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ARTICLE INFO ABSTRACT

Keywords: Storage tanks are commonly used for domestic hot water (DHW) preparation in large buildings supplied
Domestic hot water tank by district heating (DH), especially to cope with peak demand. The charging control of DHW tank systems
Control strategy is often suboptimal, increasing return temperatures and harming the overall DH operation efficiency. This
Modelica model

paper presents two novel control concepts to optimize DHW tank charging, satisfying comfort and hygienic
requirements without leading to excessive DH flows. The first, more complex control concept employs the smart
energy meter sometimes used for DHW billing. It inspired the development of a second, broadly implementable
control concept employing a staged proportional gain with an added temperature sensor. The authors tested
and refined this staged-gain concept using a validated Modelica model of a real DHW system in a Danish
multistory residential building. The authors subsequently implemented the staged-gain control concept in the
field, successfully reducing the energy-weighted DH return temperature by 7 °C and the total DH flow by 23.6%
compared to the conventional thermostatic control. This analysis accounted for the variation in DHW tapping,
DHW temperature, DH supply temperature, and cold water temperature. Furthermore, the performance was
robust to relaxed settings of the valve constraints, demonstrating minimal configuration requirements for new

District heating
Return temperature

implementations.

1. Introduction underscored the importance of reducing heat use for DHW production
as the critical component for energy savings, especially in passive
In the race for energy system decarbonization, EU policies aim to cut houses and well-insulated buildings. The share of DH used for DHW
greenhouse gas emissions by 55% by 2030 compared to 1990 levels [1]. preparation can be as hlgh as 45-50% in new or energy.renovated

This target will reshape energy production and consumption in differ- multi-family buildings [10].
ent sectors of society. Among cold climate countries, the widespread Suitable operating temperatures for DHW systems depend on the
use of district heating (DH) networks is essential in the transition to an type of installation. A storage tank with internal heating coil and
emission-free building heating system, thus enabling the integration of circulation loop is widely used in the Greater Copenhagen area. The

large amounts of renewable energy and excess heat into the grid [2—
4]. Specifically, low-temperature district heating (LTDH) systems, with
supply and return temperatures about 55 °C and 25 °C, respectively,
offer a cost-effective DH operation to lead the shift to a fossil-free
energy system [2-4]. In certain European countries, e.g. Denmark and
Latvia, more than 60% of the citizens are connected to DH [5], which
typically supplies energy to the space heating (SH) and domestic hot
water (DHW) systems. In particular, the estimated energy used for
DHW preparation accounts for 16% to 50% of total heating demand
in European households [6]. This share has increased significantly
over the years and is expected to be dominant in the future due to
increasingly strict standards for new buildings [7,8]. Ivanko et al. [9]

DHW supply temperature must comply with comfort and hygiene re-
quirements. According to the Danish standards [11,12], DHW systems
with temperature sterilization, must secure at least 50 °C in the cir-
culation loop to avoid the growth of Legionella. Only situations with
extraordinary tapping permit down to 45 °C. Thus, the system operators
usually set the DHW supply temperature to 55 °C to compensate for
circulation heat losses.

Several obstacles can harm the operation of DHW systems. In many
buildings, the heat for circulation constitutes a high percentage of the
total demand for DHW preparation, resulting in high return temper-
atures [13]. The return temperature of the circulation flow is 50 °C,
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Nomenclature

Acronyms

DHW Domestic Hot Water

DH District Heating

LTDH Low-Temperature District Heating

SH Space Heating

ULTDH Ultra Low-Temperature District Heating

VP Valve Position

Subscripts

circ Circulation

w Cold Water

high High level

ins Instant

threshold Preset threshold

low Low level

max Maximum

medium Medium level

ret Return

set Set-point

sup Supply

Symbols

A Difference [-]

! Mass flow [kg/s]

Cw Specific  heat capacity of water
[kJ/(kg °C)]

E Energy [kWh]

P-band Proportional band [°C]

P Power [kW]

T Temperature [°C]

UA Heat transfer coefficient [kW/K]

