 e Az

oT _ Tax — in,cold
(E)max T (J-D4z
where J is the number of vertical layers, Az is the vertical distance
between the centre points of the layers and T; is the measured tem-
perature at layer number j. The variable T,,,, represents the maximum
measured temperature in the time series data set for all layers (or a
pre-defined hot reference temperature) and Tj, .4 is the temperature
of the cold water entering the tank.

However, in order to characterise stratification in a vertical tank,
especially with equally spaced temperature sensors along its height,
stratification number is not an adequate criterion for the following
reason: Given the case of equally spaced temperature sensors, the
variable Az becomes constant, and Eq. (5) reduces to:

oT Ttop (1) = Tyt (D
(E), T U-D-4z
It can be seen that only the temperatures in the top and the bottom
layer remain in the equation while all temperatures of the intermediate
layers cancel out. For that reason the information about temperature
distribution along the height of the tank is no longer included in strat-
ification number. Moreover, using Tiop(f) and Ty (1) to represent Ty,
and T, .o1q as reference temperatures for ideal stratification in Eq. (6),
the stratification number will reduce just to a constant value of 1.

(6)

)

4.3.2. Stratification factor (ST)

The stratification factor, also known as the stratification coefficient,
was first defined by Wu and Bannerot [27]. The number represents
the mass weighted mean square deviation of the temperatures in the
different layers from a theoretically-defined uniformly mixed temper-
ature, T, [12]. It is similar to the Stratification number as it does
not show any indication of the influence of mixing forces on thermal
stratification or the content of energy stored. It purely focuses on
temperature gradients. This makes it a good gauge for the temperature
deviation profiles from a reference of a perfectly isothermal tank at
temperature T, [12]. The number is defined as

J
ST = —— - m; - 11,0 - T ®
Mstorage ;=)
1 J
ST = ———— Y[, V, - [T,0) = TuOP] ©)

P Vearie &

where T; and V; are the temperature and the layer volume at mea-
surement node j. The parameter 7}, is the bulk mean temperature as
defined in Eq. (2).

Note that to the authors’ knowledge the stratification factor has not
been defined to be dimensionless in literature. However, it would be
beneficial to transform this number into a dimensionless number so
that it could be compared to and represented on the same scale as
other numbers. For this reason stratification factor has been derived
for an ideally-stratified tank as a reference. According to Fig. 4 Eq. (9)
transforms as follows:

1
ST qeqlstrt) = —————
ideal-str p(Tm(t)) Veank

+ p(Toot®) * Veotd® + [Thor®) — Tn(H1*] (10)

[0Tiop®) - Vot @) - [Tiop(®) = T 0

If, for the sake of simplicity, the variation of density with tem-
perature is neglected, this term cancels out in Eq. (10). Introducing
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Fully — mixed case

Fig. 4. Principle of an ideally-stratified tank (left), the experimental tank (middle) and a fully-mixed tank (right).

furthermore bulk mean temperature Tp, as the average of Ty, and Ty
the volumes cancel out as well and the equation for the stratification
factor in case of an ideally-stratified tank reduces to

Tiop(t) = Te(t) )2

STigealstr(t) = ( ) an

where Ty, and Ty, are the temperatures in the top and bottom layer,
respectively. Essentially, the reference term is the square of half of
the difference between the temperature of the hottest layer at the
top of the tank and the lowest temperature at the bottom. Compared
to the definition of stratification factor as a mass weighted average
according to Eq. (8) the reference does not consider the masses of the
hot and the cold volumes. At first glance, this might seem to be a major
simplification. But, taking in mind that it only affects the reference,
it should become clear that the information about the temperature
distribution in the tank, which enters the stratification factor through
Eq. (9) is not affected at all. Thus, the following equation defines the
normalised stratification factor, which is denoted as ST*:

ST(1)
N Tigeal-str ®
Moreover, for the same reason ideal stratification should be repre-

sented by a value of 1, while a fully mixed tank should a result in a
value for the metric of 0.

ST (1) = (12)

4.3.3. Peclet number (Pe)

The Peclet number is defined as the ratio of the rate of mass and
energy transport by fluid flow to the rate of thermal diffusion of the
same quantity of fluid driven by the temperature gradient in the tank.
In other words, it provides a relationship between conductive heat
transfer and bulk heat transfer in the water. A large Peclet number
would visually represent a thin thermocline whereas the converse is
true for smaller Peclet numbers. This concept is illustrated in Chandra
et al. [12] who further state that higher Peclet numbers imply lower
values of diffusivity and lower rates of thermocline decay. The equation
for the Peclet number is

_o@m-H
Pe(t) = —a(Tm o (13)
V)
o(t) = D2 a4

where H and D are the height and internal diameter of the tank,
« is the thermal diffusivity of the fluid evaluated at the bulk mean
temperature and V is the discharge rate in m3/s. The discharge rate
causes difficulties in applying the Peclet number for water tanks serving
as TES in a CHP installation, because there are two flow rates involved,

one in the discharge line and one in the charging line. One may argue
that the net flow rate in the tank can serve as an appropriate measure
in this respect, but this term will become positive as well as negative
depending on the dominant flow rate. When charging the TES, the net
flow in the tank is directed from top to bottom. During discharging
the direction of flow is opposite. In addition, the net flow rate varies
discontinuously with time due to the On/Off-operation of the CHP
unit. Both effects disqualify the Peclet number as a metric for proper
interpretation of stratification in this application.

