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Abstract
Low temperature district heating (DH) system gives easier access to the renewable
energy as heat sources and improves the heat distribution efficiency. From the exergy
point of view, low DH supply temperature also better matches the exergy demand of
space heating and domestic hot water. It is more beneficial to operate district heating
system under lower temperature level for the heat-sparse area where the distribution
losses accounts for a large proportion in the total heat supply. In this study, the actual
performance of a case ultra-low temperature district heating (ULTDH) system in
Denmark was investigated based on long-term measurements. The system combines
the central heat pump and local boosters, while the impact of such configuration on the
overall system performance was analysed. The energy, exergy and economy
performances of the case system were compared to medium temperature district
heating system (MTDH) and low-temperature district heating system (LTDH). The results
show that the LTDH system without supplementary heating has the highest energy and
exergy efficiency. While the ULTDH system has better performance compared to the
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MTDH system in energy, exergy and economy due to substantial savings from the
distribution heat loss.

Keywords
Ultra-low temperature district heating, ground source heat pump, exergy, distribution
heat loss, renewable heat source, local booster

Highlights


A case ULTDH network for low-heat-density area was measured for long term.



The ULTDH system was analysed from energy, exergy and economy aspects.



The impact of using renewable energy source and local boosters was analysed.



The performance was compared with MTDH system (70/40 °C) and LTDH (55/25°C)
system.

1. Introduction
To mitigate the huge unnecessary waste during the energy utilization process and the
resulting environment problems, many governments have action plans to improve the
efficiency of the energy systems. EU has a goal of reducing 32%-41% of primary energy
consumption by the year 2050 compared to 2005-2006, as well as increasing the share
of renewable energy sources (RES) in the final energy consumption to at least 55% by
the year 2050 compared to the current situation (10%)[1]. While according to the
energy strategy in Denmark, the energy consumption for heat and electricity supply in
the building sector was targeted to be completely fossil-free by the year 2035[2][3].
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District heating (DH) can aggregate different energy sources for heat supply. It is a cost
efficient way of supplying heat to cities or regions with high heat density compared with
individual heating methods. In Scandinavian countries, the heating area covered by
district heating can reach 70 %-90% of the total city areas [4]. Therefore, it is of great
importance to make district heating systems more efficient and sustainable. One of the
key indicator is the ability of utilizing renewable heat and recycled heat from low
temperature sources[5]. Currently, most district heating systems are operated with
medium-temperature, the heat carrier of which is normally the pressurized water under
100°C and produced by conventional heat sources (such as Large-scale CHP, distributed
CHP, biomass and waste, or fossil fuel boilers) [5]. However, the high operation
temperature of DH becomes a more and more serious issue that restricts the overall
efficiency for heat delivery because of the distribution losses. For most existing DH
network operated under medium temperature, the average distribution heat losses on a
yearly basis is around 10-30% [6,7]. The situation in the low-heat-density area is more
severe. To reduce the temperature levels of district heating system not only allows a
broader variety of renewable energy sources but also improves the system efficiency by
decreasing the distribution losses.

According to the definitions of different generations of district heating[5,8–10], the
supply temperature of LTDH can be as low as just above 50 °C. Such temperature level
has been tested by many cases sufficient to supply comfort room heating[11–13]. It is
also able to heat DHW to the required temperature to suppress the growth of bacteria
3
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such as Legionella, without any supplementary heating. In contrast, ultra-lowtemperature district heating (ULTDH), with the supply temperature lower than the
LTDH, is unable to independently generate DHW meeting the comfort or hygienic rule.
Additional booster devices are required to further elevate the DHW temperature. Along
with the district heating expanding and the distribution technology developing, the
possibilities for ULTDH become enriched. In spite of the extra investment for the
supplementary heating devices, ULTDH can be still beneficial by saving the distribution
heat loss and utilizing the low-grade energy sources.