and the circulation heat losses are constant, requiring a constant DH
flow. This constrains the minimum return temperatures from buildings
with high shares of circulation heat losses. Bshm [7] documented the
efficiency of DHW distribution systems in Danish apartment buildings
and found that circulation heat losses ranged from 23% to 70% of
the total heat used by the DHW installations. Likewise, the DHW
consumption profile is another matter of concern. Occupants in resi-
dential buildings rarely consume hot water at night, yet the constant
circulation heat losses demand constant DH flows. Since there is no
cold-water entering the bottom part of the tank, the cooling of the DH
flow is insufficient [13]. Several studies [6,14,15] have characterized
the DHW consumption profile in an attempt to predict the demand
pattern. Fuentes et al. [16] pointed out that further characterization
of DHW demand will allow the design of novel control strategies based
on consumption patterns. Another long-standing problem is excessive
primary-side flow when heating the tank after a peak tapping of DHW.
Here, the primary side describes the DH network, while the secondary
side represents the building systems. For example, overdimensioned
tank-charging flows can lead to relatively high peak DH demand imme-
diately after the morning tapping of DHW. Averfalk et al. [17] focused
on the primary side components of substations, which often deliver
excessive flows due to oversized valves and heat exchangers. Measure-
ments in a Swedish building revealed an overestimated simultaneity of
DHW tapping, known as the coincidence factor, leading to excessive
design flows. Yang et al. [18] evaluated the capacity of a DHW tank
and confirmed the importance of properly sizing the control valve.
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Multiple efforts have introduced hardware solutions to reduce re-
turn temperatures from DHW with high return temperatures due to
relatively high circulation heat losses. Thorsen et al. [19] developed
an alternative solution based on a booster heat pump to compensate
for circulation heat losses. They successfully reduced the return tem-
perature from 47 °C to 22 °C in a building where the circulation heat
loss accounted for 70% of the total energy used for DHW consumption
and circulation. Other solutions based on electrical boosting solutions
in combination with ultra low-temperature district heating (ULTDH)
systems have been studied [20], and other authors implemented a
model predictive control algorithm to minimize the operation costs
of such alternatives [21]. A considerable amount of research has sug-
gested actions to lower return temperatures in DHW systems, but
little research has focused on providing alternatives that do not incur
additional investment.

Several studies have aimed to improve the charging control of DHW
tanks. Yang and Honoré [22] introduced a heating capacity limitation
for a DHW tank in a new building in Copenhagen and reduced the
peak load from 70-80 kW to 25 kW. Huang et al. [23] developed and
simulated a novel control method that similarly limited heating capac-
ities but added a safety mode to allow higher heating capacities during
periods with considerable DHW use. Yang et al. [24] proposed a new
control strategy for charging DHW tanks and reduced the simulated
DH return temperature and volume flow by 4.9-16.4 °C and 8-28%,
respectively, compared to a reference case.

Prior investigations have indicated the preliminary potential of
improved DHW tank charging for reducing DH return temperature and
peak loads. Furthering this work, this study presents two new control
concepts for DHW tank charging with a focus on maximizing appli-
cability while minimizing DH return temperatures. The first proposal
relies on smart energy meters, while the second strategy relies on a
staged proportional controller with low complexity and straightforward
implementation. The study evaluated the control concepts using de-
tailed dynamic models, and the authors subsequently implemented the
promising staged control concept in Hillergd, Denmark. The field tests
comprehensively compared the performance of the new staged control
concept with the conventional thermostatic control. To conduct a fair
comparison, the study accounted for the relative circulation heat loss,
the DHW supply temperature, the DH supply temperature, and the cold
water temperature. Finally, the authors analyzed the operation of the
control valve and the sensitivity of the controller’s performance to its
shaping parameters.

This manuscript includes the definition of the new control algo-
rithms, an outline of the system, the modeling approach, the results
from the tank model validation, the simulations of both strategies, and
the field tests with the new staged control.

2. Methods
2.1. New control logic

Conventionally, a thermostat regulates the DH flow through the
heating coil, often employing a proportional-integral controller, to
maintain a set-point temperature at the location of the sensor in the
tank. The new solution intends to prevent tank overcharging, i.e. to
minimize situations with excessive heat input from the primary side.

This section introduces two new charging strategies to optimize DH
supply. The first strategy uses data from the energy meters, usually
installed for billing purposes. The aim is to constantly miminize heating
of the tank to only what is necessary for circulation and DHW use.
If successful, the tank’s volume below the circulation remains cold as
long as possible and enhances the tank’s temperature gradient ahead of
periods with low tapping. The second algorithm seeks to implement the
same principle but without the need for the energy meter data, thereby
maximizing applicability.
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Fig. 1. Storage tank with an internal heating coil and a circulation loop supplied by
district heating.

2.1.1. New charging strategy based on energy balance

Fig. 1 shows a schematic of the considered storage tank and the
assumption that all heating from 50 to 55 °C cools the DH flow from
its supply temperature (Tpy ,,,) to 50 °C. The DH flow subsequently
heats the cold water entering the tank bottom at T},,. It is important to
make this distinction because only the DH flow above 50 °C can heat
the circulation. Based on these assumptions, the energy balance inside
the tank can be characterized by Eq. (1),

b b b
/ Ppy dt =/ P, dt +/ Pppy dt 1)
a a a

where, Py, P.;.. and Ppyy, are the DH heat supplied to the tank [kW],
the circulation losses [kW], and the heat consumption of DHW [kW],
respectively. The energy loss through the tank walls is negligible com-
pared to the aforementioned energy balance terms.