4.3.4. Richardson number (Ri)

The Richardson number characterises the ratio between the po-
tential energy required for vertical mixing and the turbulent energy
required for such a process. The Richardson number is defined as
i = g H - (Tiop() = Tyor(1) as

v(1)?

where o(7) is defined by Eq. (14), g is the gravitational acceleration con-
stant and p is the coefficient of thermal expansion. A small Richardson
number indicates a relatively mixed or thermally unified tank whereas
a larger number indicates a stratified tank. This number is a good
measure of thermal stratification as it takes into account the overall
working temperature and flow rate. According to [13], the Richardson
number in combination with the Peclet number is very useful for
characterising thermal stratification. However, in applications with two
opposed and discontinuous flow rates as given in CHP installations, the
Richardson number is not appropriate for the same reasons as the Peclet
number, since it also depends on fluid flow rate V.

4.3.5. MIX number

The MIX number is extensively discussed in Castell, et al. [13] and
Chandra, et al. [12]. As opposed to the stratification number (.S7r) that
mainly focuses on the temperature profiles and temperature deviations
of the tank, the MIX number considers the total energy stored in the
tank for each time step in addition to vertical energy variation, which
depends on the vertical distribution of temperatures in the tank. It
is determined by evaluating the first moment of energy (M) which
considers energy location. This method is also used and discussed in
Wang et al. [16] for a similar setup. The internal energy at each
measured node is summed and weighted according to the height of its
location [12]. The MIX number is defined as

ME,ideal-str(t) - MEexp(t)

MIX(t) = (16)

M jgear-ste®) — M fully-mixed ()

The M ey and M g1y.mixed t€rms represent the experimentally-
measured moments of energy in the tank based on the temperature
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Vhot (1) =

Eexp(t) - /)(Tbot(t)) . Cp(Ttop(l)) . Vtank . (Tbot(t) - Tref)

P(Tiop() - ¢y(Tiop(®) * (Trop(®) — Tref) = p(Tor () - €)(Thor (1)) + (Tot(®) — Tref)

(24)

Box I.

at different layers and the moment of energy for a thermally-uniform
tank, respectively. Obviously, the latter is based on the mean bulk
temperature as given by Eq. (2),

J J
Mg e =D 5, E;()= Y [5; - [0(T;(0) - ¢,(T;(0) - V; - (T;(0) = Trep)]|
j=1 j=1

a7

M ity mised® = 5+ [T+ (T 0) - Vi - (T = Tye]  (18)

Note that j; is the distance measured from the bottom of the tank to
the centre point of layer j, while for the fully mixed tank this distance
simply comes to half of the total height H of the tank (see Fig. 4).

The term M jjeq1.s iS calculated as shown in Eq. (19) and repre-
sents the moment of energy for a ideally-stratified tank that theoreti-
cally consists of only two thermally-separated volumes, ¥}, and V qq4-

Mg igeat-str = Feold®) * Ecold® + Fhot * Enot() 19)

While the j; terms are predefined constants when calculating
M exp, the corresponding distances jyo, and jeq for calculating
M idealstr Vary as a function of time. This is because the calculation
of the hot and cold volumes change in time based on internal energy
changes. From the energy balance of the ideally stratified tank

Eigeal.sur(t) = Eexp(t) = Eco1a(t) + Epot(1) (20)
using

Eco1d® = p(Toot() - ¢,(Toot () - Veotd (1) - (Tpor (1) — Trep) @1
Epot(1) = p(Tiop(1) - € (Trop(®)) * Vot () - (Tiop(1) = Tref) (22)
and

Viank = Veold®) + Vhot (1) (23

the equation for the hot volume as a function of time reads as follows
in Box I

From Eq. (24) can be seen that the temperature in the cold volume
relates to the temperature in the bottom of the tank T, (#), which refers
to the measured temperature in the bottom layer T)(z), as illustrated
in Fig. 4. Similarly, the temperature in the top of the tank T, (1)
refers to the measured temperature in the top layer T5(r). With V,4(f)
from Eq. (23) the distances j, and j.q can be expressed by the
following equations:

- 2 Veora®

— - _"codt/ 2
Veold®) D2 (25)
- 2 Vhot(®) 22 Vegra(®) + Viot @)
Ihot(® = Ythermocline(®) + hot - = d hot (26)

- D? - D?
where yermocine(t) is the theoretical vertical distance to the location of
the thermocline, as measured from the bottom of the tank (see Fig. 4),
and D is the internal diameter of the tank, which is treated as an ideal
cylinder.

