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Abstract. The definition of overall district heating network performance indicators is under-investigated in
the literature. This study reviews existing methods of performance estimation and develops a convenient
methodology for an array of district heating networks applied to a Danish case study. Performances of the
networks with state-of-art pipe transmission coefficients are compared to older traditional pipes using an
effective average approach. The reported efficiencies and analysis of contributing factors show, that a single
parameter is not sufficient to compare large-scale district heating systems and a multiparametric analysis
must be employed. The effective average total heat transmission coefficient is evaluated based on the
Technical Evaluation Factor and a multivariate regression is performed on typical sets of network
parameters: pipe type, pipe series, pipe age, and operational temperature. The developed methodology is
applied to testing an array of geographically independent district heating networks, pointing to possible
performance bottlenecks, and discussing potential remedies.

1 Introduction

District heating (DH) is a technology allowing the
distribution of a heated fluid provided by one or more
central heat production units through insulated pipes. A
DH network may be connected to a single heating unit,
which is often the case for smaller networks. However,
larger networks normally have multiple heating units,
which are utilized based on the merit order dispatch. In
Denmark, DH is a well-established technology that was
implemented in the early 20th century, which has now
grown to cover approximately 64% of the domestic heat
demand [1, 2].

As this technology matured over the decades, heat
production from multiple sources and consumption of
different types have gradually evolved [2, 3] and partially
integrated with other energy sectors [4, 5] and loT
networks [6, 7]. A need to optimize the new energy grid
infrastructure attracted a large amount of academics into
the field, particularly focusing on process control
optimization under transition to 100% renewable
economy [8].

On the other hand, focusing very much on increasing
the overall system efficiency through control of plant
processes, energy delivery, and storage in low-
temperature networks, the improvement of conventional
distribution design, its benchmarking and testing is less
frequently addressed [9].

The new infrastructure relying on such local effects,
as energy-efficiency in buildings, degree of process
automation and supply/return/consumer temperature
regimes, requires improved distribution technologies, and,

as a result, more elaborate methods and performance
indicators are required to estimate distribution network
efficiency relying on various parameters [10].

In this study, we take one step further to understand
how the Danish distribution network efficiency can be
estimated from a multivariate statistics point of view. To
make our conclusions more transparent, we focus on a
moderate number of parameters, mostly related to the
pipe heat loss. This set of parameters should serve as a
basis for further research on the topic since pipe losses
are a decisive financial factor motivating transition to
low-temperature district heating.

Conventionally, the Danish DH grid is divided into
multiple heating networks which are operated
independently. Currently, the efficiency of a network is
calculated as the amount of heat sold divided by the
amount of heat produced [11, 12]:

_ Qs
=0, (M
This approach gives an overall indication of the
performance but complicates the comparison of separate
DH networks as these may have significantly different
characteristics. Characteristics may include the number
of consumers, age of the pipes, weather conditions, etc.
Therefore, to efficiently optimize and compare DH
networks, the influence of relevant parameters should be
determined as these may also vary between DH networks
[13].
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Fig. 1. The geographical layout of the DH areas administered
by the utility company.

Trefor Varme is a DH distribution company
supplying district heat to consumers located in Vejle,
Kolding, and Fredericia (see Figure 1). Trefor Varme
operates multiple DH networks in this region, fourteen of
which are relevant to this study. The first objective,
therefore, is to allow Trefor Varme to compare their
networks internally and externally. The second objective
is to get an insight into the most influential parameters in
each network thereby establishing a tool for identifying
the most cost-beneficial areas those with the highest
improvement potential.