Energy meters, each comprising a flow meter and two temperature
sensors, make up the metering system installed in the DHW substation.
On the primary side, the meter determines the accumulated DH heat
supplied to the tank by measuring the DH flow rate and the supply
and return temperatures. The secondary side system meters the heating
of tapped DHW by measuring the flow and temperature of the cold
water intake and the temperature of the tapped DHW. The energy
meters collect the necessary data for the calculation of Ppy, P.;,. and
Ppw, enabling the application of the new control method. According
to Eq. (1), the circulation heat losses are the difference between the
heat supplied to the tank and the heat used to heat up the tapped DHW.

Fig. 2 outlines the new control concept. The algorithm reads the
energy meters and, depending on whether the power for DHW use
(Ppyyw) is above or below a preset threshold (Ppyy spyeshora)> deter-
mines whether to deliver the necessary heating power for circulation
and high DHW use or deliver the minimum flow for circulation and
heating of DHW from 50 to 55 °C.

Different situations may occur throughout the day in terms of DHW
consumption. The following four states describe the phenomena created
in the tank, from lowest to highest tapping. These states give rise to
the equations used by the algorithm and characterize the threshold
(Ppuw sthreshola) @pplied in the decision block of Fig. 2, which activates
the corresponding charging mode.

State 1: Periods with no use of DHW (P, = 0). When there is
virtually no DHW demand, e.g. during the night, the DH flow still sup-
plies continuous heating to cover the circulation losses. Consequently,
the lower part of the coil heats the lower part of the tank. To start
periods with no DHW demand, having cold water in the lower part
of the tank helps to minimize the return temperatures. The primary
flow rpy e [kg/s] required to deliver the circulation heat loss can be
calculated by Eq. (2),

Pcirc
(2)

m e —
DH circ Cw- (TDH,sup _ 50)
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New control based
on energy balance

Energy meters
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Deliver the necessary power for
circulation and high DHW use
while avoiding the heating of
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Fig. 2. Control logic for the new control strategy based on energy balance.

where ¢, represents the specific heat capacity of water (4.18 kJ/(kg °
Q).

State 2: Periods with DHW use below the threshold (Ppyy, <
Ppyw threshoia)- When there is low DHW consumption, a small DH
flow #itp 1., covers both the heating of DHW flow from 50 to 55 °C
(Ppaw s0-s5) and the circulation heat loss. Compared to State 1, the
primary flow rirpy 4, is slightly larger, according to Eq. (3).

Peire + Pogw 50-55
Cw* (TDH,sup - 50)
where Pppyy s0ss [kW] can be expressed by using a proportional
temperature ratio, as shown in Eq. (4).

55-50
Pprw s0-55 = Popw - S5_7_ 4
cw

3)

MpH low =

State 3: Periods with DHW use corresponding to the threshold
(Ppuw = Ppuw threshora)+ In this situation, the coil supplies the exact
amount of heating for DHW production and circulation. Therefore,
there is no heating of the tank bottom or accumulation of heat (E,,.;)
due to the cooling of the DH flow from 50 °C to Ty .. Conversely,
during States 1 and 2, the supplied heat from the primary side is not
immediately utilized on the secondary side for DHW production and
circulation, as the DHW use is lower than the threshold. Consequently,

stored heat (E,,.,) remains in the tank as shown in Eq. (5).

T
Estored = A (PDH - Pcirc - PDHW) dt (5)

The power needed for heating the DHW flow from T, to 50 °C in State
3 can be expressed as shown in the first term of Eq. (6).

50-17,, .
Ppaw threshold * Ss_p = MomCw: (50 = Tpy rer) (6)

cw

The Ppyw shreshora €an be deduced from the relation in Eq. (7) by
simplifying Eq. (6) and using expressions Eq. (3) and Eq. (4) with the
DHW demand equal to the threshold.
P _ Peire - (55 - Tcw) - r

DHW threshold (TDH,sup _ 50) +r- (50 — 55)
50 - TDH Jret

50-T,,
In the ideal event that T)y ., equaled T,,, one could simplify the
equation by setting r = 1. However, this optimistic assumption is not
considered here.

State 4: Periods with DHW use above the threshold (P >

Ppyw shreshola)- In States 1 and 2, the return temperature increases over
time due to the heating of the tank bottom. To avoid this detrimental

)

where r=
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Fig. 3. Control logic for the new control strategy based on a staged proportional controller.

impact, the power supplied by the heating coil shall be regulated
according to Eq. (8) when the use of DHW is higher than the threshold.
The function f constitutes the utilized fraction of the stored heat. In
this way, the utilization of this heat will shave the peak load in the
morning, supplying only the strictly necessary DH flow.

