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Abstract
With increasing focus on the performance of district heating systems, a concept is developed to obtain low district heating
return temperatures from domestic hot water systems with a high share of circulation loss. For these systems, it is challenging
to realize a low district heating return temperature by direct heat exchange only, due to the high flow of circulation return
water at 50 ◦ C. The concept is termed Circulation Booster. The purpose of the Circulation Booster is to boost the domestic
hot water circulation temperature and at the same time secure a low district heating return temperature from this part of the
service. The domestic hot water circulation temperature is heated in two steps: direct heat exchange and a heat pump. The
heat source for the Circulation Booster is district heating, and the heat pump itself is driven by electricity. The paper includes
the field experiences from a 1-year test period, concluding that the concept is operating as intended. Further, the performance
results regarding electric consumption and district heating return temperatures and an economic feasibility study are presented.
The current tariff structure in Denmark related to the district heating return temperature and electric costs gives a feasible
economic case for the Circulation Booster concept with a direct payback time of 5,1 years. An increasingly progressive tariff
scheme for low district heating return temperature or lower electric costs could further improve the economic feasibility of the
Circulation Booster concept.
c 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
⃝
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the scientific committee of the 17th International Symposium on District Heating and Cooling, Nottingham Trent
University, 17th DHC Symposium, 2021.
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1. Introduction
Denmark increasingly relies on condensing boilers, heat pumps, and excess heat to supply its district heating
(DH) networks in its transition towards sustainable energy systems based on renewable sources [1]. To maximize the
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production efficiency of these heat sources, network operators seek to minimize DH supply and return temperatures.
Reducing DH return temperatures increases the heat output from condensing flue gases in biomass boilers [2] while
reducing DH supply temperatures increases the performance efficiencies of heat pumps (i.e. COPs) [3]. Moreover,
reducing either the supply or return DH temperatures decreases transmission heat losses from distribution pipes
while allowing greater utilization of excess heat [4]. However, domestic hot water systems (DHW) place constraints
on minimal DH supply temperatures [5], as DHW must be maintained at temperatures above 50 ◦ C to safely limit
the growth of harmful Legionella bacteria [6].
Apartment buildings apply constant DHW circulation to provide immediate warm water to occupants, and the
return water from the DHW circulation must be maintained above 50 ◦ C for safety. This requires constant hightemperature heating to compensate for heat losses from DHW circulation pipes. As residents tap DHW, the DH is
used to heat the cold fresh water directly – a heat transfer process that results in appropriate DH return temperatures.
When residents are not tapping DHW, there is no incoming cold water to cool the required DH flow, so the DH
return temperature rises towards the temperature of the circulated water.
As network operators reduce DH supply temperatures, the required DH volume-flows for circulation heat losses
increase, resulting in higher volume flows of high-temperature DH return from this process [7]. We foresee only
two possibilities to simultaneously reduce DH supply temperatures while also reducing or maintaining DH return
temperatures. One possibility is to decrease the heat losses from DHW circulation by improving insulation levels
surrounding the circulation pipes. This decreases the minimum DH flow during periods with no DHW tapping,
thereby reducing the negative impact of high return temperatures. However, this may be practically infeasible or
cost-prohibitive in existing buildings. The other possibility is to electrically re-heat the DHW circulation to avoid
the need for high DH flows and high return temperatures. The primary energy factors for electricity and district
heat in Denmark are 1,9 and 0,85, respectively [8]. Thus, to re-heat DHW circulation, the ideal solution utilizes
district heating as much as possible while ensuring low DH return temperatures. This is only possible through the
use of a heat pump. In ultra-low-temperature DH networks with supply temperatures below 50 ◦ C, the heat pump is
applied directly to re-heat DHW circulation [9]. In low-temperature DH networks with temperatures above 60 ◦ C,
the ideal system uses direct heat exchange to re-heat the DHW circulation before cooling the DH return flow using
the heat pump. Others have demonstrated the effect of this cascading approach for DHW and found that it reduced
the necessary heat pump capacity, leading to greater system efficiencies and savings [10], while reducing DH return
temperatures [11].
Danfoss A/S developed and tested a circulation booster (CB) in collaboration with partners as part of the
EnergyLab Nordhavn project. It was implemented in an entire apartment building for a 1-year test period. No other
such systems have been developed and implemented in real field tests to the authors’ knowledge. By documenting
the technical and economic performance of the first generation of CB technology, this paper contributes meaningfully
to the state-of-the-art methods to improve the energy efficiency and cost-effectiveness of low-temperature DH
networks.
2. The Circulation Booster concept
A variety of concepts have been analyzed and evaluated, focusing on efficiency, complexity, economy, and
redundancy. Based on this, the most promising concept was selected for further development and field tests. The
basic principle of the CB can be seen in Fig. 1, where only the main components are shown for simplicity. The
heat transfer to the DHW circulation from 50 ◦ C to 55 ◦ C is applied in two steps. The return water from the DHW
circulation system is first heated by the heat pump condenser and by direct heat exchange in the second step. The
source for the second step is the DH system, where the direct heat exchange heats the DHW circulation to 55 ◦ C
and cools down the DH to approx. 53 ◦ C. In this way, the DH is cooled down to the extent possible by direct
heat exchange. Following this process, the flow of DH water (at 53 ◦ C) is cooled to between 20 ◦ C and 27 ◦ C
as the heat source for the evaporator. The energy from the heat source and the compressor are used to heat the
DHW circulation water from 50 ◦ C to approx. 53 ◦ C. The volume flow of water through the evaporator depends
on the temperature of the supplied DH, which varies from 65 ◦ C to 90 ◦ C in this case. The heat pump’s capacity
can be reduced by introducing this two-step concept because the direct heat exchange covers a part of the needed
capacity for heating the DHW circulation, which reduces the electric consumption. The capacity split between the
direct heat exchange and the heat pump results in a trade-off between the reduction of the DH return temperature
and the electric consumption of the heat pump. The heat pump control is based on constant compressor speed
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Fig. 1. Basic schematic of Circulation Booster as part of a DHW system.

