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ABSTRACT

Decreasing distribution temperature is the key driving force for energy-efficient and economic-
competitive district heating (DH) systems, powering the transition from the 1st generation high-
temperature steam-based DH systems to the 4th generation low-temperature water-based DH sys-
tems. However, for heat prosumers integrated with thermal energy storages (TESs), the decreasing
distribution temperature may lower the peak load shaving capability of TESs and raise the peak-load-
related heating costs, due to decreased charging temperature. This study, therefore, aimed to investi-
gate the overall impacts of distribution temperature and to identify the economic optimal distribution
temperature for heat-prosumer-based DH systems integrated with short-term TES. Firstly, an economic
optimization problem was developed. Afterwards, distribution temperatures were optimized within the
feasible regions of individual scenarios, including three benchmark scenarios representing the 2nd, 3rd,
and 4th generation DH and an improved scenario featured high feasibility in distribution temperature. A
campus DH system in Norway was used as the case study. Results revealed that the improved scenario's
economic optimal distribution temperature was significantly distinct from the 4th generation DH sce-
nario's lowest distribution temperature, both in terms of distribution range and annual average level.
Finally, broad conclusions were reached by discussing the impacts of crucial factors on economic optimal

distribution temperatures.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

DH systems are in Europe [5]. Moreover, for some countries, the
national heat market share of DH can reach 60% [5—7]. To maintain

In the European Union (EU), buildings are responsible for
approximately 40% of total energy use and 36% of greenhouse gas
emissions [1]. Space heating (SH) and domestic hot water (DHW)
systems, as essential parts of building energy systems, play an
important role in buildings' energy use. For example, in the resi-
dential sector of the EU countries, about 80% of the energy use is for
SH and DHW [2,3]. District heating (DH) systems make it possible
to satisfy buildings' heat demand in an environment-friendly and
energy-efficient way [4]. Moreover, compared with alternative
heating technologies, DH is competitive, especially for urban areas
with concentrated heat demand. Nowadays, about 80,000 DH
systems are working successfully worldwide, thereof about 6000
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competitiveness and guarantee continuous success, the current
2nd and 3rd generation DH systems are transforming into the 4th
generation DH (4GDH) systems [8—10]. The salient feature of this
transformation is the decreasing distribution temperature,
including the supply and return temperatures. This temperature
reduction will improve the energy efficiency of the future DH sys-
tems and thus improve their economic performance [4,11]. Ac-
cording to research on typical Swedish DH systems, the expected
average cost saving from this temperature reduction is 0.15
€/(MWh -°C) [12]. Furthermore, with a possible cost-saving of 0.65
€/(MWh -°C), the economic benefits will be more significant for
renewable-based DH systems [13].

Due to the above benefits, a large and growing body of studies
has investigated the future low-temperature DH systems, i.e., 4AGDH
systems. Among these studies, some focused on the heat demand
side, i.e., heating systems in buildings. The low supply temperature
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Nomenclature

4GDH 4th generation DH

DC Data centre

DH District heating

DHW Domestic hot water

DHS Distributed heat source

EDC Energy demand component

FDC Flow demand component

FXC Fixed component

HE Heat exchanger

LDC Load demand component

MS Main substation

R2R Extraction from the return line and feed into the
return line

RF Renewable fraction

SH Space heating

TES Thermal energy storage

WCC Weather compensation control

WTTES  Water tank thermal energy storage

of future DH systems may be not compatible with heating systems
in existing buildings that have been designed with higher tem-
peratures. This temperature incompatibility may cause problems,
such as unexpected low indoor air temperature for the SH system
and hygiene issues for the DHW system. Recent studies have pro-
posed technological and economically feasible measures to solve
these problems. Regarding the SH system, the measures may be
improving system control [12,14—16], renovating building enve-
lopes [17,18], and replacing radiators [12,17,19—21] and thermal
valves [22]. Regarding the DHW system, the measures may be
installing supplementary heating devices, e.g., direct electric
heaters or micro heat pumps [23].

Moreover, some studies focused on the heat supply side, i.e.,
heating sources, thermal energy storages (TESs), and distribution
networks. A case study in North Japan with the cold winter season
showed that the primary energy use of combined heat and power
plants can be saved by 7% after the transition to the low-
temperature DH system [24]. A case study located in North
Estonia also with the cold winter season showed that the saving can
be up to 47% if replacing the high-temperature fossil-fuel-based
plants (gas-fired boilers) with low-temperature renewable-based
plants (large-scale heat pumps using seawater as heat source) [25].
Due to the transition to the low-temperature DH system, the dis-
tribution heat loss will be reduced as well. For a DH system con-
sisting of low energy and passive house buildings in Norway, the
heat loss reduction would be 25% for one year [26]. For another DH
system in Norway, one-third of yearly heat loss reduction could be
achieved [27]. Moreover, 34% of annual heat loss could be reduced
for a hypothetical DH system that was designed to supply heat for
30 detached residential houses in Denmark [28]. The reduced heat
loss can improve the energy efficiency of DH systems remarkably,
because of the large share of the distribution heat loss, which can
be up to 35% [29] of the delivered heat.