PDH = Pcirc + PDHW - f(Esrored) (8)

The algorithm delivers the stored heat as early as possible during the
first peaks in the morning, and all should be dispensed by the end of the
day. In this sense, a precondition of this strategy is to have a sufficiently
cold water tank at the beginning of those periods with hardly any DHW
demand.

2.1.2. New charging strategy based on a staged proportional controller
The conventional thermostatic controller uses a temperature sensor
well below the top of the tank (in layer 14 out of 40) to react early
and avoid sudden temperature drops during periods with high tapping.
In a simple proportional controller, the proportional band (P — band)
determines the difference between the set-point and measured temper-
atures corresponding to a fully open valve with maximum DH flow.
Fig. 3 describes the new control strategy consisting of a proportional
controller with two proportional bands. At the very top of the tank
(layer 1 of 40), an added temperature sensor measures the DHW
supply temperature. This algorithm employs the sensors at layers 1
(Tpyw) and 14 (Ty,,,) with corresponding set-points and, depending
on whether the temperature at layer 14 is above or below 51 °C,
determines whether to operate in a low-power stage or a high-power
stage, respectively. In the low-power stage, the valve opens to a lesser
extent, solely to compensate for circulation heat losses and the low
demand that may exist for hot water. The control adjusts the set-point
for the DHW supply temperature (Tpzy) to 55 °C with a P-band of
1 degree, thereby compensating for circulation heat losses at times of
low consumption. Conversely, when the sensor at layer 14 measures a
temperature below 51 °C due to high tapping, the controller switches
to a high-power stage while supplying the necessary DH flow to avoid
compromising hygiene and comfort conditions. In this case the set-point
is 51 °C for Ty, with a P-band of 6 °C, thus delivering the maximum
DH flow when the sensor Ty, reads the critical temperature of 45 °C.
Assuming a temperature difference of 1.5 °C between layers 1
(Tpgw) and 14 (Ty,,,), Fig. 4 shows the primary flow corresponding to
the measured temperature at Tr,,,. Hence, at times with DHW supply
temperature between 55 and 54 °C, the primary flow will range from
fp 10 cOmMpensating for the circulation heat loss to a slightly higher

MpH high

Valve position

mDII,merIium

AS=E

45 51 525 535
T Tank [°C]

MpH,low

Fig. 4. Flow dictated by the primary valve according to the strategy based on a staged
proportional controller.

flow represented by ritp g eqium Meeting low DHW consumption. In line
with the measurements, Eq. (9) and Eq. (10) can be used to calculate
both flow rates.

Pcirc
m = 9
DHlow = o Tomsep = 50) 9
P+ Pss_
mDH,medium = e . (10)

Cw * (TDH,sup - 50)

where Pss_s, is the additional power supplied from the primary side
when the DHW supply temperature reaches the level of 54 °C.

Otherwise, upon periods with remarkable use of DHW, the tem-
perature measured by Ty, may fall below 51 °C in which case the
algorithm will activate the high-power control. In the unique case
where this temperature drops to the critical temperature of 45 °C, the
maximum flow rate ity ., Shall be delivered. This can be estimated
as shown in Eq. (11),

Pcirc + PDHW.max

1)

MpH high =
Cw " (TDH,sup - TDH.fet)

with Pppy max @s the highest use of DHW.
2.2. Case study
The case under investigation is an existing multi-story building

located in Hillergd, Denmark, where DH supplies the SH and DHW
systems. It has 30 apartments, and the system for DHW preparation
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(a) Connection within the DH substation [25].

(b) DHW tank in the case study.

Fig. 5. DHW system configuration in the case study in Hillerpd, Denmark. (see Ref. [25]).

consists of a typical storage tank with an internal heating coil and
a circulation loop, as depicted in Fig. 5, with a nominal capacity of
1250 L. The substation in the basement incorporates the energy meters,
enabling the application of the algorithms from the methods section. On
the primary side, the data comprises the accumulated DH heat supplied
to the DHW tank, the supply/return temperatures, and the DH flow
rate. The secondary side meter reads the flow and temperature of the
cold water entering the tank and the DHW supply temperature, which
combines to provide the heating of tapped DHW. Given a typical set-
point of 54 °C for the tank temperature (7r,,) shown in Fig. 5, the
conventional thermostatic control regulates the flow through the coil
with no limit to the charging power.

2.2.1. Modeling approach

The development of a detailed dynamic model is essential to sim-
ulate and assess the performance of the new control concept. For
this purpose, the study uses the Modelica Buildings Library [26] from
Lawrence Berkeley National Laboratory. This open-source library has
been extensively employed in recent research [27,28] and includes
different components for buildings, district energy, and control systems.
Plus, it is fairly flexible when it comes to modifying its items and
thus leads to relatively fast modeling of existing buildings. This work
uses a version of the tank model with an internal heating coil and a
circulation loop for the simulations. Moreover, the use of the simulation
environment Dymola made it possible to handle the Modelica [29]
equations with ease.