Moreover, from the exergy point of view, low supply temperature helps to improve the
energy-quality match between the energy supply and energy demand in the heating
system [14]. The heat demand is considered as low-quality energy demand, since the
comfort indoor temperature for space heating (SH) is around 20-22 °C and the set point
temperature for domestic hot water (DHW) is around 40-45 °C[5,15]. With the
conventional district heating, the exergy destruction along the primary energy
conversion and distribution process accounts for the most significant part [14,16]. From
Gong and Werner [4], the district heating distribution chain can be more exergy efficient
if low temperature is applied, and almost 3 quarters exergy lost during the heat
distribution process can be saved. To improve the system overall efficiency, the lowtemperature heat sources and the low operation temperature are of great importance.
Heat pump, which can generate heat at suitable temperature to the heat demand, is
considered more often as the heat source for district heating. In Sweden, 28 DH systems
4
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implement heat pump as heat supply. The largest capacity is as much as 50 MW[17].
Østergaard and Andersen [18] conduct theoretical analyses according to the typical
Danish DH system, and find the scenario of DH with central HP has better performance
than individual HP scenario. The advantage can be further enhanced by adding booster
HPs. Elmegaard et al. [19]compare the performances of different system configurations
with supply temperature at 45 °C, and find the R134a HP system with hot water tank on
the primary side reach the highest exergy efficiency. Ommen et al. [20] conduct
theoretical investigation on the optimal use of booster HP in ULTDH for new buildings,
and find the booster HPs can improve the system performance if the central HP is used
for heat supply. Torio et al. [21] concluded that the geothermal heat pump is a low
exergy energy sources. The exergy performance of ground source heat pump (GSHP)
based heating system depends very much on the dead state definition. Lohani [22]
makes simulation for building heat system supplied with different heat sources, and
finds that GSHP has better performance in energy and exergy than fossil plant and air
source heat pump. Meggers et al. [23] exploit and implement a concept of lowtemperature boost system for building energy supplied by integrating a PV-Thermal
panel and a heat pump. The exergy destruction is much lowered by maximizing the
renewable energy source temperature while minimizing the heat supply temperature
simultaneously. Investigating the operation of a district heating system supplied by
geothermal heat pumps, Jensen et al. [24] find that to connect the heat pumps in series
can improve the performance, and the exergy efficiency of the heat production unit can
achieve 50-60%. In terms of the exergoeconomic analysis, Alkan et al. [25] demonstrate
5

ACCEPTED MANUSCRIPT

that the heat production costs per unit exergy of a GSHP heating system decreases
along with the increase of the well head temperature and reference temperature.

ULTDH system, as the innovative form of district heating, has been analyzed recently by
a few theoretical studies. However, further development or planning of the optimal
application are hindered by the lack of documentations of practical ULTDH cases. In this
study, we analyzed a practical ULTDH system supplying a low-heat-density area based
on long-term measurements. The operation methods and the actual performance
regarding the configuration that combines the central HP for heat generation with
consumer-side boosters for DHW supplementary heating were presented concretely.
Energy, exergy and economy analyses of the case system were conducted and
compared with other two scenarios under LTDH and MTDH supply. The results of this
study is of great importance for determining the optimal temperature levels of district
heating when supplying to low-heat-density area. Moreover, the deviation of the
theoretical and practical heat consumption from the consumer side were investigated,
which is crucial for selecting the optimal local booster for ULTDH and consequently
improving the overall system performance.

2. Method
2.1 Description of the case ULTDH system
The case study is located in Bjerringbro, Denmark. The principle of the full-scale project
is to combine the heating and cooling together as a cascade energy system. To be more
specific, a cascading use of geothermal has been established by extracting cold ground
6
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water (6 °C or 12°C) for cooling purpose of an industry consumer. Afterwards, the
obtained waste heat is boosted by the central heat pump and utilized for district
heating. The central heat pump is responsible for supplying heat to a low-heat-density
area with 21 single-family houses. The DH supply temperature from the heat pump unit
is at 47 °C for most of the operation time. Weather compensation was considered to
ensure sufficient heat supply during the extremely cold period. The DH supply
temperature will be increased by 1 °C for every 1°C reduction on outdoor temperature
as long as the outdoor temperature was lower than 5°C. When the design outdoor
temperature is reached, the maximum compensation (17 °C) will be added on the
supply temperature, as Figure 1 shows.