These previous studies have demonstrated the benefits of the
low-temperature DH system and proposed technical solutions to
support the transition to the future low-temperature DH systems.
However, these studies are subject to the following limitations.
Firstly, regarding the research method, previous studies tended to
separate the research problem into two subproblems: the heat-
demand-side problem and the heat-supply-side problem. They
mostly conducted isolated research on either side and ignored the
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coupling between the two sides. For example, studies [24—28]
evaluated the benefits on the supply side brought by the reduced
distribution temperature, however, they ignored the temperature
compatibility issues on the demand side. Secondly, regarding the
scope of research, previous studies mainly focused on DH systems
with central heat sources yet gave less attention to heat-prosumer-
based DH systems with distributed heat sources (DHSs). In the
future, heat prosumers will become essential participants in DH
systems because of the increasing integration of renewable en-
ergies, e.g., waste heat from refrigeration systems and industrial
processes or utilization of solar thermal energy [30—33]. More
research is needed to gain a deeper understanding of how distri-
bution temperature impacts the performance of heat-prosumer-
based DH systems.

Last but most importantly, regarding the technology roadmap,
previous studies have been dedicated to enhancing DH systems'
economic performance by improving their energy efficiency, which
can be achieved by lowering the distribution temperature. How-
ever, DH systems' economic performance depends not only on
energy efficiency, but also on peak load. Peak load can have a
considerable amount of influence over DH systems' investments as
well as operating costs. For the investment, peak load determines
the capacities of heating plants and distribution networks. Higher
peak loads always mean higher capacities of heat generation and
distribution, and hence higher investment costs for DH systems. For
the operation cost, peak load is generally covered by peak load
heating plants which always have higher operating costs than
baseload heating plants. The presence and share of the peak-load-
related components in heating pricing models may be used as in-
dicators to evaluate peak load's economic impacts. A survey of 237
heating pricing models in Sweden found that 87% of the investi-
gated heating pricing models contained a peak-load-related
component, i.e.,, Load Demand Component (LDC) [34]. Further-
more, the peak-load-related component accounted for a significant
portion of the total heating cost, with a sharing of 28% on average
[34]. These indications revealed that in heating pricing models, the
peak-load-related component is the second most significant
component after the energy-use-related component, i.e., the En-
ergy Demand Component (EDC). Introducing TESs is one of the
most used solutions to shave the peak load of DH systems [35—38].
However, the decreasing distribution temperature, which is driving
the development of DH systems by improving their energy effi-
ciency, may reduce the peak load shaving effect of TESs, resulting in
higher peak-load-related heating costs for heat users. Since the
charging temperature of TESs drops with the decreasing distribu-
tion temperature of DH systems, which further reduces the storage
temperature as well as the storage capacity of TESs. The peak load
shaving effect of TESs, which is positively correlated to the storage
temperature and the storage capacity, would be impaired. There-
fore, as presented in Fig. 1, there is a trade-off between the energy
efficiency of DH systems and the peak load shaving effect of TESs.
Given the significant economic importance of DH systems' energy
efficiency and peak load, further research is needed to understand
how distribution temperature influences these two factors, and
hence the overall economic performance of DH systems.

To overcome the above limitations and fill the knowledge gap,
this study, therefore, aimed to economically optimize the distri-
bution temperature for heat-prosumer-based DH systems inte-
grated with short-term TES in a dynamic heating market,
considering the coupling between the supply and demand sides. To
achieve this goal, a dynamic optimization framework to optimize
the distribution temperature was proposed. In the optimization
framework, both economic boundaries and system models were
generalized to make the research method and findings more
applicable. Regarding the economic boundaries, a generalized
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Fig. 1. Benefits for high and low distribution temperature.

heating pricing model represented the pricing mechanism in the
current Scandinavian heating market was used. Regarding the
system model, it was developed based on a typical heat-prosumer-
based DH system, which integrated a renewable-based DHS and a
short-term TES. To evaluate the performance of the proposed
optimization framework as well as to study the impacts of the
distribution temperature, scenarios representing various levels of
distribution temperatures were designed. The proposed method
was tested on a campus DH system in Norway, which was a heat-
prosumer-based DH system with a DHS that recovered the waste
heat of a university data centre (DC). The studied system was
monitored by the university energy management platform, and
detailed operation data were available to facilitate the study.

The contributions of this study lie in the following aspects.
Firstly, the developed optimization framework was able to reduce
heat prosumers' heating costs under dynamic heating prices, while
considering the coupling between the supply and demand sides of
DH systems. Secondly, the impacts of distribution temperature on
the energy and economic performance of heat-prosumer-based DH
systems with TES were investigated. The findings made a pio-
neering effort to distinguish between the economic optimal dis-
tribution temperature (which considers both the energy efficiency
and peak load) and the lowest distribution temperature (which is
purely based on the energy efficiency). Finally, data collected from
the university's energy management platform were used in the
case study. The results validated the effectiveness of the proposed
research method.