2 Methodology

2.1 Pipe parameters

Fundamentally, heat flow can be described as:
P = pCva(Ts -T) )

Where @ is the heat flow, T is the supply temperature, T,
is the return temperature, g, is the volume flow rate, c, is
the specific heat at constant pressure, and p is the density
of the fluid. As explained in [14], the total thermal
resistance in an insulated pipe can be described as:

3

1 In(r; ; 1
R = +Z n(rl+1/rl) + (3)
h,A; 2nlk; | hyA,

As stated in [12, 13] the total heat loss within a DH
system can be calculated as:

Q=0Qp—Qs=K- 2md,L-G “)

where K is the effective average of the total heat
transmission coefficient, d, is the average pipe diameter
to pipe length, L is the route length, and G is the degree
time number expressed as stated in [18]:

Ty + T,

G = T + 8760 Tg (5)

Per [13], the annual heat loss primarily depends on
four parameters which are: total heat transmission
coefficient K, average pipe diameter d, distribution
temperature level G, and linear heat density Qs¢/L. The
overall heat transfer coefficient can, therefore, be
calculated as [15].

K =Q,/2nd,L G (6)

For the sake of comparison, the annual heat loss is
often expressed relative to the heat input to compare
systems based on the relative distribution heat loss

‘h=&=1—7] (7

2.2 Effective averages

Data from the Danish utility company was sorted and
validated, see Table 1 and 2 for an overview. The hourly
production is calculated using Equation (2) and the
efficiency is calculated via Equation (1) for 2015 and
2017, for which the data is available for all considered
networks.

Table 1. Data sets and their availability in the project

Data type Availability
Production data 2009 - 2017
Sales data 2014 - 2019
Pipe records 1970 - 2019

Pipe data N/A
Degree-Day record [16] 2009 - 2017

Table 2. DH network parameters

No Area N L, km 1?/[1-\511 1‘3[}\%’811
1 Bredballe 2256 53.84 33341 26393
2 Egeskov 606 15.25 7894 5488
3 Snoghgj 1665 44.44 28527 | 22808
4 Erritso 4097 98.41 65912 | 50958
5 Hover 85 4.06 3474 3184
6 Hvidsminde 1899 47.10 38468 | 27419
7 | Kolding Nord | 8309 222.00 | 232661 | 158963
8 | Kolding M/S | 15691 | 338.81 | 329874 | 254474
9 | Nerremarken | 2248 60.88 54672 44637
10 Skeerbzek 1292 30.09 16116 11362
11 Strandhuse 3588 80.62 49332 | 36373
12 | Gludsminde | 2591 54.17 49541 43355
13 Taulov 1655 43.28 24788 18260

14 Ullerup 962 31.90 18907 13192
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The paper examines a series of DH networks that are
comprised of varying pipe sections documented in the
company pipe records, see Table 1. As the pipes are of
varying length, the pipe parameters must be adjusted
according to the influence of the pipe in the entire
network. The following approach was utilized: the pipe
parameters can be adjusted to the relative length of a pipe,
Lpipe, cOmpared to the total length of an individual DH
network, Lpework Considering Equation (4), the average
pipe diameter d, in the network is found as:

d, = Zfa,idpipe,i (8)
i=1

where

Lpipe,a

fa,t Lnetwork,i

Is the length of the pipe section divided by the total
length of pipes within the given network and
characterizes the relative influence of each pipe in the
pipe network based on length.

The approach proposed by Equation (8) can be
adjusted to find the effective average influence on an
array of parameters, e.g. pipe series and age, by
substituting dyige,i With the desired parameter. This overall
approach was performed for a selection of relevant
parameters, which were then correlated with the DH
network efficiency. The examined parameters include
operation temperature, pipe series, pipe age, number of
twin pipes, energy density, pipe lambda.

For each parameter, a regression was performed to
assess the significance of the individual parameters for
comparison between the DH networks. Using the attained
knowledge regarding the parameter influence a
multiparameter regression was performed showing the
combined parameter trend towards efficiency. After
examining the overall correlation between individual DH
parameters and the efficiency, the average effective heat
transfer coefficient of each DH area was determined
using (4). The heat transfer coefficient for pipes of
varying quality and inner diameter were calculated
according to EN 13941 [17]. Series 1 and 3 Conti
traditional steel pipes were used as the low- and high-
quality boundaries, respectively and mineral wool pipes
were used as a reference [18].