Figure 1 Regulation of ULTDH supply temperature considering the weather compensation

According to Lund et al. [5], it is possible to maintain comfort room temperature with
district heating supply temperature around 40°C. The DHW preparation is more crucial
part that limits the implementation of ULTDH. For example, from the Danish standard
[15], the comfort DHW temperature for the kitchen use is 45°C and 40°C for the hand
washing or showing. Concerning the hygienic risk of Legionella growth (with the
7
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reproduction temperature range 25-45°C), for the systems with hot water storage or
with large pipe networks, the DHW storage tank should be maintained no lower than
55°C, and the system should have no point with the temperature below 50°C [26]. While
for the compact DHW system with the total volume from the heat exchanger to the tap
less than 3 litres, the risk of being contaminated by Legionella is much reduced, and high
temperature is not strictly required according to German Standard[27]. In this study, all
houses connected to the ULTDH grid have local supplementary heating devices to boost
the temperature of DHW to the required level. In addition to the central heat pump, a
CHP plant with the heat output capacity of 15.5MW and a heat only-boiler with the heat
output capacity of 29MW were operated mainly as the heat supplier for the MTDH
network in the city. However, they were also responsible of delivering heat to the
ULTDH network during the peak load period and the idling period of the heat pump. The
schematics of the full-scale system is shown in Figure 2.

Figure 2 Schematics of the ULTDH system with geothermal heat source

The heat production from the GSHP, DH supply/return temperatures at the heat
production side, heat consumption at the consumer side, supply/return temperature in
every single substation in the ULTDH network, and the electricity consumption of
supplementary heating were measured for long-term.
8

ACCEPTED MANUSCRIPT

The analysis was made on one-year measurements from May 2015 to April 2016. The
following figure shows the variation of the monthly heat demand of the ULTDH network
and the monthly heat output of the central heat pump based on measurements.

Figure 3 Measured heat consumption of the ULTDH network and heat output of the central heat pump from May
2015 to Apr 2016

To avoid evident changes on the ground temperature, the GSHP was out of operation
during June to September. Most of the other period, the heat output of GSHP was larger
than the heat demand. The excess heat production was used as supplementary heat
supply to other area with ordinary district heating system. Due to the strategy of making
utmost use of the renewable energy sources, the basic heat demand of the ULTDH
network was covered by the central heat pump. During the idling period of central heat
pump and the peak load period in February and March 2016, the CHP plant and heatonly boiler extracted required amount of heat from their total heat output to cover the
demand from the ULTDH network.

9
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2.2 Energy performance of the case ULTDH system with multiple energy sources
For the case ULTDH network, the central heat pump alone is insufficient to cover the
whole heat demand annually, thus two other heat plants as well as the local boosters
were integrated for heat supply. The interaction between the central heat supplier and
local energy booster increases the uncertainty of dispatching the heat generation from
both sides, thereby influencing the overall energy performance of the ULTDH system.
Therefore, the energy inputs from different sources were investigated in this study.
Moreover, it is of interest to investigate the potential of the renewable energy being
utilized as the heat source for the ULTDH and the corresponding efficiency, since one
benefit of ULTDH network is the possibility of utilizing more renewable energy.
The sketch of the ULTDH system is shown in Figure 4 :

Figure 4 System boundary for energy performance analyses

As shown in the diagram, the supply and return temperatures of the ULTDH network
(Ts_sup, Ts_ret) were measured. During the period when CHP or heat-only boiler is
operated, though the temperature of heat generated from the CHP and the heat-only
boiler is higher than the ULTDH supply temperature, mixing with lower temperature
10
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water flow was well controlled to make sure the final supply temperature to the ULTDH
is around 47 °C. Figure 5 shows the monthly supply/return temperatures:

Figure 5 Measurements of monthly supply/return temperature at the heat production side during May 2015- April
2016

For most of the year, the supply temperature was around 47 -48°C, except for the
coldest months- January and February 2016 when the supply temperature was 52 °C
and 50°C respectively. However, such temperature levels are still much lower than the
conventional district heating.
The total heat supplied (Qs) from the central heat supplier as well as electricity input
from the local booster were both measured to investigate the energy supplied from
different sources. The distribution heat loss is covered by the central heat supply (Qs). It
is calculated as the subtraction between the central heat supply (Qs) and heat
consumption measured at the consumer side. The distribution efficiency can be
calculated accordingly.
11
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2.2.1 Utilization of the Renewable energy
The utilization of the renewable energy, which is used to replace the fossil fuels for
district heating, is determined by the utilization of geothermal energy through the
central heat pump and the energy input from all sources to the ULTDH network. The
actual coefficient of the performance (COP) of the heat pump was measured to specify
the heat and electricity consumption respectively.
The utilization coefficient is calculated as:
𝜀𝑟 =