The remaining of the article is organized as follows: Section 2
introduces the typical heat-prosumer-based DH system and ex-
plains the formulated dynamic optimization problem. Section 3
presents the background of the case study, research scenarios,
and simulation settings. Section 4 explains the research results, and
Section 5 and Section 6 discuss and conclude this study.

2. Method

This section firstly introduces a typical heat-prosumer-based DH
system with a DHS and a TES. Afterwards, an economic optimiza-
tion problem to optimize the distribution temperature and mini-
mize the heating cost is introduced. Finally, the method to deal
with the coupling between the supply and demand sides is
explained.

2.1. Typical heat-prosumer-based DH system with a DHS and a TES

Configurations of heat-prosumer-based DH systems may vary
from case to case. To generalize the research method, however, a
typical heat-prosumer-based DH system was developed. This
typical system, which included buildings, a main substation (MS), a
DHS, and a short-term TES, is illustrated in Fig. 2.

In this typical system, the buildings could be one single or a
cluster of commercial, residential, or industrial buildings. The DHS
was a renewable-based and low-temperature heat source that may
recover waste heat from a DC or utilize solar thermal energy. There
are three commonly used connection modes for feeding heat from a
DHS into a DH grid: 1) the from return to supply (R2S) mode ex-
tracts water from the return line, heats it to the required temper-
ature, and then feeds it into the supply line, 2) the from return to
return (R2R) mode extracts water from the return line, heats it to
any temperature higher than the extracted water, and then feeds it
into the return line, and 3) the from supply to supply (S2S) mode
extracts water from the supply line, heats it to any temperature
higher than the extracted water, and then feeds it into the supply
line [4,39]. Among these connection modes, the R2R connection
mode has the lowest extracted water temperature as well as the
potential for a low temperature rise for the heating process. Due to
these advantages, R2R mode is preferred for low-temperature DHSs
like solar thermal plants and heat pumps [33,39,40]. Therefore, the
R2R mode was selected in this study. Moreover, the heat pro-
sumer's regional DH system was connected to the city central DH
system by an MS, in which two heat exchangers (HEs) were
installed: HE1 and HE2. The HE1 was connected to the TES for
charging purposes, thus it was called the charging HE; HE2 was
connected to the main pipelines of the prosumer's regional DH
system to boost the supply temperature to the required level, thus
it was called the boosting HE.

The TES was a short-term one with two basic functions:
mismatch relieving and peak load shaving. Firstly, it solved the
mismatch problem. During the warm periods, the DHS's non-
dispatchable heat generation may be counter to the buildings'
heat demand, which means surplus heat supply from the DHS may
exist when the buildings' heat demand is lower. The surplus heat
supply would be fed into the central DH system through the MS,
however, heat prosumers gain no economic benefits from this heat
supply, because the current widely used heating price models have
not yet supported the reverse heat supply from heat users to the
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Fig. 2. A typical heat-prosumer-based DH system with a DHS and a TES.

central DH system [34]. TES is a long-proven technology to solve
the mismatch problem, it can store the surplus heat for later use
[41—45]. Secondly, the TES shaved the peak load. During the cold
periods, DH systems may have peak loads that are significantly
higher than the normal level. Even these peak loads may last only
for a few hours, they can have a considerable impact on the annual
heating cost. Since DH companies usually charge the heating bill
considering heat customers' peak loads, and the heating cost
related to the peak load may account for up to 50% of the total
heating cost [34]. TESs have been widely used for peak load shaving
in DH systems, they can shift part of the heat supply from peak
hours to non-peak hours [35—37].

2.2. Formulation of the temperature economic optimization
problem

This section explains the proposed optimization framework to
optimize the distribution temperature of heat-prosumer-based DH
systems, while minimizing the heat prosumer's heating cost.
Firstly, a generalized heating price model was developed based on a
literature review on the current heating price models in the Scan-
dinavian heating market. Afterwards, under this generalized heat-
ing price model, a dynamic optimization framework was proposed
based on the typical heat-prosumer-based DH system developed in
Section 2.1.

Current widely used heating price models in the Scandinavian
heating market may contain four components: EDC, LDC, flow de-
mand component (FDC), and fixed component (FXC) [34]. These
four components are paid by heat users to DH companies. The EDC
is charged based on end users' heat use. It aims to cover the pro-
duction cost that mainly refers to the fuel cost. The LDC is usually
charged according to the end user's peak load. It reflexes DH
companies' investment cost for new facilities, depreciation of
existing facilities, operating cost to maintain a certain level of heat
generation capacity, etc. Generally, the FXC is also charged ac-
cording to end users' peak load. It is the connection fee for heat

users to stay in the heating grid. Circulation cost is presented by the
FDC. The FDC is charged based on the volume of the circulating heat
carrier, i.e., hot water. It aims to cover the circulating electricity cost
for heat delivery. Moreover, FDC stimulates to lower the return
temperature.