Finally, a modification was implemented, because the MIX number
intuitively represents the inverse effect of thermal stratification —
which is mixing. Since most of the other performance metrics evaluate

on the basis of stratification, it is useful to modify the MIX number
so that it could be represented on the same scale as the other metrics
between 1 for the ideally-stratified case and O for the fully-mixed case.
The modified MIX number is denoted as MIX* and is expressed as

ME,exp(t) - ME,fully-mixed(t)

MIX*(t) = 1 — MIX(t) = 27)

ME,ideal-str(t) - ME,fully-mixed O]

4.4. Exergy analyses

Exergy is a thermodynamic measure of how much useful energy is
available within a given system and can thus be extracted from the
system before it reaches a state of equilibrium with its environment.
In contrast to energy analyses, exergy is not conserved. Instead, it is
reduced by systemic irreversibilities. For that reason, it is helpful from
a thermodynamic point of view to investigate the content of exergy
in a system as it presents a practical and relatable result to what is
expected in practical operation with respect to irreversible processes
like destruction of thermal stratification in a TES.

4.4.1. Exergy number (Ex*)

As discussed before, the MIX* number provides a useful approach
to evaluate thermal stratification of the TES. It would therefore also
be useful to apply the MIX* number equations to the exergy of the
tank in the same three states, namely “ideal-stratified”, “‘experimentally
measured” and “fully-mixed” as introduced in Fig. 4. Hence, similarly
to the MIX* number in Eq. (27), the exergy number Ex* is defined as

E xexp(t) -E xfully-mixed(t)

Ex*(t) =
EXxigeatstr () — Exfully-mixed(t)

(28)

where Exy,(t) represents the total exergy content of the TES for the
actual experimental case and is accumulated from each layer as follows

< T;(0)
ExXexp(t) = Z pi(T;(1)-c, (T;®)-V; - <(Tj(t) — Tyef) — Tyer - In < T ))
j=1

ref
29

where T, is the reference temperature as discussed in Section 4.1.
Properties p;(T;(t)) and c, ;(T;(t)) are the density and the specific heat
capacity of the fluid at layer j, evaluated at the measured layer
temperature, T;.

The parameters EXgjiy.mixed ad EXjdeql.srr T€Present the two theo-
retically obtained boundary cases — the total exergy content for a fully-
mixed tank and for a ideally-stratified tank, respectively. Ex,;,_
is expressed by

mixed

Exfully-rnixed(t) = p(Tm(t)) . Cp(Tm(t)) . Vtank
T
: (Tm(t) - Tref) — Tret In T (30)

ref

where properties p(T, (1)) and c,(Ty, (1)) represent density and specific
heat of the fluid at bulk mean temperature T,,() as expressed in Eq. (2).

According to Fig. 4, the exergy content of the ideally-stratified TES
again assumes a hot volume in the top of the tank and a cold volume
below. In this case, the total exergy is the sum of exergies of the two
volumes, while the exergy of each of the two volumes can be derived
as expressed by Egs. (32) and (33).

EXigeatstr(t) = Exco1a (1) + Expo (1) (31)
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Exco1d(®) = p(Tpot () - €5 (Toor(M) - Veola®)

T;
: <(Tbot(t) — Thep) = Thef - In <;o_tY)>> (32)
re;
Exhot(t) = p(Ttop(t)) : cp(Ttop(t)) . Vhot(t)
Tiop ()
: <(Ttop(t) — Tref) = Tref - In < t;pf )) (33)
re;

The definitions of the volumes V4 and V},, are applied as derived
for the momentum of energy of an ideal stratified tank M ;gea1sers
hence they are calculated as given by Egs. (23) and (24). Similarly, the
temperature of the cold volume refers to the measured temperature of
the bottom layer Ty (), whereas the temperature of the hot volume
refers to the temperature of the top layer Ti,,(#). Finally, it should be
noted that exergy number Ex* ranges in analogy to MIX* number from
1 for an ideally-stratified tank to O for a fully-mixed tank.

4.4.2. Exergy efficiency (ng,)

Another useful metric to be used as a comparative number is the
exergy efficiency of the TES, defined as the ratio between the actual
experimental exergy Exgg(1) and the theoretically best case of the
exergy for an ideally-stratified tank Ex;geq.sic(f)- Accordingly, exergy
efficiency is expressed as

Exexp(t)

. A (€3]
Ex ideal-str(t )

Mex (D) =

For an ideally-stratified tank exergy efficiency reaches a maximum
value of 1. In contrast to the two metrics discussed before, a fully mixed
tank is not represented by an exergy efficiency of 0. Instead, it is a value
higher than 0 but smaller as 1.

4.5. Short discussion

A variety of performance and evaluation metrics have been dis-
cussed in this chapter — all of which collectively aim to evaluate
the thermodynamic performance of the TES. However, based on the
analyses, it is clear that some metrics are more suited than others
for evaluation of thermal stratification in a TES as part of a CHP
installation. The one significant difference between such a TES and, for
example, an electrically heated hot water tank for domestic hot water
(DHW) generation, is the number of inlet and outlet ports. While the
DHW tank has only one inlet and one outlet port; in a CHP installation
there are additional ports for hot water inlet and outlet from and to
the CHP unit. This evidently affects the flow regime in the tank and
therefore the temperature distribution and thermal stratification. Since
most of the metrics were derived for one inlet and one outlet port, they
cannot cope with additional ports as outlined above when discussing
the Peclet and Richardson number. Both numbers are well-known from
other fields, and they may be modified or expanded for a TES in
combination with a CHP unit, but this was not within the scope of this
work. For that reason, the Peclet number and Richardson number will
not be considered in the rest of this paper. Moreover, the stratification
number will also not be included in the further analysis, because
the effect of the temperature distribution in the tank cancels out, as
outlined above. Nevertheless, this metric is still useful for electrically
heated hot water tanks, for which it was originally designated. As a
result, besides the effective capacity of the TES, the metrics normalised
stratification factor ST*, modified MIX number MIX*, exergy number
EX* and exergy efficiency np, will be used in the rest of the paper
for analysing the effect of thermal stratification in the TES and on its
performance in CHP installations.