𝑄𝑔𝑒𝑜_ℎ

(Q𝐶𝐻𝑃&𝑏𝑜𝑖𝑙𝑒𝑟 + 𝑄𝑔𝑒𝑜_ℎ + 𝑊𝑔𝑒𝑜_𝑒𝑙 + 𝑊𝑒𝑙)

(1)

Where
𝑄𝑔𝑒𝑜_ℎ is the geothermal heat used by the central heat pump [MWh],
Q𝐶𝐻𝑃&𝑏𝑜𝑖𝑙𝑒𝑟 is the heat supplied by CHP and boiler [MWh],
𝑊𝑔𝑒𝑜_𝑒𝑙 is the electricity that drives the central HP [MWh],
𝑊𝑒𝑙 is the electricity consumption from the local booster [MWh],
If Ɛr is higher, it means the renewable energy plays a more important role in the unit
heat supply.
2.2.2 Distribution efficiency of the ULTDH network
In addition to the measurements at the heat supply side, measurements were also
performed at the heat consumer side. Since the thermal meters were installed in the inhouse substations, they only measured the net heat consumption (incl. space heating
and domestic hot water), excluding the distribution heat losses in the network. The heat
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loss inside the houses was considered as useful heat to maintain the comfort room
temperature. The electricity consumption for DHW preparation from the local
supplementary heating devices was also measured. The local supplementary heating for
DHW preparation is utilized whenever necessary, concerning the national comfort and
hygiene requirements.
Considering the interaction between central heat supplier and local booster, the heat
dispatched from each side varies dynamically. Consequently, the relative heat losses of
the ULTDH network compared to the central heat supply also fluctuates. Since the
distribution heat loss plays an important role in the overall heat distribution efficiency of
low-heat-density area, the relative heat distribution losses (𝑞ℎ𝑙) and the distribution
efficiency (𝜀𝑔𝑟𝑖𝑑) were investigated by the actual measurements, which the can be
calculated as:
𝑞ℎ𝑙 =

𝑄ℎ𝑙

𝑄𝑠 =

(𝑄𝑠 ‒ ∑𝑄𝑐)

𝑄

𝑠

𝜀𝑔𝑟𝑖𝑑 = 1 ‒ 𝑞ℎ𝑙

(2)
(3)

Where
∑𝑄

𝑐

represents for the summation of the heat consumption from all houses in the area

[MWh],
𝑄𝑠 is the total heat supplied to the ULTDH network.
2.3 Exergy performance of the case ULTDH network
Exergy analysis, which combines the first and second law of thermodynamics, is used to
describe the maximum useful work of an energy or mass flow in relation to its
13
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environment [16]. The definitions of system boundary and reference temperature are of
great importance to the evaluation of exergy performance. Figure 6 shows the exergy
flows into and out of the case system:

Figure 6 System boundary for exergy analysis

The exergy flows into the system come from the ULTDH central suppliers and the local
boosters. The exergy flows out of the system comprise the exergy of the space heating
demand and the exergy of the DHW demand. The exergy destruction is the difference
between the exergy input and output, which was assumed to be the distribution heat
loss in this case. For simplicity, 7°C as the annual average ambient temperature of
Denmark was used as the reference temperature[4,28], the exergy inputs, and exergy
outputs are expressed in the following equations[29]:

[

𝑇0

𝐸𝑥 𝐷𝐻 = 𝑄 𝑆 ∙ 1 ‒ (𝑇
)ln
𝑠_𝑠𝑢𝑝 ‒ 𝑇𝑠_𝑟𝑒𝑡

[

( )]

𝑇0

𝑇𝑠_𝑠𝑢𝑝

𝐸𝑥 𝐷𝐻𝑊 = 𝑄 𝐷𝐻𝑊 ∙ 1 ‒ (𝑇
)ln
𝑐_𝐷𝐻𝑊 ‒ 𝑇𝑐𝑜𝑙𝑑

[

( )]

(5)

]

(6)

𝐸𝑥 𝑆𝐻 = 𝑄 𝑆𝐻 ∙ 1 ‒ 𝑇
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𝑇𝑠_𝑟𝑒𝑡

𝑇𝑐_𝐷𝐻𝑊
𝑇𝑐𝑜𝑙𝑑

𝑇0
𝑟𝑜𝑜𝑚
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𝜃𝑖 =

𝐸𝑥𝑖

(7)

𝑄𝑖

Where
𝑇0 is the reference temperature of the environment [°C],
𝑇𝑠_𝑠𝑢𝑝 is the supply temperature at the supply side [°C],
𝑇𝑠_𝑟𝑒𝑡 is the return temperature at the supply side [°C],
𝑇𝑐_𝐷𝐻𝑊 is required temperature for DHW, which was assumed to 45 [°C],
𝑇𝑐𝑜𝑙𝑑 is the cold water temperature, which was assumed to 10 [°C],
𝑇𝑟𝑜𝑜𝑚 is required indoor temperature for SH, which was assumed to 20 [°C],
𝜃𝑖

is the individual exergy factor for SH, DHW, or DH respectively.