Among these four components, LDC and EDC are crucial,
regarding both their presence and share in a heating price model.
As illustrated by Fig. 3, a survey on heating price models in Sweden
shows that all the heating price models have the EDC and about 87%
of them have the LDC. These two parts together account for 96% of
the total heating cost on average. In contrast, just about half of the
heating price models have FXC and FDC, and the average share of
the two components is less than 2%. Therefore, the heating price
models can be simplified and approximated by erasing the insig-
nificant components, i.e., FXC and FDC, while including the crucial
components, i.e., LDC and EDC. Consequently, to optimize the dis-
tribution temperature and minimize the heating cost of a heat-
prosumer-based DH system, a multi-objective economic optimi-
zation problem was formulated by Equations (1), (2), (3), (4) and
(5). In addition, the concept of this optimization framework is
illustrated in Fig. 4 and detailed descriptions of the modelling work
can be found in the study [46].

Minimize:

tr

[ EP(t) - Q(t)dt + LP+Qpeq (1)
) subject to:

Q(t) < Qpea 2
F(t,z(t))=0 (3)
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where the first and second term of Equation (1) is the EDC and LDC
heating cost, respectively. EP(t) and LP is the heating price for the
EDC and LDC, respectively. Q(t) is the heat supply rate from the
central DH system to the heat prosumer and Qpea is the corre-
sponding peak load. Due to the installation of smart meters and the
trend of digitalization, an increasing number of DH companies are
starting to utilize hourly measured heat use to define the peak load
in their heating price models. Therefore, this study used the
maximum hourly heat use in one year to define the peak load.
Equation (3) defines the dynamics of the heat-prosumer-based DH
system proposed in Section 2.1, and Equation (4) specifies the initial
conditions of this system. ze R™ are the time-dependent variables,
including the manipulated variables uR™, the differential vari-
ables x= R™, and the algebraic variables ye R . z; € [—o0, 0]™ and
Zy E[—o0, 00]™ represent the lower bounds and upper bounds,
respectively.

In the proposed dynamic optimization problem, there were five
manipulated variables u, representing the supply side management
as well as the demand side management. For the supply side
management that aimed to optimize the distribution temperature,
the manipulated variables were the supply temperature and the
water flow rate of the MS, i.e., TE1 sup,» THE2 sup» MHET, and Mgy, For
the demand side management that responded to the supply side
management, the manipulated variable was the water flow rate of
the buildings, i.e., mp,;. All these manipulated variables are depic-
ted in Fig. 4.

The optimization problem was solved on the optimization
platform JModelica. The formulated optimization problem was
infinite-dimensional and was discretized into finite-dimensional

nonlinear programming (NLP) problem by a direct collocation
method [48]. Afterwards, the discretized finite-dimensional NLP
problem was solved using the NLP solver, Interior Point OPTimizer
(IPOPT), as the following steps. Firstly, the inequality constraints in
the NLP problem were eliminated using the interior-point method
[49]. Then a local optimum for the NLP was achieved by solving the
first order Karush-Kuhn-Tucker condition, using iterative tech-
niques through Newton's method.

2.3. Coupling between the supply side and the demand side

As introduced in Section 1, the coupling between the supply and
demand sides should be considered. In this study, it was considered
in the following two aspects. Firstly, the supply temperature of the
supply side should be high enough to avoid any problem on the
demand side due to insufficient heating capacity. Secondly, the
maximum temperature difference between the supply and return
water of the supply side should be restricted by the thermal char-
acteristics of the heating systems on the demand side.

The above couplings were treated as bounds in the optimization
problem. For the supply temperature, Equation (6) gives the lower
bound, which represents the temperature requirement for both the
SH system and the DHW system. Regarding the SH system, the
lower bound, Tsp sy, should maintain a comfortable indoor air
temperature and it is related to the outdoor temperature and the
performance of the radiator as presented in Equation (7) [50].
Regarding the DHW system, the lower bound, Ty, prw . should
avoid hygiene problems and the required temperature under
different conditions can be obtained from European standard CEN/
TR16355 [51].

Tsup,L = max(Tsup,SH,b Tsup, DHW,L) (6)
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where T;; and Ty, are the indoor and the outdoor air temperature,
respectively. b is a parameter depending on the characteristic of the ATgif y =ao + a1 - Tsup (8)

radiator. The subscript des refers to the design conditions, and the
subscript L represents the lower bounds.

For the temperature difference, the upper bound is constrained
by the characteristics of the heating system inside buildings, and it
is positively correlated with the supply temperature. In this study;, it
was assumed that the upper bound of the temperature difference
could be explored by measured data. This assumption might un-
derestimate the maximum temperature difference of a DH system;
however, it guaranteed the temperature difference within its
feasible range (defined by the optimization problem) and offered a
straightforward way by using measured data. A linear regression
model was used to describe the upper bound of the temperature
difference, 4Ty y, as presented in Equation (8).

where ag and a; are parameters.