Finally, by comparing the individual DH networks
based on specific network characteristics, an estimate of
the network's overall performance was determined by a
technical evaluation factor [18, 15].

TEF = Knetwork - Khigh (da) (9)
Klow(da) - Khigh(da)

Where K emork 1S calculated according to Equation (6)
and Kig, and Ky, are determined through regression of
the results obtained following EN 13941 [17].

3 Results

Based on the methodology the results presented in this
section were obtained. Initially, the efficiencies for 2015

and 2017 were calculated using Equation (1) and
compared to check for consistency within the data sets.
Good consistency between the efficiencies in 2015 and
2017 was evident. Based on this, it is reasoned that there
are no significant parametric changes in the range
between 2015 and 2017. Therefore, the 2015 and 2017
data are used for analysis and investigation.

The calculated efficiencies in each area for 2015 and
2017 are shown in Figures 2 and 3, respectively, for each
of the 14 networks characterized by different production
capacities and sales
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Fig. 2. Production and sales for all DH networks (2015)
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Fig. 3. Production and sales for all DH networks (2017)

The observed significant production difference
between the DH networks can be partially attributed to
the population and industry density present in the given
area. Additionally, the production must compensate for
any losses present in the grid and is hence dependent on
the pipe layout of the DH network. Figures 2 and 3
expose a good correlation between and the difference in
production and sales and the standard efficiency measure
defined by Equation (1).

3.1 Parametric analysis with a single variable

As stated in Section 3, a set of parameters correlation
towards efficiency was examined. In the following
section, the findings will be presented together with the
respective coefficients of determination. Furthermore, a
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95 % prediction interval is outlined. The term 'corrected’
is used when the parameters have been adjusted
according to Equation (8). Initially, the regression was
done for pipe series, which refers to the insulation class
of the pipe and the penetration of twin pipes in every DH
network.

Figure 4 shows a weak correlation (R? = 0.36825)
between the pipe series and the efficiency value used for
comparison. The weak correlation can, to some extent, be
attributed to the omission of pipe diameter. Even though
a higher average series value indicates better insulation
of the pipes, the heat loss is highly dependent on the
diameter, see Equations (3) and (4), i.e. a DH network
with a high overall series and large pipes might have
lower efficiency compared to a network with a lower
overall series values and smaller pipes.
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Fig. 4. Pipe series in DH networks vs. efficiency.

Figure 5 shows a moderate correlation (R? = 0.64948)
between the penetration of twin pipes and efficiency
indicating that the efficiency also rises, as a higher
percentage of the pipes become twin-pipes (the heat loss
associated with a twin-pipe can be found following [12]).
An essential consideration for twin pipes is that they are
limited to a DN250 [19], which may result in that areas
with a requirement for larger pipes that will be negatively
affected.
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Fig. 5. Twin pipes in DH networks vs. Efficiency

Figure 6 shows a moderate correlation (R? = 0.54078)
between the pipe age and efficiency. As the quality of

DH network pipes becomes increasingly developed, the
overall quality of pipes rises, older pipes may, therefore,
be of lower quality and more prone to faults. Pipes in the
Conti series are produced with a barrier preventing the
leakage of gasses. This means that the Conti pipes in
theory experience no operational decay over time.
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Fig. 6. Pipe age in DH networks vs. efficiency.
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Fig. 7. Operating temperature vs. efficiency.
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Fig. 8. DH network energy density vs. efficiency.

Figure 7 shows a very poor correlation (R* =
0.057178) between the operating temperature and
efficiency. Note that the efficiency is highly dependent
on the operation temperature, see Equations (2) and (4).
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However, regression shows that for comparison of DH
networks the temperature does not play a significant role,
i.e. high operation temperature does not necessarily
imply low efficiency. This can properly be attributed to
the operating temperature being a secondary parameter
derived from the network topology.