According to the previous substantial statistical studies in Nordic countries [4,8,30], the
annual domestic hot water demand (QDHW) was assumed to be 1/3 of the total heat
demand (Qc), while the rest 2/3 is for space heating. Moreover, during the summer
period (from June 2015 to September 2015), it was assumed that the consumers only
had DHW demand, and the heat input was all from CHP and heat only-boiler.
To evaluate the exergy performance, the exergy efficiency was calculated.
𝜁=

∑𝐸𝑥

𝑆𝐻 +

∑𝐸𝑥

𝐷𝐻𝑊

𝐸𝑥𝐷𝐻 + ∑𝐸𝑥𝑒𝑙

(8)

Where,
𝐸𝑥𝑒𝑙 is the exergy of electricity by local supplementary heating [MWh],
Since the electricity was consumed locally, the corresponding transmission losses was
neglected. Thus, the exergy input from the local supplementary heating devices was

15

ACCEPTED MANUSCRIPT

considered as the same as their electricity consumption. The electrical supplementary
heating was operated all year round to boost the DHW temperature.
2.4 Comparisons with LTDH and MTDH network
To figure out the optimum operation temperature level for low-heat-density area as the
case study, two other scenarios using different heat sources were built artificially to
compare with the case study. One is LTDH system with temperature level of 55/25 °C.
With efficient compact heat exchanger, LTDH is sufficient to produce DHW
instantaneously to meet the demand at the required temperature [31]. It was assumed
that all houses in the LTDH scenario were equipped with compact heat exchanger with
sufficient heat-transfer surface, so that no local electrical supplementary heating is
needed. The other scenario is MTDH with supply/return temperature at 70/40 °C. All
three scenarios are supposed to supply for the same heat demand. Furthermore, the
provided room temperature and DHW temperature are supposed to reach the same
level concerning the requirements from the standards.
For different DH scenarios, due to the different supply temperature levels, the options
for heat generator can be various considering the efficiency and economy factors.
Therefore, the scenario comparisons did not include the comparison of the production
side. Instead, the comparison in this study mainly focuses on the distribution network
and the consumer side on fair basis.
Regarding to the distribution heat losses of the LTDH and MTDH scenarios, it can be
calculated as:
𝑄𝐻𝐿 = Φ ∗ 𝐿 ∗ Δ𝑇
16
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Where,
Φ is the heat loss coefficient of the pipe (including insulation) [W/m∙K],
L is the length of specific pipe segments [m],
Δ𝑇 is the temperature difference between the pipe and the ground [K].
Since the comparison is made on an existing network, it was assumed pipe dimensions
and insulation were kept the same for three district heating scenarios. Therefore, the
distribution heat loss is proportional to the temperature difference.

3. Results
3.1 Contribution of different energy sources for the ULTDH network
The measurements of all the energy input to the ULTDH network by different sources
are shown on monthly basis.

Figure 7 Contribution of energy inputs from different sources for the ULTDH network

17
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As shown in the diagram, during the operation period, the geothermal heat accounts for
the most significant part for covering the heat demand, while small amount of electricity
is required to drive the central HP. CHP and heat-only boiler were operated during the
idling period of the central HP and to cover the peak load under extremely cold weather
condition. The electricity consumption of the local booster appears all the year,
however, the amount is tiny compared to other energy inputs.
For the operation of the central heat pump, the measured electricity consumption and
COP are shown in Table 1.
Table 1 Measurements of the electricity consumption of the central HP and COP

[MWh]
Electricity of
central HP
COP

May15
7

Jun15
-

Jul15
-

Aug15
-

Sep15
-

Oct15
7

Nov15
9

Dec15
10

Jan16
12

Feb16
13

Mar16
12

Apr16
11

5.04

-

-

-

-

5.04

4.98

4.92

5.03

4.06

3.35

3.68

From the measurements, the COP ranged from 3.35 to 5.04 during the operation period
of the central heat pump. The highest COP was achieved at the beginning of the heating
season (Oct. 2015). Afterwards the COP decreased gradually.
By summing up the energy consumption from all sources for one year, the specific
composition of the energy used for the ULTDH supply is shown in Figure 8.