10
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5. Experimental procedure

In view of the relevance for practical applications as well as against
the background of the implementation at the test rig, the following
three parameters were selected to analyse their influence on thermal
stratification in a thermal energy storage.

+ A: Thermal load
+ B: Thermal load profile
+ C: Sensor position

To analyse the effect of each parameter and their combinations, the
technique of Design of Experiments (DoE) was used, and consequently
each parameter was set to a minimum and a maximum value. Adapted
to the thermal power of the CHP unit of 12kW, the thermal load
(parameter A) is set to a minimum value of 3kW and a maximum value
of 8 kW. Parameter B describes the profile of the thermal load. In “con-
stant” mode the thermal energy storage is constantly discharged with
the thermal load defined via parameter A. With the setting “variable”,
on the other hand, an hourly variable load profile is applied, which is
based on a consumption profile of a typical single-family household. In
this case, the load profile is scaled in a way that on average the thermal
load defined via parameter A is obtained. Thereby, the same amount of
energy of either 72kWh (at a thermal load of 3kW) or 192kWh (at a
thermal load of 8 kW) is withdrawn from the thermal energy storage in
a period of 24 h, both for the constant and the variable load profile.

Parameter C describes the positions of the temperature sensors used
for the control of the CHP unit in heat-led mode, as explained in
Section 3. For the minimum setting, the two sensors Ty;qqie and Tjower
are used in this respect. Fig. 3 reveals that in this case only a small
part of the total volume of the tank is involved in the process of storing
thermal energy. The CHP unit is turned on whenever the temperature
in the tank falls below a set point of 60 °C at the middle sensor, and it
is turned off as soon as the set-point temperature of 60 °C is exceeded
at the lower sensor.

In contrast, in the maximum setting, the CHP unit is turned off when
the temperature set-point of 60 °C is exceeded in the return line to
the CHP unit. In this way, the thermal energy storage can be charged
completely, which is not possible in case of the minimum setting, since
there will be always cold water from the return line of the heating
system at the bottom of the tank. The command for turning the CHP
unit on is again determined based on the middle temperature sensor.
Hence, the CHP is turned on whenever the temperature at the middle
sensor drops below the set-point of 60 °C. For the maximum setting,
the upper temperature sensor on the storage tank could also have been
selected for this purpose; however, the middle sensor has been chosen
in the course of this analysis so that the tests at the minimum and
maximum settings are congruent on this point.

As mentioned before, the parameter variation is carried out within
the framework of a statistical experimental design, in order to charac-
terise the effect of each parameter on the performance of the thermal
energy storage. For this purpose, the method of Yates is applied [28].
Specifically, it involves an experimental design comprising three factors
to be analysed, namely thermal load, thermal load profile, and sensor
position with two stages. Regarding to Yates this yields an experimental
plan with eight experiments. Accordingly, the main effects for the three
factors can be reliably determined as well as the 2-factor interactions.
In addition, the 3-factor interaction can be analysed, which, however,
is very small in many applications. Table 3 shows the parameter
combinations for the eight tests, where the actual values are entered
and the information maximum/minimum value is given by the colours
green for maximum and orange for minimum value.
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Table 3

Parameter variation according to the 3-factor DOE.
Factor A B C

Experiment Thermal load Thermal load profile Sensor position

El 3kW Constant Triadie’ Tiower
E2 8kW Variable Tniddie/ Tiower
E3 3kW Variable Thmidate/ Tcupa
E4 kW Constant Trniadie/ Tcrpa
E5 3kW Constant Tiadie/ Tcupz
E6 8kW Variable Thmiddte/ Tcrpa
E7 3kW Variable Triadie’ Tiower
E8 8kW Constant Tniddie/ Tiower

6. Results and discussion

This section is divided into two major parts that focus on the results
for effective capacity and thermal stratification, respectively. Firstly, a
brief description of the experimental results is provided with a focus on
experiment 7. This is done to highlight what the measured results look
like for an experiment with a variable load profile before the analysis
of the experimental data is further discussed.

Fig. 5 shows a set of results from experiment 7 with a variable load
with 3kW mean and TES sensor positions Tp;qqie and Tigwer (See Table 3
in Section 5). The figure visualises the measured flow rates in the CHP
and the space heating circuit, and the temperatures at different heights
within the TES. Fig. 5(a) illustrates the variable load, which was applied
in experiment 7, by the variable flow rate in the space heating circuit.
With respect to the time on the x-axis, it can be seen that a daily profile
has been implemented starting at midnight with two peaks in the space
heating demand, one in the morning around 7:00 and the other one the
evening around 20:00. This profile was repeated every 24 h for a total
duration of 3 days. The same experimental duration has been applied
to the other experiments listed in Table 3. The flow rate in the CHP
circuit in Fig. 5(a) clearly shows the On/Off-operation of the CHP unit.
Whenever the CHP unit is off, there is no flow rate, since the pump in
the circuit is off as well. In contrast, during times of CHP operation the
flow rate in the CHP circuit varies between 3 and 3.7 litres/min.