Figure 8 shows a moderate correlation (R? = 0.44837)
between energy density and efficiency. The energy
density, to some extent, expresses the spread of
consumers within a DH network. An increasing spread of
consumers results in the water needing to cover a larger
distance hence resulting in an increased heat loss. The
energy density is prone to error when considering
consumer characteristics and distribution, e.g. new low-
energy housing results in a low energy density.
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Fig. 9. Average pipe lambda vs. efficiency.

Looking at the correlation towards the corrected
lambda values observed in Figure 9, there is a coefficient
of determination of R? = 0.54184. The lambda value
covers the parameters shown in Figures 4-8 and is hence
subject to the same conditions. For further consideration,
the lambda value is excluded because it is considered
beneficial to evaluate the individual parameters instead of
collecting them into a single parameter.

3.2 Multiparametric analysis

Generally, none of the regression models yielded any
convincing coefficients of determination, which are all
significantly below 0.9. However, the coefficient of
determination may express that the parameters only
accounts for some of the correlations and that none of the
individual parameters can compare to the efficiency all
by itself. It can, therefore, be relevant based on the
previously presented figures to determine a correlation
between the most influential parameters, which can be
joined into a multiparameter, presenting the overall
correlation towards efficiency. The multiparameter is
constructed based on an intuitive understanding of how
each parameter depends on the overall efficiency
provided by the single-parameter analysis. As an
illustration, based on visual inspection of Figure 6, we
assume that the age and efficiency are inversely
proportional to each other, n~1/age. By similar reasoning,
the linear heat density is assumed to be directly

proportional to the efficiency, m ~ heat density.
Generally, the proportionality is determined based on the
slope of the regression line: if the slope is positive
(negative), the direct (inverse) proportionality is assumed.
Following this approach, the multiparameter can be
constructed as:

series - type - heat density

(10)

age

The regression fit based on Equation (10) can be seen
in Figure 10. Due to a small coefficient of determination
for the pipe series regression (R? = 0.36825), the series
parameter can be omitted from the definition:

series - heat density

n~ (11
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Fig. 10. Multiparameter regression.

The multiparameter regression corresponding to
Equation (11) is plotted in Figure 11 and differs very
little from that in Figure 10.
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Fig. 11. Multiparameter regression excluding pipe series.

The highest value of the overall coefficient of
determination R? is around 0.7, which still implies a poor
correlation, but indicates that to compare different DH
networks, several parameters should be considered, and
the comparison cannot be made using a single parameter.
The coefficient of determination could also suggest that
parameters that have not been examined here are
contributing to the correlation.
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Fig. 12. Overall heat transfer coefficient for high quality, low quality and mineral wool pipes including area specific calculations.

3.3 Technical evaluation factor

As explained in Section 3, the TEF for each DH network
was calculated from the effective average heat transfer
coefficient found for different pipe diameters according
to the known method [17]. The actual effective average
heat transfer coefficients for the DH networks are
calculated in Figure 12 as functions of inner pipe
diameter based on DH network data for 2017.

The mineral wool pipes are described by the
following function [18]:

Kminerat woot(da) = 0.7676 - dg %3 (12)

While the following functions describe the regression

of the low- and high-quality pipes:

Kiow(dg) = 0.2251 d;%65% (R? = 0.9827) (13)

Knign(dq) = 0.1364 dz°6%5 (R? = 0.9865) (14)

Based on these, the TEF value for each network is
calculated by using Equation (12) and summarized in
Table 3. As can be concluded from Table 3, the DH
network Kolding Nord is the area with the highest
potential for renovation, and Hover is the network with
the best performance. The reason that the TEF for Hover
is negative is the high-quality pipes being evaluated as
single series 3 steel Conti. Hover has a high penetration
of twin pipes, and therefore, the effective average heat
transfer coefficient is lower compared to the EN 13941
evaluation. To get a better understanding of how TEF
relates to efficiency and heat loss, the methods are
compared in section 3.4.