18
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Figure 8 Composition of the heat supply from different energy sources

From the results, the annual renewable energy utilization coefficient was 59% of the
total energy delivered to the ULTDH network. While the heat produced by CHP and
heat-only boiler from the natural gas is only responsible for 21% of the total energy
input. There is another 18% of energy supply coming from electricity to drive the central
heat pump. The electricity from the local boosters only accounts for 3% of the overall
energy input. There is possibility of making all the electricity consumption from
renewable energy sources, which theoretically would increase the relative renewable
energy consumption of the case system up to 79%.
3.2 Distribution efficiency of the ULTDH network
The variation of the heat consumption and electricity consumption at the consumer side
as well as the corresponding distribution efficiency over the year are shown in Figure 9.

19
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Figure 9 Proportion of heat/ electricity consumption and distribution efficiency of the ULTDH network

Figure 9 shows that the requirements of the electrical supplementary heating is limited
under ULTDH, which only accounts for 4% of the local energy consumption for heating.
The electricity consumption was relatively stable because it is only used for DHW
preparation.
By comparing the heat consumed at all the houses and the total heat supplied to the
area, the distribution efficiency of the LTDH network is also shown in the diagram.
Considering the very low heat density of the area, ULTDH network has decent
distribution efficiency during the winter season when the heat demand was larger. The
highest distribution efficiency reached 75% in January and February. While during the
summer period, the heat loss accounts for a significant proportion of the total heat
supply. The lowest distribution efficiency occurred in August, which was 45%. If taking
an annual average, 31% of the total heat input was wasted for covering the distribution

20
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heat loss. The very low heat density of the ULDH network is the main reason for the
large overall distribution losses.
3.3 Exergy efficiency of the ULTDH network
Based on the assumption in 2.3.1, the individual exergy factors for exergy consumed for
space heating and DHW at the consumer side were calculated (5% for space heating and
7% for DHW). From June to September, the overall exergy factor of heat consumption
only considered the DHW demand. While for the other period of the year, the exergy
factor is calculated to 6% concerning both space heating and DHW with their specific
share in the total heat demand. Accordingly, the results of exergy inputs from DH and
electricity, as well as the exergy efficiency of the objective ULTDH system are shown in
Table 2.
Table 2 Exergy inputs to the ULTDH system and exergy efficiency on monthly basis

[MWh]
Exergy of heat
input
Exergy of
electricity input
Total exergy
input
Exergy
efficiency [%]