Besides using a 14-day (336 h) dataset for system dimensioning,
the performance evaluation used extended period measurements over
the year 2021. The dynamic model employed the actual data of the
DH supply temperature, cold water temperature, and tapping profile,
all measured with a 20-second step resolution and used as inputs.
Fig. 6 shows the supply/return temperature on the primary side of
the tank and the DHW consumption profile. There is practically no
DHW demand during the night, which leads to higher return temper-
atures. However, consumption peaks occur during the mornings and
evenings. 30% of the time steps do not include any draw-off, and the
peak demand is often 50-60 kW. The average power estimated for
circulation heat losses is approximately 2.6 kW. Regardless of the time
of the year, its value is nearly constant as represented in Fig. 7. This
investigation assumed a cooling of 5 °C in the circulation loop, which
has an estimated length of 115 m in the selected building.

The actual heat exchanger has a heating capacity (Q) of 92 kW with
supply (T imary.sup) @nd return (T,,4ry.-.;) temperatures of 65/35 °C
on the primary side, respectively, and supply (Ticonqary,sup) and re-
turn (Tyecongary,rer) temperatures of 10/50 °C on the secondary side,
respectively. Thereby, the heat transfer coefficient (U A) is 4.7 kW/K
according to Eq. (12)- Eq. (14).

(AT, — AT})
n( ﬁ)

ATI = Tprimary,sup - Tsecondary,rer (13)

AT2 = Tprimary,ret - Tsecondary,sup (14)

The authors divided the volume of the tank model into 40 layers, where
layer 1 is the uppermost layer. Layers 12 and 36 hold the input and
output of the heating coil, respectively. Considering that the circulation
flow returns to the tank at layer 16, the circulation loop only uses
17% of the coil to compensate for its heat losses. For the case study,
with a circulation heat loss of 2.6 kW, primary supply temperature of
66.4 °C, and secondary temperatures of 50/55 °C, the primary return
temperature turns out to be 50.4 °C based on Eq. (12)- Eq. (14).
Nevertheless, to simplify the algorithms, this study assumed that the
primary flow cools down to 50 °C when heating the circulation loop.

The authors conducted an exhaustive validation of the model to
confirm its accuracy and simulated the new charging concepts to
evaluate their performance. A subsequent field implementation evinced
the actual benefits of the staged control.

2.2.2. Field implementation

In the case study, a cloud-based SCADA solution enables remote
control of the electronic controller (ECL). The authors executed the
field tests by setting up a feedback loop with communication every
5 minutes between a remote computer and the ECL. In this way, the
virtual controller prescribes the flows directly in the field according to
the actual temperatures Ty, and Ty,,,. The valve position operates
in a range of 0-10 V, with a resolution of 10 mV when running with
the conventional control. However, the staged control modulates the
valve position in steps of 0.1 V, since in the reference case, we can
only prescribe the flows indirectly with the minimum and maximum
valve positions. In terms of flow rate, this valve resolution translates
into a step of 5.26 - 1073 kg/s.
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mPDH ®PDHW =P circ=P DH-P DHW Table 1
12 Validation of modeled DHW installation. Comparison among simulated and measured
data in the case study.
10 9. 95 9. 99 10 13 9. 63 9. 40 Simulated Measured
8.10 DHW temperature [°C] 56.6 56.3
g 8 7 44 7 53 7 50 6 93 I f 7.84 7.86 DH return temperature [°C] 40.1 40.6
3 6 [ I I I Heat loss coefficient [kW/K] 0.075 0.072
5. 58
5 501 5.28 5. 28
; I
a 4

251 246 263 270 2.65 251 2.40)2.56 257

A0

Jan Feb Mar Apr May Jun Jul Aug Sep

Fig. 7. The charging DH power, DHW demand and circulation loss in the case study
before new strategy implementation.

Before implementing the new staged control, the authors refined
its shaping parameters (ipg jows MpH medium> MDH hign) USING the vali-
dated Modelica model. The authors subsequently conducted sensitivity
analyses through simulations to assess the robustness of the concept to
relaxed settings of the valve constraints, determining the influence of
the parameters in the observed performance.

3. Results

This section firstly presents the Modelica model validation and
secondly the simulation-based performance analyses of the new algo-
rithms, employing actual data from the investigated building. Finally,
after field implementation, the section exhibits comparative analy-
ses between the conventional control and the new staged control.
This comparison accounts for potential factors influencing the return
temperature, such as the relative circulation loss.