The On/Off-operation of the CHP unit is also visible from the
variation of the temperatures in the TES, as seen in Fig. 5(b). TES
temperatures rise during the times of CHP operation indicating that the
TES is charged, and temperatures decline in the periods where the CHP
unit is off, representing the discharging cycles. Moreover, the tempera-
ture distribution over the height of the tank is visible in the data from
sensors TC1-T'C7 attached to the tank at different heights as shown in
Fig. 3. It can be seen that the major fluctuations in temperature occur
in layers 1 to 3 in the lower and middle sections of the tank. This is
attributed to the fact that in experiment 7 temperature sensor Tpiqdie
is used for indicating that the TES is fully charged. For that reason, the
section of the tank above sensor Tp;4q.e does not actively take part in
the process of storing thermal energy, which already implies that the
positions of the sensors for turning the CHP unit on and off strongly
affect the effective capacity of the TES. Finally, Fig. 5(b) reveals how
the temperatures approach a constant amplitude oscillation during the
course of the experiment. Evidently, the amplitude of the oscillation
does not become entirely constant, which is caused by the variable load
profile.

Finally, Fig. 5(c) illustrates the cyclic behaviour of the temperature
sensors for turning the CHP unit on and off, Tiowers Tmiddle a0d Typper-
Comparing to 5(b) it can be seen that the temperatures correspond to
the data collected from the thermocouple sensors located at the same
height of the tank. Namely, the data of sensor Tj,,., coincides with
TC1 at the bottom of the tank. Accordingly, the temperatures of sensor
Typper cOTTEsponds to the data of thermocouple sensor TCS, while the
temperature curve of sensor Tp;qqie finds itself between thermocouple
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sensor TC3 and TC4 (compare to Fig. 3). It should be noted that the
temperatures of sensor Tqyp, are not displayed in Fig. 5(c), since the
data is not meaningful. The reason for this is that the sensor is located
in the return line to the CHP unit, which does not show any flow when
the CHP unit is switched off. Consequently, the temperature values in
these phases are not relevant.

6.1. Results for TES effective capacity

As outlined before, the positions of the sensors that are used for
turning the CHP unit on and off strongly impact TES effective capacity.
Fig. 6 reveals the significant difference in TES effective capacity when
the middle temperature sensor and the CHP return line temperature
sensor Tpiddie/Tcup2 are used compared to when the middle and lower
temperature sensors Tyiqdie/ Tiower ar€ used. Therefore, the tank volume
between the two sensors for turning the CHP unit on and off is larger for
experiments with sensor positions Tiiqqie/Tcyp2 resulting in a higher
effective capacity. For that reason, it is recommended to separate the
two sensors for switching the CHP unit as much as possible, in order to
push the effective thermal capacity of a TES as best as possible to its
physical limit, which is given by the total volume of the tank.

The effects of the other two parameters that were varied, namely the
thermal load and the thermal load profile, on the TES effective capacity
are comparatively small. However, the results in Fig. 6 show that all
experiments with a variable thermal load (represented by the hatched
bars) show slightly higher values for effective capacity compared to the
experiments with a constant thermal load (represented by the full bars)
under the same conditions. Hence, the load profile shows a small but
significant effect on TES effective capacity. In contrast, the effect of
thermal load itself is insignificant. Fig. 6 reveals that the experiments
with a thermal load of 3 kW (orange bars) show slightly higher TES
effective capacities compared to the tests at 8 kW (green bars) in
case of sensor positions T;qdie/Tiower; PUt in case of sensor positions
Triadie/ Tcupo @ reversed effect is visible.

6.2. Results for thermal stratification

As previously outlined, thermal stratification is given by the sepa-
ration of hot water travelling to the top of the tank due to its lower
density compared to cold water, which for that reason tends to fall to
the bottom of the tank. Hence, thermal stratification may be visualised
best in a plot of temperature versus height of the tank, where the height
is displayed on the vertical axis and the temperature in the tank on
the horizontal axis. Such plots are given in Fig. 7 for experiment 3
on the left and experiment 7 on the right. Experiments 3 and 7 were
selected in order to highlight the effect of sensor positions at constant
conditions regarding the other two varied parameter. The temperatures
of the water in the tank are taken from sensors TC1-T'C7, and they are
marked by small crosses. The different curves displayed in Fig. 7 refer
to the time instants where the CHP unit is turned on (blue curves on the
left of each diagram) and the time instants where the CHP unit is turned
off (red curves on the right of each diagram). Evidently, the times
where the CHP unit is turned on correspond to a “fully discharged”
TES, and the times where the CHP unit is turned off correspond to
a “fully charged” TES. In addition, both Figures show the position of
the switching sensors Tjpiqqie and Tjower- It can be seen that in case of
experiment 7 (Fig. 7(b)) all (blue) curves for turning the CHP unit on
meet in one point marked by the position of the relevant sensor Ty ;qqie-
The same can be observed for the instant when the CHP unit is turned
off: All (red) curves meet in one point marked by the position of sensor
Tiower- The same characteristics refer to Fig. 7(a) on the left with the
only difference that in case of experiment 3 the sensor for turning the
CHP unit off, Tcyps, is located outside of the tank, and it can for that
reason not be displayed in the diagram.