operation, i.e. the capacity control is based on varying the evaporation temperature of the heat pump. This is done
by adjusting the DH evaporator inlet temperature using the mixing loop before the evaporator inlet on the brine
side. The charging of the DHW tank itself is based on an internal coil, where the DH flow through the coil is PI
controlled based on the actual temperature in the tank and a reference temperature.
3. Field test
The developed CB concept was tested in the field over one year, and the performance was compared to the
operation of the prior traditional DHW system. The field test site is in the Østerbro area of Copenhagen. The field
test building is from 1902 and includes 15 spacious apartments. Characteristic for this building type is the high DHW
circulation energy loss relative to the DHW draw off energy, which is not uncommon for old multifamily buildings.
In this case, the DHW circulation loss-share accounts for around 64% of the total energy use for DHW draw off
and DHW circulation. Especially in buildings where the DHW circulation loss is high compared to the DHW draw
off, it is challenging to realize a low DH return temperature by direct heat exchange due to the high share of DHW
circulation return water at around 50 ◦ C. Further, typically old DHW tank systems show poor performance when
operated at reduced DH supply temperatures. The energy for the domestic hot water system in 2019 was 59 MWh.
Throughout 2019 the CB was in operation, and the DH return temperature from the tank can be seen in Fig. 4.
The yearly average was 18,0 ◦ C. The peaks are related to an anti-Legionella temperature program for the DHW
tank.
The field test site can be seen in Fig. 2.(a). The technical room is in the basement, where the CB concept is
installed as part of the DHW system. The CB module is shown in the blue circle of Fig. 2. (b), and the heat
pump module is shown in the red circle. For remote control and data acquisition, the Danfoss ECL310 controller
is applied.
4. Results from field test
It has a significant impact on the DH return temperature for a DHW tank system whether the DHW circulation is
heated up by the tank, as is usually the case, or heated up outside the tank, as in the CB case. The next two figures
show this for the field test case. The DH return temperature from the internal tank coil is plotted as a function of
time. For the initial system operating period until December 2018, the average DH return temperature was 47,2 ◦ C.
When starting the operation of the CB a significant reduction of the DH return temperature can be seen, which
shows the impact of heating the DHW circulation outside the tank. See Fig. 3.
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Fig. 2. (a) Field test building; (b) Circulation Booster installed as part of the DHW system.. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. District heating return temperature over time for the field test, mainly for initial DHW system.

Fig. 4. District heating return temperature over time for Circulation Booster operation.
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When it comes to the DH return temperature from the CB (see the CB limits in Fig. 1), it was documented to
be within the range from 20 ◦ C to 27 ◦ C, as seen from Fig. 5, with a weighted average of 23,5 ◦ C. Further, the
yearly DH flow temperature variation can be seen.

Fig. 5. District heating return temperature from Circulation Booster over time and District heating flow temperature.

A parameter influencing the operation and performance of the CB is the DH flow temperature. The split between
the heat capacity from the direct heat exchanger and the condenser is shown in Fig. 6(a). The direct heat exchange
capacity increases at increasing DH flow temperatures while the condenser heat capacity decreases slightly. The
decrease is because the evaporation temperature decreases at increasing DH flow due to the lower DH flow through
the evaporator, resulting in a lower heat pump capacity.