Table 3. TEF Comparison of DH networks

dey, | GH, Qq,
No Area m KWh M:h q TEF
1 Bredb. | 0.061 | 391598 20.8 0.50 7
2 | Egeskov | 0.043 | 372789 30.5 036 | 69

3 | Snoghej | 0.059 | 393791 | 200 | 0.54 | 11
4 | Erritse | 0057 | 379404 | 227 | 052 | 43
5 | Hover | 0.069 | 391295 84 | 079 | -50
6 | Hvidsm. | 0.054 | 405968 | 287 | 059 | 119
7 Kﬁl'c)drigg 0.081 | 416363 | 317 | 0.73 | 162
8 Kf\}f/"sng 0.139 | 411980 | 229 | 0.7 | 38
9 | Nerrem. | 0.076 | 389288 | 184 | 0.77 | 35
10 | Skeerb. | 0.049 | 383770 | 29.5 | 040 | 52
11 | Strand. | 0.054 | 394000 | 263 | 047 | 43
12 | Gludsm. | 0.057 | 369418 | 125 | 1.05 | -5
13 | Taulov | 0.053 | 382603 | 263 | 042 | 44
14 | Ullerup | 0.077 | 403382 | 302 | 043 | 41

3.4 Ranking

The described methodology is applied to compare the
DH networks by comparing their (1) efficiency, (2) RHL,
and (3) TEF. Based on these methods, the networks are
ranked from best to worst in the last column of Table 4.

Table 4 shows that using the efficiency defined by
Equation (1) and RHL defined by Equation (7) for
comparison of the DH networks yields the same ranking.
However, by using TEF, the ranking of the DH networks
is slightly altered. The change in ranking is shown in
Table 4 by A, indicating how the rank of the DH network
changes depending on the efficiency and relative heat
loss.

Overall, the methods rank Kolding Nord as the most
inefficient DH network and Hover as the most efficient.
It can be seen using TEF that some of the DH networks
experience significant change while others keep their
rank, e.g. Ullerup is adjusted up by 5 ranks. Contrary to
Ullerup, e.g. Hvidsminde is adjusted down by 3 ranks,
which is a result of suboptimal conditions in the DH
network.
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Table 4. Overall ranking of the DH network areas based on
efficiency, relative distribution heat loss and TEF

No Area n, % q;, % Area TEF | A
1 Hover 91 53.84 Hover -505 | 0
2 | Gludsm. 88 15.25 Gludsm. | 46 | 0
3 | Nerrem. 82 44.44 Bredb. 7.2 2
4 | Snoghgj 80 98.41 Snoghej 10.8 | 0
5 Bredb. 79 4.06 Nerrem. | 353 | -2
6 | Erritsa | 77 | 4710 | KOOME | 5gs
7 K%‘Eis“g 77 | 22200 | Ullerup | 41.1 | 5
8 Strand. 74 338.81 Strand. 428 | 0
9 Taulov 74 60.88 Erritse 428 | -3
10 | Hvidsm. 71 30.09 Taulov | 44.1 | -1
11 | Skeerb. 71 80.62 Skaerb. 524 | 0
12 | Ullerup 70 54.17 Egeskov | 694 | 1
13 | Egeskov 70 43.28 Hvidsm. | 118.7 | -3
14 KMing | gy sig0 | KoM 60 o

4 Discussion

Generally, this report is governed by a trial and error
approach, as the subject of comparing independent DH
networks based on balanced parameters is very lightly
studied. Only very few relevant papers could be found on

the subject after conducting an extensive literature review.

This means that there are possibly untried approaches to
dealing with the problem, which may change or support
the current conclusions and results.

The above analysis shows that TEF values give an
overall good understanding of how the different DH
networks perform. It can, however, be hard to determine
the decisive parameter in the TEF, i.e. find out whether
the TEF a result of over-dimensioned pipes or high
operating temperatures. Furthermore, as stated in Section
4, the methodologies used to evaluate the DH networks
give the same results for the best and worst-performing
networks. This can be attributed to Kolding Nord and
Hover being significantly better or worse, resulting in no
overall change, in this case, when no change is present
for the worst performing network. The overall need to
use TEF as an economic tool is questionable as Trefor
Varme is likely to focus on the network with the lowest
performance. For the cases between Kolding Nord and
Hover, TEF becomes useful, and for the cases where the
DH networks may be closer in quality, the tool increases
its economical relevance.