3. Case study and research scenarios

This section firstly introduces the case study, which is a uni-
versity campus DH system. Afterwards, research scenarios and
simulation settings are explained.

3.1. Background of the case study

The studied DH system is in Trondheim, Norway. As illustrated
in Fig. 5, as a heat prosumer, the campus DH system has a DHS that
recovers the waste heat from the university DC, meanwhile, it is
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connected to the city central DH system and get heat supply
through the MS. The system supplies heat to 24 university buildings
with a total building area of about 300,000 m? [52,53]. Fig. 6 pre-
sents the measured building heat demand and waste heat recovery
from the DC. It is found that the total heat supply of the campus DH
system was 32.9 GWh from June 2017 to June 2018, including about
80% coming from the city central DH system and about 20% coming
from the DC's waste heat recovery.

The campus DH system demonstrates the potential of heat-
prosumer-based DH systems that utilize DCs' waste heat, which
reaps significant economic and social benefits. However, the system
is facing the following problems. The first problem is the mismatch
between the waste heat supply and the building heat demand,
which is common for DH systems that utilize non-dispatchable
renewable energies. As shown in Fig. 6 (a), the hourly DC waste
heat recovery was represented by the green line and were positive

——Building demand —— Waste heat from DC —— Surplus waste heat

14 -

Heatrate (M'W)
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values, which would be supplied for the campus DH system.
However, there was a mismatch between the DC waste heat supply
and the building heat demand. The building heat demand fluctu-
ated between 0 MW and 14 MW for the studied year, while the
waste heat recovery was almost a constant heat flow rate of around
1 MW. When the building heat demand was less than 1 MW, not all
the DC waste heat recovery could be utilized by the campus DH
system, and the unutilized DC waste heat recovery was delivered
from the campus DH system to the city central DH system via the
MS. This reversed heat flow of the MS was called surplus waste heat
and was represented by negative values as shown by the red line in
Fig. 6 (a). As shown in Fig. 6 (b), about 1.7 GWh out of 8.7 GWh
recovered waste heat became surplus heat supply, accounting for
20% of the total waste heat recovery. The surplus waste heat is
supplied to the central DH system through the MS; however, the
university does not get any benefit from this heat supply because
the local heating price models have not yet supported the reverse
heat supply from heat users to the central DH system. The second
problem is high peak loads. As shown in Fig. 6 (a), the building heat
demand was not equally distributed and there were peak loads. The
maximum building heat demand was 14 MW, and it was about four
times higher than the annual average level. The heating price
model used by the local DH company considers the peak loads, and
about 20% of the university's heating cost is linked to the peak load.

Introducing TESs can address the above problems. Moreover,
previous research has shown that water tank thermal energy
storage (WTTES) is a suitable solution with high energy and eco-
nomic performance [32]. However, further research is needed to
optimize its distribution temperature after introducing the WTTES.
As introduced in Section 1, both high and low distribution tem-
peratures can benefit the DH system. A high distribution temper-
ature means a high charging temperature and thus a large storage
capacity for WTTES under a certain storage volume. Consequently,
a high discharging heat flow rate and a large peak load shaving
effect can be achieved by the WTTES. In contrast, a low distribution
temperature means a large waste heat recovery potential for the
DC. Moreover, the heat loss of both the distribution system and the
WTTES can be reduced. Therefore, the resulting economic impacts
of the distribution temperature are: 1) increasing the distribution
temperature can reduce the LDC heating cost that is related to peak
load, and 2) reducing the distribution temperature can save the EDC
heating cost that is related to heat use. This study developed a
method to optimize the distribution temperature and make a
trade-off between these two impacts.

m Utilized = Surplus

81 e
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A A A DN A A A

@
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Fig. 6. Heat demand and waste heat supply.
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Table 1
Information on the scenarios.
Abbreviation Feasible region of the supply Note
temperature
Op-Temp Region Op-Temp in Fig. 7, ranging This scenario had the largest feasible region with the highest flexibility in supply temperature. It was an improved

from 50 °C to 120 °C.

H-Temp

100 °C to 120 °C. scenario.
M-Temp Region M-Temp in Fig. 7, ranging

from 80 °C to 100 °C. scenario.
L-Temp

50 °Cto 80 °C.

scenario that obtained the Economic Optimal Distribution Temperature.
Region H-Temp in Fig. 7, ranging from This scenario had a high supply temperature that represented 2nd generation DH systems. It was a benchmark

This scenario had a medium supply temperature that represented 3rd generation DH systems. It was a benchmark

Region L-Temp in Fig. 7, ranging from This scenario had a low supply temperature that represented 4th generation DH systems. It was a benchmark
scenario, which obtained the Lowest Distribution Temperature.