May- Jun15
15
3.3
2.5

Jul15
1.8

Aug15
1.9

Sep15
2.5

Oct15
3.6

Nov15
4.4

Dec15
4.9

Jan16
6.7

Feb16
5.6

Mar16
5.2

Apr16
4.3

1.1

1.2

1.0

1.3

1.1

1.3

1.3

1.3

1.2

1.1

1.2

1.2

4.5

3.7

2.8

3.2

3.6

4.9

5.7

6.2

7.9

6.7

6.4

5.5

29%

29%

24%

19%

28%

30%

31%

33%

34%

34%

34%

32%

The results indicates the distribution efficiency plays a role in the exergy performance of
the ULTDH network. The exergy efficiency reaches the maximum value during the
coldest months when the relative heat loss was the lowest, while it decreases during the
warmer months when the distribution efficiency was lower.
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3.4 Actual DHW consumption and local boosters
For ULTDH, due to the comfort and hygiene requirements to DHW temperature, the
local supplementary heating devices are necessary. Electricity, as the high-quality
energy input to heat the DHW further to the required temperature, is consumed by
different manners according to the booster types. Consequently, the local booster plays
an important role in the overall system energy and exergy efficiency. Very few studies
have investigated the impacts of the local boosters. Köfinger et al. [32] compare the
performance of booster HPs and direct electrical heaters in combination with ULTDH.
While in this case study, more types of local boosters with different system
configurations were installed in different houses according to the consumers’ wish.
Thermal meters were set both on DH service pipes to the substation and on the DHW
circuit in 5 selected houses from July 2015 to the next March. The comparison among
the performances of different local boosters can be found in the previous research [33].
Furthermore, we investigated the actual DHW consumption, as well as the proportion of
the energy consumed for DHW compared to the total energy consumption. Taking the
average by the test period (9 months), from the results shown in Figure 10, the DHW
preparation only requires 5%-13% of the total energy consumption for heating purpose.
That is much less than the recommended ratio from references, which means the
electricity consumption can be much lower than the theoretical estimation. However,
due to the lack of measurements in other houses in the ULTDH area, the reference value
of relative energy demand for DHW was used in this study.
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From the results, in the houses with direct electrical heaters, the energy used for DHW
accounts for smaller share in the total energy input, while other systems have to
consume more energy to keep the big water storage warm and cover larger heat losses.
In terms of the relative electricity consumption for DHW preparation, the direct
electrical heater systems unnecessarily consume more electricity compared to the tank
solution, while the micro heat pump system had best performance. Such information is
useful to adjust the deviation between the reference- based theoretical exergy analyses
and the practical performance of similar building typology. Together with the results of
the relative electricity consumption, it is helpful for selection of the optimal local
booster according to actual situations.

Figure 10 Relative heat and electricity consumption for DHW compared to the total energy input in the five house
(averaged for the whole testing period)

3.5 Comparison of different scenarios
3.5.1 Energy performance of three DH scenarios
Regarding to the energy performance, Figure 11 shows the distribution efficiency of
three different scenarios on monthly basis.
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Figure 11 Distribution energy efficiency of the three scenarios

All three scenarios show the similar variation that the distribution efficiency is higher in
cold season than in warm season. The distribution efficiency of the ULTDH and LTDH
networks are close, which were 66% and 67% on the annual basis respectively. Both the
ULTDH and LTDH networks show much higher efficiency than the MTDH network at
70/40 °C. The average difference is 8% on a yearly basis.
3.5.2 Exergy performance of three DH scenarios
In terms of the exergy performance, the results show different feature. Figure 12
demonstrates the exergy efficiencies of the three scenarios.

Figure 12 Exergy efficiency of the three scenarios
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The variations of all scenarios are still similar. However, the LTDH system show better
exergy efficiency compared to the other two scenarios. The reason is that, the LTDH
network has less exergy destruction due to the low distribution heat loss because of the
low supply/return temperature levels. Moreover, the LTDH is just sufficient to provide
comfort room temperature and DHW without supplementary heating by other energy
sources, which means the exergy input is only from district heating. While for the ULTDH
system, even the exergy destruction by the distribution heat loss is also low, the
involvement of local electrical supplementary heating raised the overall exergy
destruction remarkably. However, the ULTDH system still has better exergy
performance compared to the conventional medium temperature system. That means,
for the low-heat-density area, it is more beneficial to apply low operation temperatures
combined with local temperature booster compared to increase the DH supply
temperature centrally. Since in such cases, the distribution heat loss plays a significantly
important role in the overall energy and exergy performance.
3.5.3 Economy performance of three DH scenarios
For the economy comparison, the marginal cost of heat supply were analyzed for the
three scenarios. In Denmark, the cost of heat produced by CHP and heat-only boiler is
around 0.8 DKK/kWh, the cost of electricity is 2 DKK/kWh, the marginal cost of the heat
from the ground water is negligible, simplified economy analysis on yearly basis was
made among the three different scenarios.
For the case ULTDH network, the heat supply from the central GSHP consists of 274
MWh geothermal energy and 81 MWh electricity. The CHP/ heat only-boiler provided
25

ACCEPTED MANUSCRIPT

96 MWh heat in total from the natural gas. Therefore, the integrated cost for heat
supply by the ULTDH system was calculated as 0.5 DKK/kWh.
For the other two scenarios, the heat was assumed to be generated only by CHP/heatonly boiler using natural gas, therefore the heat price applied was 0.8 DKK/kWh.
To cover the same heat demand, the heat costs of the three scenarios are shown in
Table 3.
Table 3 Annual energy costs for heating purpose of the three scenarios

Total heat supply
[MWh]
Unit cost of heat
supply [DKK/kWh]
Local electricity
[MWh]
Unit cost of electricity
[DKK/kWh]
Annual expense
[103DKK]