3.1. Model validation

Attesting the tank model’s accuracy, Fig. 8 depicts the DHW supply
temperature and the DH return temperature, measured and simulated
during five days. This period derives from the 14-day data used for
model creation, shown in Fig. 6. The dynamic model used actual data
as input for a fair comparison. Hence, the simulations employed the DH
charging flow, the DHW tapping profile, the DH supply temperature
and the cold water temperature provided from the field with a 20-
seconds resolution. Both the DH return temperature and the DHW
temperature represented in Fig. 8 confirm that the modelled storage

tank captures reality to the desired extent. To conduct a fair and simple
evaluation of the return temperature of the system, Eq. (15) presents
the calculation of the energy-weighted DH return temperature,

/(EDH : TDH,retins)
/ Epu
where Ej represents the amount of heat energy delivered by the
DH flow and Tpy ,ens is the DH return temperature of this flow.
In particular, the energy-weighted DH return temperature is 40.1 °C
in the model compared to 40.6 °C measured, and the average DHW
temperature achieves the level of 56.6 °C in the model in contrast with
the measured 56.3 °C. The simulated heat loss through the distribution
pipes is also crucial for model validation. Thus, we calculate the heat
loss coefficient as the ratio between the circulation heat losses and the
temperature difference between the hot water inside the pipe and its
envelope. These calculations assume a temperature of 20 °C for the riser

system room. Table 1 summarizes the data used for the analysis.

The model also respects the buoyancy in the 40 layers of the tank.
Thus, the layers above the circulation return, i.e. layer 16, remain close
in temperature, and the profile of layer 40 is very similar to that of cold
water temperature.

TDH ret = (1 5)

3.2. Simulation of modeled charging concepts

The operation of the concept based on energy balance is simple to
illustrate with Fig. 9. According to the secondary side meter readings,
the occupants in the reference building rarely consume DHW at night,
yet the circulation heat losses require at least a low DH flow. Conse-
quently, the tank bottom can accumulate up to 30kWh during the night.
In instances with DHW use above the threshold, e.g. during morning
and evening, the concept shaves the peak load by utilizing the stored
heat in the tank bottom (Ej,,,.,). By the end of each day, the tank will
have utilized almost all the stored heat. Thereby, this principle will
enhance the temperature gradient in the tank ahead of periods with
low draw-off. The power for DHW use has a step resolution of 3 kW
at 20-minutes intervals. The threshold (Ppyy snresnors) for the use of
DHW is slightly above 6 kW if calculated with an assumed target of
25 °C for the return temperature ( Eq. (7)). In this way, the concept
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Fig. 8. Comparison of DHW Temperature and DH return temperature from simulations and actual data.
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Fig. 9. Simulation of the accumulated energy inside the tank with the energy balance
control.

supplies low DH flow if users consume 6 kW or less of DHW. For
smoother charging operation and to prevent unnecessary fluctuations,
the 20-minutes interval is assumed appropriate. Moreover, it allows a
sufficient response margin in case of a sudden peak of DHW demand.

Fig. 10 shows the performance of both algorithms under an actual
10-day DHW tapping profile of the investigated case. The analysis
focuses on the DHW supply temperature, the DH return temperature,
and the DH supplied to the tank for comparison.

The energy balance control (Fig. 10(a)) secures a DHW temperature
between 50 °C and 55 °C on days with moderate demand, such as
December 1st. More specifically, it remains close to 55 °C, except in
days with considerable tapping during the morning and evening peri-
ods, e.g. November 28th. The low DH flow rate (ritpy ,,) is sufficient
to cover the circulation in low-tapping periods, heating the tank with
just under 5 kW at night. Under high-tapping conditions, the heating
coil has sufficient capacity to bring the DHW flow back to 55 °C and
can deliver up to 35 kW at peak demand. Under this control algorithm,
the simulated energy-weighted DH return temperature is 29 °C.

Simulation of the staged proportional controller reveals broadly
similar performance to that of the energy balance control, as shown
in Fig. 10(b). At low-tapping periods, e.g. at night, the control principle
triggers the low-power stage, and the heat input can go below 5 kW.

Table 2

Charging flow rates needed for the staged control
strategy.

Parameters

g g [L/h] 136.5
D1 medium [L/h] 210.1
tpy ign [L/h] 928.1

When the DHW temperature drops significantly due to high tapping,
e.g. during November 30th in the evening, the heating coil delivers
up to 55 kW within the high-power stage. Essentially, the minimum
needed DH flow rates meet the safety requirements and even in situa-
tions with extraordinary demand, the concept secures the DHW supply
temperature of 50 °C. With the staged control, the return temperature
resulted in 28.8 °C. Table 2 presents the valve constraints required
for the staged control applied herein. Hence, a ripy ., of 136.5 L/h
is sufficient to cover the 2.6 kW for circulation while maintaining
the DHW supply temperature at 55 °C. The #itpy peqium Of 210.1 L/h
heats the circulation loop with 4 kW whenever the supplied DHW
temperature drops to 54 °C. Finally, if the temperature at layer 14
(Ty4n) reaches the critical temperature of 45 °C, then a DH flow of
928.1 L/h would deliver approximately 50 kW.