3.2. Scenarios and simulation settings

To study the economic impacts of distribution temperature on
heat-prosumer-based DH systems with TESs, and identify the
economic optimal distribution temperature, four research sce-
narios were designed, i.e., Op-Temp, H-Temp, M-Temp, and L-Temp.
These scenarios used an identical operation strategy proposed in
Section 2, however, applied different levels of distribution tem-
perature. The basic information of these scenarios is presented in
Table 1, and the corresponding supply temperatures are illustrated
in Fig. 7. The upper bound in Fig. 7 was determined by the supply
temperature of the central city DH system, and the lower bound
was obtained by Equation (6). As presented in Table 1, Scenarios H-
Temp, M-Temp, and L-Temp represented the distribution tempera-
ture levels of the 2nd, 3rd, and 4th generation DH systems,
respectively. These scenarios were used as benchmarks. In contrast,
Scenario Op-Temp had the highest flexibility in distribution tem-
perature, and it was an improved scenario compared to the
benchmark scenarios. The impacts of distribution temperature on
the performance of heat-prosumer-based DH systems would be
revealed by comparing the outcomes of the benchmark scenarios.
Meanwhile, comparing the outcomes of Scenarios Op-Temp and L-
Temp would highlight the difference between the economic
optimal and lowest distribution temperatures.

Key simulation settings are presented in and Table A.1 and Fig A.
1 in Appendix A. Detailed information on the settings can be found
in the paper [46]. The input variables of the buildings' heat demand
and the DC's waste heat were obtained from measurement as
presented in Fig. 6. This study used Modelica language [54] to build
the system model and the JModelica platform [55] to formulate and
solve the optimization problem.

e U pper bound Bound 1 Bound2 = = Lower bound

120 -

110 4 H-Temp
é’i 100
£
.E 90 4 M-Temp
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= 80
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& ™
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& ~ L-Temp
— ~
a2 60 4 SO

~
~
50 A . —
40 T T T T T T T T T "

Outdoor temperature (°C)

Fig. 7. Feasible region of supply temperature for the four scenarios.

4. Results

This section presents the results. Firstly, the validation results
are introduced in Section 4.1. Secondly, the distribution tempera-
tures of the four scenarios are evaluated and compared in Section
4.2, Afterwards, the impacts of the distribution temperature on the
energy and economic performance are investigated in Section 4.3
and Section 4.4, respectively.

4.1. Validation of the system model

Detailed information on the model validation can be found in
the paper [46]. This section presents the validation of the bounds of
the building model, which described the coupling between the
supply and demand sides. Fig. 8 plots the lower bound and the
measured supply temperature of the SH system. It shows that the
proposed lower bound was consistent with the measurement data.
Firstly, the vast majority, about 95%, of the measured supply tem-
perature fell into the area above the lower bound. Secondly, the
lower bound presented the same trend as the measured data - the
supply temperature decreased with the rising outdoor air tem-
perature. In addition, Fig. 9 presents the measured temperature
differences between the supply and return water of the DH system,
as well as the regression line obtained using the method provided
in Section 2.3. It can be found that the linear regression model could
represent the measured data very well, with a coefficient of
determination (R?) of about 0.9.

4.2. Distribution temperature of the four scenarios

This section presents and analyses the simulation results on
distribution temperatures. Detailed results on the operating tem-
peratures of the campus DH system, the water flow rate of the
campus DH system, and the water temperature developments of
the WTTES are presented in Fig B. 1, Fig B. 2, and Fig B. 3 in Appendix
B, respectively. The main findings from these results are summa-
rized as follows: 1) for the campus DH system, low supply and low
return temperature were preferred and high temperature only
existed during the peak periods; 2) for the WTTES during the warm
periods, which were from June to October of 2017 and from April to
June of 2018, it served to relieve the mismatch, and the charging
and discharging processes were controlled based on the states and
degree of the mismatch; and 3) for the WTTES during the cold
period, which was from October of 2017 to April of 2018, it served to
shave the peak load, and the charging process mainly happened at
the beginning of the peak periods. The first phenomenon can be
explained by that low supply and return temperatures could reduce
the distribution heat loss of the campus DH system. The second
phenomenon was because the warm period only suffered the
mismatch problem and relieving the mismatch could bring heat
use saving for the campus DH system. The last phenomenon
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Fig. 10. Distribution temperature duration curves for the four scenarios, the supply temperature is the one with the higher value among the HE1 and HE2's supply temperatures.
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appeared due to that charging at the beginning of the peak periods
could service for peak load shaving, meanwhile, keeping low stor-
age temperatures during non-peak periods could reduce unnec-
essary storage heat loss.

The resulting duration curves for the distribution temperatures
for the campus DH system are presented in Fig. 10. It can be
observed that compared to the benchmark scenarios H-Temp, M-
Temp, and L-Temp, the improved scenario Op-Temp had the widest
distribution range on the supply temperature, ranging from 120 °C
to 50 °C and crossing all the benchmark scenarios. This wide dis-
tribution can be explained by that the scenario Op-Temp took full
advantage of its high flexibility on the supply temperature to obtain
the optimal economic performance. The return temperature, on the
other hand, showed minimal variation among scenarios with the
same distribution range of 40 °C—60 °C.