ULTDH with GSHP
451

LTDH 55/ 25 °C
468

MTDH 70/40 °C
533

0.5

0.8

0.8

14.5

-

-

2

-

-

254

375

427

Due to the implementation of renewable energy with very low marginal cost, the
integrated marginal cost of heat supply of the ULTDH system was less than the other
two scenarios. Moreover, the overall heat consumption of the network decreased due
to less distribution heat loss. Thus, only from the point of operation cost, ULTDH
scenario is more beneficial for unit heat delivery even though local electricity
consumption with higher price was consumed.
The investment and payback time of the central GSHP were not included in the
economic analyses in this study. The reason is that in addition to district heating, the
GSHP system also provide cooling to a local cooling customer. Therefore, the total
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investment of the GSHP unit should be divided according to specific heating and cooling
generation. Since this study focused on the ULTDH system, the economy performance
from the cooling sector was not included, so that to make a fair comparison among the
three DH scenarios. In general, by adding the cooling effect of the GSHP system, the
overall economy can be improved.

4. Discussion
When evaluating the performance of an energy system or energy process, it is necessary
to combine the first and second law of thermodynamics. For example, from the energy
analysis of this study, the distribution efficiencies of the ULTDH scenario and the LTDH
scenario have little difference. However, from the exergy analysis, the difference is
significant. The negative effect of using high-quality energy source to supply the lowquality demand was shown clearly. Therefore, it is better to apply both energy and
exergy analysis to obtain clearer view of the potential of the objective system.
The energy demand can be sorted into high-quality demand and low-quality demand. A
highly efficient energy system should have matched energy supply and energy demand
within the scope of energy quality. The heat demand in general is low-quality demand
because of the low set-point temperature. Therefore, it is more efficient to supply the
heating demand with low-quality energy sources, such as geothermal heat, lowtemperature waste heat, and etc. LTDH district heating is also a low-exergy heat
distribution method, which can increase the potential of the heating supply and leaves
more exergy content in the high-quality energy sources for other high-valued energy
process.
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From this study, it is obvious that for the low-heat density area, the distribution
efficiency plays an important role in the system performance. Therefore, it is
recommended to operate the DH network under lower temperature levels. However, to
determine the minimum temperature levels requires considering influential factors as
much as possible, such as the actual heat density of the area, the condition of the heat
sources and local substations, the insulation of the network, the relevant investment
and etc., which were not fully covered by this study. However, that is of great value to
be investigated in the future research, so that to clarify the optimal proposal that meets
the greatest requirement of the local area.
When operating the geothermal heat pump, the changes in the ground water
temperature should be considered. As shown in Figure 3, the total output capacity of
the GSHP reached the apex just after the idling period. That is when the ground water
has the highest temperature. Along with the heat stored in the ground being consumed,
the ground water temperature reduced, which means the inlet temperature of the
source side of the heat pump reduces. As a result, the COP of the heat pump decreases.
Until the end of the heating season, the COP reduced by 27%, which is harmful for a
stable operation of the heating system and leads to insufficient heat output to ULTDH
network. As Figure 7 shows, CHP and boiler have to be integrated to cover the peak
load, which decreased the economy and sustainability of the system.

5. Conclusion
In this study, the performance of a ULTDH network supplying low-heat-density area was
analysed from energy, exergy and economy point of view. A central GSHP was utilized as
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the main heat sources for the area. The supply temperature was around 47°C most of
the year, and local boosters was applied for DHW temperature boosting. Long –term
measurements were performed to reveal the actual performances. From the results, it
can be concluded that:
1) It is viable to meet the heat demand with supply temperature around 47 °C most
of the year. The electricity consumption of the local booster only accounts for
4% among all different energy sources.
2) For the low-heat-density area, the distribution losses is more significant. The
heat distribution efficiency of the case ULTDH system ranges from 45% to 75%
according to different months.
3) With different local boosters, the energy consumption for preparing DHW
accounts for 5-13% of the total energy consumption for covering heat demand.
4) The maximum exergy efficiency of the case ULTDH system varied in a similar
pattern as the distribution efficiency, which reached the peak to 34% in the
coldest month.
5) Both the ULTDH system and LTDH (55/25 °C) system show better distribution
efficiency compared to the MTDH (70/40 °C system). While according to the
exergy analyses, the LTDH system shows higher exergy efficiency than the other
two scenarios.
6) The ULTDH network shows good economy due to the cheap marginal cost of
heat generated from renewable energy sources. In addition, the lower
distribution losses helps to reduce the overall heat load.
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