The staged control simplifies the complexity and reinforces the
strengths of the energy balance principle, with similar performance.
However, the energy balance principle charges the tank every 20-
minutes, whereas the staged control does so every 5 min. As a result,
the DHW temperature drops during high-tapping periods are more
conspicuous with the first strategy.

3.3. Field tests and sensitivity investigations

This section presents the field tests performed in the residential
building in Hillergd. Fig. 11 depicts the actual tank operation with the
newly implemented control. The strategy maintains the DHW temper-
ature at 55 °C most of the time, except in periods with peak demand,
where it guarantees a minimum of 50 °C through the activation of
the control’s peak-load stage. This operation observed in the field is
notably similar to the simulations shown in Fig. 10(b), where the model
employs an identical tapping profile. The return temperature measured
after applying the new control is 29.7 °C, which also validates the
control valve model.

In the investigated building, the conventional and the staged control
were alternately implemented for three months achieving a 45-day
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(c) Actual 10-days DHW consumption profile in the case study.

Fig. 10. Comparison between the simulated energy balance control and staged control.

dataset for each strategy. The analysis of the measured return tem-
perature accounted for the variation in relative circulation heat losses
(P,.;r./Ppaw ), DHW supply temperature, DH supply temperature, and

situations, the supply temperature set-points are comparable at low
draw-off periods. The graph shows that, at equal DH supply temper-
ature, the return temperature is usually higher with the conventional

cold-water temperature. Fig. 12 shows the measured return temper-
ature with these four factors. Firstly, the higher hot water utilization
- i.e. when P, ./Ppyy is low — resulted in lower return temperature
for both strategies. Secondly, the staged control supplies DHW between
54.5 °C and 55.5 °C on average, and the conventional control shows
a higher return temperature for the same temperature range. In both

control. Finally, the last scatter plot reveals that the domestic cold
water temperature plays a relevant role in the return temperature.
Even at equal cold water temperature, the staged control performs
better. From this graph, it is also possible to deduce the cold-water
temperature variation in the case study from September 2021 to early
January 2022.
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Fig. 11. Actual DHW supply temperature, DH return temperature, and DH power supplied to the tank with the new staged control.
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Fig. 12. Comparative analysis among normal and new staged control with measured data in Hillersd, Denmark.

Fig. 13 shows the daily energy-weighted DH return temperatures
achieved with each strategy. The data gathered during 90 days of
field tests populated this statistical analysis. A clear reduction in return
temperature is realized from 37.0 °C to 30.0 °C, due to new control
concept application.

A well-functioning primary valve should operate at moderate valve
positions most of the time, thus avoiding harming the DH operation
with unnecessary excessive flows when securing the heating of the
tank to the set-point quickly after a peak consumption. Fig. 14 shows
the cumulative frequency of primary valve positions measured in each
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Table 3

Influence of valve position constraints (py jpws M mediums MpH nign) 0 the system performance with the staged control.
Parameters Mp i tow VP D medium V Predium M H high V Phigh Touw Tpp rer
Implementation set 136.5 L/h 1.4V 210.1 L/h 1.8V 928.1 L/h 56V 54.6 °C 28.8 °C
Scenario 1 136.5 L/h 14V 210.1 L/h 1.8V 1769.4 L/h 10.0 V 54.6 °C 28.8 °C
Scenario 2 136.5 L/h 1.4V 320.3 L/h 23V 928.1 L/h 56V 54.8 °C 29.4 °C
Scenario 3 0.0 L/h 07 V 210.1 L/h 1.8V 928.1 L/h 56V 54.3 °C 28.3 °C
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Fig. 13. Comparison between normal and staged control by statistical analysis of the
energy-weighted DH return temperatures measured in Hillergd, Denmark.
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Fig. 14. Comparison among strategies through cumulative curves of measured valve
positions for charging the DHW tank from DH.