Fig. 7(b) on the right shows the temperature curves for 15 On/Off-
cycles during the 72 h of experiment 7, and the transient response is
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7 and (c) the switching temperatures at the upper, middle, and lower locations of the TES buffer tank.

80 -

E 3kw ;
wl| T skw |
_ [] constantload | !
= ; '
L variable load i
Set| O |
z :
5 50 !
& i
= H
G N :
L 1
= i
g '
N\ ]
3 :
@ 20 + .
a 5
N 1
0 i

E1 E7 E8 E2 ! E5 E4 E6

Tmiddle/Tlower : Tmiddle/TCHPZ
Fig. 6. TES effective capacity according to Eq. (3) for experiments 1-8.

clearly evident. It can be seen that thermal stratification in the TES
deteriorates as the number of cycles increases. At the beginning of the
experiment, the temperature curves are rather vertical at the upper
and lower ends of the tank, while the incline in the centre of the tank
is rather flat. As the number of On/Off-cycles increases, almost linear
temperature curves occur with a mixing zone that extends over almost
the entire tank. In addition, it can be seen that the variation of the
temperature curves diminishes cycle by cycle, and a quasi steady state
is reached at the end of the experiment.
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In contrast, the temperature curves displayed in Fig. 7(a) on the left
show only very small variations. Hence, thermal stratification is quite
stable in time compared to experiment 7. The reason for this behaviour
is the different position of the sensors for turning the CHP unit on and
off. More precisely, this effect is caused by the position of the sensor
for turning the CHP unit off in experiment 3, sensor Tgypy, Since it is
located in the return line to the CHP unit and therefore outside of the
tank. For this reason, the higher temperatures from the supply line of
the CHP unit are able to reach the bottom of the tank. Fig. 7(a) clearly
shows that at the time instants when the CHP unit is turned off, the
temperatures in the bottom of the tank vary between 65 and 70 °C. In
experiment 7, where sensor T}, Which is located inside the tank, is
used for turning the CHP unit off, the temperatures in the bottom vary
between 40 and 48 °C (see Fig. 7(b)), and they approach the return
temperature from the space heating circuit even lower in the tank. In
other words, with the temperature sensor for turning the CHP unit off
located outside of the tank, the entire zone of thermal stratification
is flushed out of the tank. As a result, after the CHP unit turns off,
stratification is rebuilt by the cold water entering from the return line
of the space heating circuit. In this way, thermal stratification cannot
deteriorate over time due to mixing, diffusion and heat conduction
processes as observed for experiment 7 in Fig. 7(b). Obviously, the same
result could be achieved by locating the sensor for turning the CHP unit
on from the top of the tank to the outside of the tank in the supply line
for the heating circuit. Hence, it is recommended to place at least one
of the two sensors for turning the CHP unit on and off outside of the
TES tank. However, following the recommendation from the previous
section, the TES effective capacity will be maximised if both sensors
are located outside of the tank.



B. Thomas et al.

=

Trmiddle

relative height of the tank / -

70

45

50 55 60
Temperature / °C

(a)

65

relative height of the tank / -

Applied Thermal Engineering 232 (2023) 121015

09

08

07

06

05 7 Tmiddle

04

03

02

01

0,0 + + T -
25 50 55 60 65 80
Temperature / °C

(b)

30 35 45 70 75 85

Fig. 7. Temperature distribution in the TES as a function of relative height at the time incidents of the CHP unit turning on (blue curves corresponding to TES “fully discharged”)
and the CHP turning off (red curves corresponding to TES “fully charged”) for experiment 3 on the left and experiment 7 on the right.

As the results presented so far revealed that thermal stratification
in the TES varies between the different experiments and, in addition,
is a function of time, the next section of the paper is dedicated to the
thermodynamic analysis of thermal stratification by the metrics intro-
duced in Sections 4.3 and 4.4. Fig. 8 shows the variation of the different
metrics in time for experiment 3 on the left and experiment 7 on the
right. On the one hand, the oscillation caused by the charging and
discharging cycles is clearly visible. On the other hand, the different
behaviour between experiment 3 and experiment 7, as observed before
with the help of Fig. 7, is evident again.