Fig. 6. (a) Thermal capacity from heat pump (condenser) and direct heat exchanger as a function of DH flow temperature. (b) Electric share
for heating DHW circulation as a function of DH flow temp.

The central part of the seasonal adjustment for the DHW circulation heat loss is made by the direct heat
exchanger, which varies from 0,5 to 2,0 kW, where the capacity of the condenser varies from 2,7 kW to 2,5 kW.
In total, this gives a yearly variation for the DHW circulation heat loss of 3,2 kW to 4,5 kW. Due to this also the
electric share varies during the year, as seen from Fig. 6(b). The weighted average electric share for heating the DHW
circulation is 19,3%, the remaining part of 80,3% is DH. The System COP calculated by the energy for heating
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DHW circulation divided by the electric consumption for the CB concept can be seen in Fig. 7., corresponding to
a yearly weighted SCOP of 5,2.

Fig. 7. Yearly variation of system COP (SCOP) for Circulation Booster concept.

The main results from the field test regarding obtained DH return temperature reductions are shown in Fig. 8.

Fig. 8. (a) Initial yearly DH return temperature (2018); (b) yearly DH return temperature with CB concept (2020).

The DH return temperature was reduced from 47,2 ◦ C to 21,5 ◦ C on a yearly basis. It is assumed that DHW
consumption, DH flow temperature and cold-water temperatures have similar profiles for the compared periods of
2018 and 2019.
5. Economic feasibility of CB concept
To evaluate the CB concept’s economic feasibility, a simple economic evaluation was conducted to qualify field
test results and economic boundary conditions. By applying the CB, the result was a lower return temperature
to the DH network. A financial bonus rewards this as part of the motivation pricing principle widely applied in
Denmark. Typically, there is a bonus per degree reduction in DH return temperature calculated from a fixed reference
temperature level as a percentage of the variable costs of DH. In the field test case, this is 0,8% of the variable costs
per ◦ C reduced DH return temperature per MWh consumed energy. On the cost side, there is the initial investment,
the ongoing maintenance, and the electric costs for operating the heat pump. A smaller part of the energy for heating
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up the DHW circulation is shifted from DH to electricity by operating the CB. In Table 1., there are presented two
cases. Case 1 represents the situation with the actual tariffs as they are in 2021 [12,13]. The main result is a direct
payback time of 5,1 years. This means there is currently a positive economic case, with a direct payback time in
the acceptable range. For case 2, a doubled return bonus is assumed, leading to a direct payback time of 2,3 years,
which should be very favorable for triggering an investment. A reduced tax on the non-commercial use of electricity
is given for specific purposes in Denmark [14], including the use for heating, DHW and ventilation, which supports
the economic feasibility. A precondition for reduced taxes is that the electricity is measured by a dedicated meter
for the purpose.
Table 1. Economic feasibility of CB concept.

The motivation for case 2 is based on the understanding that the value of a lower DH return temperature will
increase in the future. This is based on a higher efficiency for central applied heat pumps in the DH system, higher
utilization of low-temperature renewable sources, such as solar thermal and geothermal heat, and better utilization
of surplus energy from, e.g. industry, datacenters and P2X sources.
6. Discussion/future work
During the field test, only minor implications were observed, e.g., related to the DHW tank’s service leading to
a stop of the DHW circulation flow, resulting in a high pressure cut out for the heat pump. Going ahead, this can
be avoided by proper instruction of the service personnel.
An area of future work is optimizing the balancing of the heat input from the heat pump and the direct heat
exchanger to the DHW circulation in a smarter way. This intends to realize a fuel shift service (electricity and DH)
optimizing for variable energy costs. A compressor with a variable speed is relevant in this regard.
A further area is to optimize the COP of the heat pump by taking a detailed design review of the heat pump
system.
7. Conclusion
The developed and field-tested Circulation Booster concept performs as expected, based on a one-year period.
Only minor operational challenges were encountered. The main result was the reduction of the DH return
temperature from 47,2 ◦ C to 21,5 ◦ C. At the present economic conditions in Denmark, the Circulation Booster
as tested is feasible, with a direct payback time of 5,1 years. If the value of reduced DH return temperatures
doubles in the future, a direct payback time of 2,3 years is provided, resulting in a highly feasible investment case.
Typically, buildings with a high share of DHW circulation loss are relevant for the CB concept, like old apartment
buildings or commercial buildings. Also seen in the general trend of reducing DH supply temperature, the DH return
temperature from DHW tank systems comes additionally under pressure. Future work is planned on optimizing the
efficiency of the CB, e.g. heat pump COP, which will result in an even better economic feasibility.
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