strategy during 10 days. The conventional control operates over a
broader range of valve positions than the staged control, as it opens and
closes fully. The staged control works to a greater extent at the low DH
flow stage (1.4-1.8 V). Furthermore, the staged control cannot open
more than the designed maximum position (V' Py,;,), which is 5.6 V.
It must also guarantee the minimum flow to cover the circulation heat
loss and does not close fully at any time. In particular, the accumulated
DH flow used for the conventional control is 62.4 m? in 10 days,
whereas in the staged control is 47.7 m? , which means savings of
23.6% in the total DH volume.
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Finally, the new staged control concept should be robust to re-
laxed settings of the valve constraints, thus demonstrating minimal
configuration requirements for new implementations. In this way, the
influence of these parameters on the observed performance will be
minimal. Table 3 determines how the valve constraints affect DHW
supply temperature (T, ) and DH return temperature (T ,,) When
applying the staged control. By simulating the system for the same
period as in Fig. 10(b), the first scenario points out that increasing
Mpm pign does not influence the system performance. Since this flow
is rarely needed, the maximum valve position of 5.6 V is sufficient.
An increase of 0.5 V in V P,,,;;,m (Scenario 2) does not lead to large
deviations in return temperature either. In this case, return temperature
rises by 0.6 °C, but so does DHW supply temperature, albeit to a lesser
extent. Similarly, when #mpy ;,, becomes 0.0 L/h (Scenario 3), the
return temperature decreases moderately at the cost of a lower DHW
supply temperature.

4. Discussion

A new staged control concept revealed encouraging results for DH
return temperatures reduction in DHW storage tanks with an internal
heating coil and a circulation loop. The tested algorithm supplies
the minimum DH flow to compensate for circulation heat losses and
DHW consumption, which resulted in a 7 °C reduction of DH return
temperature (Fig. 13). According to Fig. 11, this also secured a tank
operation with DHW supply temperature in line with regulations, thus
complying with hygienic and comfort conditions. Compared to the
conventional control, the staged control frequently operates at more
moderate valve positions (Fig. 14). The suggested concept saves 23.6%
in DH flow and avoids unnecessary load fluctuations so as not to
harm the cooling of the tank bottom. In addition, the principle is
relatively straightforward to implement and does not need additional
investment, as only the existing electronic controller shall be adjusted.
In the reference building, a pressure-independent valve and an extra
sensor at the tank outlet made the implementation much simpler when
prescribing the flows, where the measured performance (Fig. 11) was
in line with the simulations (Fig. 10(b)).

The non-uniformity of the DHW consumption profile is still a limit-
ing factor for the reduction of return temperatures in DHW tanks with
a circulation loop, even with the improved control concept. According
to Figs. 9-11, the heating of the bottom-half part of the tank still
occurs due to the continuous compensation of circulation losses, not
only at night but also during the daytime. As a result, the return tem-
perature can increase towards 50 °C. However, we can observe return
temperatures below 20 °C in periods with high hot water utilization,
e.g. in the morning or evening. Similarly, as stated in Fig. 12, in both
the conventional control and staged control concepts, higher relative
circulation losses lead to higher return temperatures. Thus, we can
achieve return temperatures around 25 °C on days with high draw-off
when applying the staged control.

Boundary conditions, such as cold water temperature and DH supply
temperature, also influence the measured return temperature (Fig. 12).
Therefore, the evaluation of the tank performance must consider the
seasonality of both boundary conditions and the DHW tapping (Fig. 7),
as the potentially achievable return temperature may differ from season
to season.

In the case study, the DH supply temperature can vary between
65-70 °C and the relative circulation heat loss (P,;,../Ppgy ) ranges
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between 20-70% (Fig. 12). Nevertheless, the situation may be different
in other buildings, either with higher circulation losses (e.g. in non-
refurbished or non-residential buildings) or where a lower temperature
DH network supplies the system. In both situations, the flow through
the heating coil to cover the circulation might be too large. Thus,
there would be no opportunity to reduce the return temperatures by
only improving the control concept. Likewise, the return temperatures
turned out to be higher on those days with relatively low use of DHW.

5. Conclusion

This paper presents the development of two new control concepts to
reduce the return temperatures in DHW tanks with a circulation loop.
The authors built and validated a dynamic model with measured data
from a residential building in Hillergd, Denmark, and investigated the
performance of the control concepts with actual DHW tapping profiles.
Finally, the authors tested the simplified control strategy — known as
staged control — in the field and compared the resulting operation
to a reference conventional control. The conclusions inferred from the
analysis of the new charging control confirm that:

The implementation of the new charging concept resulted in 7 °C
lower DH return temperatures on average and DH flow savings of
23.6%.

Staged control achieved DH return temperatures below 30 °C,
and hygienic standards for DHW preparation are always satisfied
without the need for further investment.

The existence of circulation through the tank limits the possibil-
ity of further return temperature reduction. The staged control
achieved DH return temperatures around 25 °C on days with high
draw-off.

The seasonality of both boundary conditions and DHW demand
influences the potential for lower return temperatures.

A detailed dynamic model of the system has considerably reduced
testing times, and simulations have accurately represented the
actual measurements.

In future research, the dynamic model can be used to calculate the
optimal trajectory of DH flow, giving an indicator of the minimum
achievable DH return temperature in DHW tanks. In addition, the
model can be used to investigate the feasibility of new DHW system
configurations to limit the negative impact of circulation on return
temperatures.
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