The resulting annual average distribution temperatures of the
campus DH system are presented in Fig. 11. It can be found that the
annual average supply temperatures varied substantially between
scenarios, ranging from 109 °C to 59 °C. However, the return tem-
perature had very close annual average values about 45 °C in all
scenarios. Furthermore, the economic optimal distribution tem-
perature achieved by the scenario Op-Temp differed considerably
from the lowest distribution temperature obtained by the scenario
L-Temp. The former's supply temperature was 70 °C, 11 °C higher
than the latter's 59 °C.

4.3. Impacts of distribution temperature on energy performances

This section analyses the impacts of distribution temperature on
energy performances, including peak load and heat use. Analysis in
Section 4.2 shows that distribution temperatures can be distin-
guished by their supply temperatures. Therefore, figures herein-
after sort the scenarios based on the annual average supply
temperature, from the highest to the lowest, i.e., with the order H-
Temp, M-Temp, Op-Temp, and L-Temp from the left side to the right
side.

The heat flow rates of the campus DH system are presented in
Fig. B.4 in Appendix B, the corresponding heat load duration curves
are presented in Fig. 12, and the resulting peak loads are presented
in Fig. 13. Results showed that for the benchmark scenarios, the
decreasing distribution temperature reduced the peak load shaving
effect of WTTES, and thus increased the peak load. As shown by the
area highlighted with red colour in Fig. 12 and the columns in
Fig. 13, the peak load of the benchmark scenarios presented a rising
trend from 10.8 MW to 11.5 MW from the scenarios H-Temp and M-
Temp to the scenario L-Temp. However, this reduced peak load
shaving effect was effectively avoided by the improved scenario Op-
Temp by using the optimal distribution temperature. Even with a

= Supply temperature Return temperature

N
=3

o
S

80

60

Distribution temperature (°C)

47
40 T

H-Temp

46 45

M-Temp Op-Temp L-Temp

Scenarios

Fig. 11. Annual average distribution temperatures of the four scenarios, scenarios were
sorted based on the annual average supply temperature from the highest to the lowest
from the left side to the right side.
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lower distribution temperature, the peak load of Scenario Op-Temp
was around 10.5 MW, which was the lowest of all the scenarios.

The heat use of the campus DH system depended on three as-
pects: heat loss from the WTTES, heat loss from the pipeline, and
waste heat utilization of the DC. The conditions of these aspects of
the four scenarios are presented in Fig. 14. It was discovered that
the distribution temperature had a minor impact on the heat loss of
WTTES, with an annual heat loss of 0.2 GWh for all the scenarios. It
was because these scenarios kept a similar low storage temperature
during most of the year (non-peak periods) as explained in Section
4.2. However, the results suggested that lowering the distribution
temperature considerably decreased the pipeline's heat loss. The
pipeline's heat loss was reduced from 6.7 GWh to 5.9 GWh from the
high-temperature scenario H-Temp to the low-temperature sce-
nario L-Temp. The significant share of distribution heat loss, which
was around 20% of the delivered heat, was responsible for this
remarkable decrease. In terms of the DC's waste heat utilization, the
distribution temperature played a minimal role. For all four sce-
narios, the annual utilized waste heat was 8.8 GWh. This less
important role was because, as mentioned in Section 4.2, the four
scenarios exhibited slight differences in return temperature, which
impacted the DC's waste heat recovery. In addition, the R2R
connection may limit the amount of waste heat utilization, and
different results may be obtained for other types of connection [40].

The resulting annual heat use for the four scenarios is shown in
Fig. 15. It can be found that the total annual heat use decreased from
31.1 GWh to 30.4 GWh with the decreasing distribution temperature.
Moreover, the scenario with the economic optimal distribution
temperature, Op-Temp, had the least heat use, which was the same as
the scenario with the lowest distribution temperature L-Temp.

4.4. Impacts of distribution temperature on economic performances

This section analyses the impacts of distribution temperature on
economic performances in terms of the heating cost. The currency
in this section was in NOK.! As introduced in Section 2.2, heating
cost included two parts: the LDC heating cost, which was deter-
mined by the peak load; and the EDC heating cost, which depended
on the heat use. The annual heating costs for the four scenarios are
presented in Fig. 16.