For experiment 7, which is characterised by sensor positions
Tiddie/ Tiower» the deterioration of thermal stratification as discussed
before can also be seen as the curves tend to fall and approach smaller
values during the 72 h period of the experiment. Note that only the
MIX number shows higher values in cases where the stratification
deteriorates. For that reason the modified number MIX* was introduced
in Section 4.3.5. In contrast, for experiment 3, representing sensor
positions Tyiqqie/Tcup2, the oscillation is almost constant indicating
that thermal stratification does not deteriorate but is stable instead,
as explained before. However, the data always approaches a steady
state if a low frequency moving average is applied as depicted by the
dashed lines in the plots of Fig. 8. From these results it can be noted
that there are small disturbances in the moving average, closer to the
end of the data. These have been characterised as edge effects of the
moving average algorithm. However, these edge effects occur after the
trend has reached steady-state. These steady state values are captured
in Table 4 and displayed in Fig. 9, shown at the end of this section, and
as bar graph plots for the different metrics and the eight experiments,
which will be discussed next.

Overall, experiments representing sensor positions Tpiqdie/TcHp2
always show higher numbers compared to experiments based on sensor
positions Tyiadie/Tiower- This result confirms the conclusion from the
previous paragraphs, where it was found by analysing the temperature
plots for experiments 3 and 7 that no deterioration of stratification
occurs, if one of the two sensors for turning the CHP unit on and off is
located outside of the TES tank. Moreover, this conclusion can be re-
produced for all experiments, and it can be assessed by all four metrics
suggested for evaluating thermal stratification thermodynamically.

Hence, a significant effect of sensor position on the thermodynamic
quality of thermal stratification with respect to MIX* number, stratifi-
cation number exergy number and exergy efficiency can be postulated
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in a way that locating one of the two sensors for turning the CHP unit
on and off outside of the tank enhances thermal stratification in the
TES.

For analysing the effects of the two other parameters, namely
thermal load and thermal load profile, the bar plots of the different
metrics are analysed individually. Note that the numerical values for
the bar plots are given as supplemental information in Table 4 at the
end of this section.

Starting with the normalised stratification factor ST* in Fig. 9(a), it
can be seen that a higher thermal load results in a higher stratification
factor ST* and therefore in a better quality of thermal stratification.
For that reason the effect of thermal load on stratification factor ST*
should be considered as significant. Moreover, the data displayed in
Fig. 9(a) reveals that the impact on ST* is higher for sensor positions
Tidadie/ Tiower compared to Tiiqqie/Tcup2- In contrast, the effect of
thermal load profile on stratification factor ST* cannot be identified
explicitly. Only in case of sensor positions Ty iqqie/Zcrpe and a high
thermal load of 8 kW a variable thermal load tends to reduce strati-
fication factor ST*. For all other variations the effect of thermal load
on ST* is very small and in the range of the uncertainties of the analysis.
For that reason, based on the experiments in the course of this paper
no evidence could be found for this effect.

The results of the MIX* number are visualised in Fig. 9(b) and
they show the same trends as previously revealed for the normalised
stratification factor ST*. In terms of thermal load, Fig. 9(b) illustrates
that the MIX* number for the experiments with a higher thermal load
of 8kW always exceed the numbers of the experiments with a smaller
thermal load of 3kW. For that reason, this effect can be considered
significant. In other words, a higher thermal load yields a better quality
of stratification if the MIX* number is used as the descriptive metric.
The effect of thermal load profile on MIX* number is not evident. Again,
only for sensor positions Tyiqqie/Tcup2 @nd a high thermal load of 8kW
a variable thermal load tends to result in a reduction of the MIX*
number. All other variations show insignificant changes of the MIX*
number as a function of thermal load profile.

The results for the exergy analysis, as expressed by the exergy
number Ex* and the exergy efficiency ng,, are plotted in Figs. 9(c)
and 9(d), respectively. By comparing the results for exergy number Ex*
to normalised stratification factor ST* and MIX* number in Figs. 9(a)
and 9(c) it is evident that the exergy number shows the same trends
as explained previously. Again, the variation of Ex* with thermal load
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of the cyclic behaviour as seen in each figure. All scales are between 0.4 and 1 for better visual comparison.

profile is very small. Hence, no clear effect can be observed. Instead, it
can be stated that exergy number is independent of thermal load profile
in the course of the experiments discussed in this paper. In contrast, the
magnitude of the thermal load significantly affects the exergy number

Ex* in the same way as discovered for normalised stratification factor
ST* and MIX* number. Thus, it can be concluded that a higher thermal
load yields a higher exergy number and therefore a better quality of

thermal stratification in terms
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of exergy. Finally, the exergy efficiency
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gy also follows these trends, which is not surprising, because exergy
efficiency ng, and exergy number Ex* are closely related. However, due
to the definition of exergy efficiency the range of this metric covers
values between 0.9 and 0.97, which is quite narrow. Consequently, the
trends are not as clearly visible as it is the case for exergy number,
where the span between the extreme values ranges between 0.48 and
0.62. Therefore, using exergy number Ex* instead of exergy efficiency
ngx could be considered to be more convenient for identifying any
trends of thermal stratification on the exergy content of a TES.

Following the discussion of the results for the different metrics, it
is clear to note the close connection between thermal stratification and
thermodynamic effectiveness of a TES. While normalised stratification
factor ST* and MIX* number are defined for describing the quality
of thermal stratification, exergy number Ex* and exergy efficiency
ngx express the thermodynamic effectiveness of any thermodynamic
system. Since the analyses prove that all the applied metrics show the
same trends with respect to the parameter variation applied in the
experiments, it can finally be concluded that a high quality of thermal
stratification in a TES tank is a distinctive identifier for its higher
thermodynamic effectiveness.