Kolding Nord is established as the DH network with
the worst performance, see Table 4. Kolding Nord has a
waste incineration plant that is given priority in
production due to legislation. This can saturate the
demand of Kolding Nord create the need to export the
heat to Kolding M/S using a heat exchanger. The

temperature is slightly higher to compensate for heat
exchange losses, see Table 3. Recently the waste
incineration plant was expanded with a cooling circuit to
be used during the hours with excess production to
accommodate potential damage to the DH network. This
shows how disproportionality in DH network topology
can result in significant heat losses.

4.1 Future work

Based on the work documented in this paper, some
suggestions for further work within the field can be made.
These suggestions can help in further understanding and
economic benefit analysis of the DH renovation under
the 4th generation district heating transformation. Among
other things, this approach offers a suitable sensitivity
method for studying the effect of a reduced temperature
level in new or renovated networks.

In this paper, the DH networks were compared for the
year 2017. Using the presented methodology, a series of
years could be analyzed to follow an overall trend in TEF.
For instance, Gludsminde has a very low TEF of -4.55
due to significant renovations in this area. Analyzing the
trend in TEF before and after the renovation useful
conclusions can be made on TEF development, which
can be applied to other worst-performing networks. It
should be noted that the data available aside from 2017
and 2015 was significantly flawed, and adjustment and
interpolation of the data sets may be necessary.

Using the TEF documented in this report, companies
can evaluate their DH network inventory on a network
level. However, if the TEF calculations were used in
connection with the company pipe records and
renovation prices on the given pipe sections an algorithm
could be developed to pinpoint the areas with the best
ratio between cost and improvement in TEF.

In this report, the initial steps of multiparameter
regression are made. Further work could be done into
examining the weighting of the individual parameters
constituting the multi-parameter to gain insight into the
significance of the parameters when running optimization.

5 Conclusion

Based on the obtained results and the discussed
parameters, fourteen DH networks were examined. The
multivariate statistical method was proposed and applied
to compare and rank the existing distribution systems in
Denmark. The DH network efficiencies were found to be
in the range of 68 - 92 %. The DH network diversity was
established, and a set of parameters was compared based
on efficiency. The chosen parameters were: operation
temperature, pipe series, pipe age, number of twin pipes,
energy density, and pipe lambda value. Relevant
parameters were adjusted according to their respective
impact on the overall DH network.

It was found that a single parameter cannot be used to
compare the networks. Therefore, the most influential
parameters were collected in a multiparameter, giving an
overall coefficient of determination of R? = 0.7265.
Collectively, it was determined that Kolding Nord is the
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DH network with the lowest performance and Hover is
the DH network with the highest performance. The
comparison was made using efficiency, relative heat loss,
and a technical evaluation factor. The technical
evaluation factor was found in literature and evaluated
using traditional series 1 steel pipes and Conti series 3
steel pipes.

The technical evaluation factor can be used as a tool
to determine DH networks with the highest renovation
potential and can hence be used as a tool for economic
benefit analysis. The efficiency and relative heat loss
showed an identical ranking of the DH networks,
whereas the technical evaluation factor ranking turns out
to be different. The methods were compared to establish
the change in ranking associated with the use of the three
methods. Ullerup experienced the largest change being
adjusted up by 5 ranks using the technical evaluation
factor, Hvidsminde and Erritsgwere both adjusted down
by 3 ranks.

Considered case studies show further the direction for
developing the statistical analysis of existing and future
network performance and will be beneficial in studying
of the 4th generation district heating grids. Future work
in this direction will involve developing an algorithm for
comparison of an array of district heating networks
creating decision support for the best-practice renovation
of pipe sections within target areas.
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