7. Conclusion

This paper aimed to analyse thermal stratification in a TES as
part of a cogeneration plant. Different parameters like thermal load,
thermal load profile and the position of the temperature sensors that
are used for turning the CHP unit on and off in heat-led mode were
varied in eight experiments. The effects on thermal stratification in the
TES as well as on the TES effective capacity were extracted from the
experimental results. In summary, three major findings resulted from
the analysis presented in this paper so far:
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Table 4

Numerical results of analyses. The values in this table are recorded from the stabilised,
steady-state moving average near the end of the experiment for each calculated metric,
as seen in Fig. 8.

Experiment ST* MIX* Ex* Nex “Oresers
El 0.473 0.783 0.477 0.903 39.71MJ
E2 0.511 0.818 0.518 0.900 39.77MJ
E3 0.531 0.840 0.573 0.949 66.89 MJ
E4 0.562 0.861 0.628 0.964 68.14MJ
E5 0.532 0.839 0.572 0.946 64.97MJ
E6 0.539 0.852 0.607 0.961 68.76 MJ
E7 0.471 0.781 0.475 0.902 42.58MJ
E8 0.516 0.823 0.527 0.903 38.52MJ

aRefer to Fig. 6

1. TES effective capacity strongly depends on positions of the sen-
sors used for controlling the CHP unit

2. For preventing deterioration of thermal stratification over time,
at least one of the sensors for controlling the CHP unit should
be placed outside of the TES tank.

3. A high quality of thermal stratification is equivalent to a high
thermodynamic effectiveness in a vertically oriented TES tank.

Regarding the first finding, the results from the experiments con-
firmed that only the volume between the two sensors for turning the
CHP unit on and off is actively involved in the charging and discharging
process. Therefore, it is recommended to refer to this volume when
determining the energetic capacity of a TES instead of the nominal
volume of the tank serving as TES. The two other parameters that were
varied, namely the thermal load and the thermal load profile, showed
much smaller effects on the TES effective capacity. However, the effect



B. Thomas et al.

of the thermal load profile is significant in that a variable thermal load
yields slightly higher values for the TES effective capacity compared to
a constant thermal load. In contrast, the effect of the size of the thermal
load on the TES effective capacity was found to be negligible.

The second finding of the paper results from the analysis of the
temperature distribution in the TES over time. It was observed that
thermal stratification in the TES deteriorates over time due to mixing,
diffusion and heat conduction processes. However, a quasi-steady state
was reached after a reasonable number of charging and discharging
cycles. In order to prevent this effect, which evidently reduces thermo-
dynamic effectiveness of the TES, at least one of the two temperature
sensors for turning the CHP unit on and off should be placed outside of
the TES tank. By this means, in each cycle where the sensor outside of
the tank is involved the stratification zone is completely flushed out of
the tank, and by starting the new cycle thermal stratification rebuilds
anew.

The analysis of stratification quality by the metrics elaborated be-
forehand, such as normalised stratification factor ST*, MIX* number,
exergy number Ex* and exergy efficiency 7, confirm the effect of the
sensor positions. All metrics show higher values indicating a higher
thermodynamic effectiveness in the case where the sensor for turning
the CHP unit off is placed in the return line to the CHP unit and by this
means outside of the tank instead of locating it in the tank. Moreover,
it was found that thermal load profile does not affect stratification at
all, while a higher thermal load tends to increase the quality of thermal
stratification slightly. In comparison, all four metrics applied show the
same effects on thermal stratification regarding the varied parameter
thermal load, thermal load profile and sensor positions. Hence, either
of these metrics can be used to evaluate thermal stratification of a
TES as part of a cogeneration unit. In other words, a good quality
of thermal stratification expressed by high numbers for ST* and MIX*
is equivalent to a high thermodynamic effectiveness of the TES tank
given by large values for exergy number Ex* and exergy efficiency #g,.
The good applicability of exergy for evaluating thermal stratification
has already been proposed by Celador, et al. [15]. In contrast and as
outlined in Section 4.5, Peclet number and Richardson number cannot
handle more than one outlet and one inlet port at the TES. For that
reason, the definition of these metrics needs to be extended for applying
them to a TES in CHP installations. This result coincides with the
findings of Castell, et al. [13]; they also concluded that Peclet number
is not suitable for characterising thermal stratification. Stratification
number is as well not suited to evaluate thermal stratification in such
installations, because it lacks the effect of temperature distribution
following the definition from Section 4.3.1.

In view of practical installations, it can be concluded from the work
presented here that the potential of a TES can be better implemented
by an appropriate integration, especially with regard to the positioning
of the temperature sensors. The insight provided by the analysis of
the temperature profiles in the TES as well as by applying the metrics
for evaluating thermal stratification quality reinforce this endeavour.
Moreover, the results should be understood as a prologue to further
investigations, which are certainly necessary for a better understanding
of the conditions and processes affecting thermal stratification and
consequently, the thermodynamic effectiveness of a TES device. In this
context, the transferability to other sizes and geometries should be
investigated as well as the effects of other parameters.
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