Results showed that the decreasing distribution temperature
increased the annual LDC heating cost for the benchmark scenarios.
The annual LDC heating cost of the benchmark scenarios presented
a rising trend from 4.6 million NOK to 4.9 million NOK from the
high-temperature scenario H-Temp to the low-temperature sce-
nario L-Temp. However, this rising trend was effectively avoided by
the improved scenario Op-Temp by using the optimal distribution
temperature. Even with a lower distribution temperature, the
annual LDC heating cost for the scenario Op-Temp was 4.5 million
NOK, which was the lowest of all the scenarios. The obtained results
on the annual LDC heating cost can be explained by the conditions
of the peak load observed in Section 4.3 because they were posi-
tively correlated. In addition, the annual EDC heating cost
decreased from 18.2 million NOK to 17.7 million NOK with the
decreasing distribution temperature. Meanwhile, the scenario with
the economic optimal distribution temperature, Op-Temp, had the
lowest annual EDC heating cost, which was the same as the sce-
nario with the lowest distribution temperature L-Temp. Similarly,
the obtained results on the annual EDC heating cost can be
explained by the conditions of annual heat use observed in Section
4.3 because of the positive correlation between them.

! The currency rate between NOK and EUR can be found from https://www.xe.
com/, in this study 1 EUR = 10 NOK.
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Fig. 14. Annual heat loss and waste heat utilization of the four scenarios.

The resulting annual total heating cost of the four scenarios is
also presented in Fig. 16. As shown in Fig. 16, the scenario with the
economic optimal distribution temperature, Op-Temp, achieved the
best performance with the lowest annual total heating cost of 22.2
million NOK. The scenario with the medium distribution temper-
ature, M-Temp, followed this performance with a higher annual
total heating cost of 22.6 million NOK. In contrast, the high-
temperature scenario H-Temp and the low-temperature scenario
L-Temp had the highest annual total heating costs of 22.8 and 22.7

1

H-Temp

M-Temp Op-Temp L-Temp

Scenarios

Fig. 16. Annual total heating cost for the four scenarios.

million NOK, which were 0.6 and 0.4 million NOK higher than the
scenario Op-Temp, accounting for an increase of 2% and 3%,
respectively.

5. Discussion

The impacts of TES's storage capacity and DHS's renewable
fraction (RF) are discussed first in this section to reach more broad
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study findings on economic optimal distribution temperature, fol-
lowed by the effects of heating price models and heat density.
Finally, the limitations of the work are acknowledged, along with
suggestions for further research.

5.1. Impacts of TES's storage capacity and DHS's RF

This section discusses the impacts of two crucial factors: the
storage capacity of TES and the RF of DHS. The first one is a key factor
determined in the system design process, while the second one re-
flects the availability of renewable energies. As described in Table A.
1, the storage capacity of WTTES in Section 4 was 12 h, i.e., being
capable to supply heat continually for 12 h under a discharging heat
flow rate that was equal to the annual average heat demand. This
storage capacity made a trade-off between the investment of WTTES
and the reduction of operating costs [46]. However, owing to shifting
circumstances, such as changes in available investment and varia-
tions in expected operating costs, heat prosumers may choose
different storage capacities. In addition, heat prosumers may have
different RFs, an indicator showing the percentage of heat demand
covered by renewable energies. For solar DH systems, for example,
RFs of 10—50% are technologically and economically viable, and a
theoretical RF of 100% is even possible [56].

To investigate the impacts of the above factors on heat pro-
sumers' economic optimal distribution temperature, further sce-
narios were introduced as presented in Table 2. The benchmark
scenario was identical to the improved scenario Op-Temp in Section
4, with a storage capacity of 12 h, a DC capacity (maximum waste
heat recovery flow rate) of 1.0 MW, and an RF of 27%. In comparison
to the benchmark scenario, the TES scenarios altered the storage
capacity ranging from 6 to 120 h (a quarter to five days), whereas
the DHS scenarios modified the RF ranging from 13% to 100%. The
TES and DHS scenarios were created by changing the volume of
WTTES and adjusting the capacity of DC, respectively.

The annual average distribution temperatures of the TES and
DHS scenarios are presented in Fig. 17 and Fig. 18, respectively.
Fig. 17 shows that scenarios with larger WTTES tend to have higher
economic optimal supply temperatures. It can be explained by
Fig. C. 1 in Appendix C that it was caused by the higher charging
temperatures during the peak load periods. Furthermore, as shown
in Fig. C. 2 in Appendix C, scenarios with larger WTTES took
advantage of the higher charging temperatures to achieve greater
peak load shaving effects from their WTTESs.

Fig. 18 shows that scenarios with lower RF tend to have slightly
higher economic optimal supply temperatures and lower return
temperatures. It can be explained by Fig. C. 3 in Appendix C that the
higher supply temperatures were caused by the higher charging

Table 2
Information for the scenarios.
Abbreviation TES (WTTES) DHS (DC)
Scale Capacity Volume Scale RF Capacity
(1) (hour) (m?) (1) (%) (MW)
Benchmark scenario
Ref 1 12 900 1 27 1.0
TES scenarios
TES 1/2 1/2 6 400 1 27 1.0
TES 2 2 24 1700 1 27 1.0
TES 6 6 72 5200 1 27 1.0
TES 10 10 120 8600 1 27 1.0
DHS scenarios
DHS 1/2 1 12 900 1/2 13 0.5
DHS 2 1 12 900 2 53 2.0
DHS 3 1 12 900 3 80 3.0
DHS 4 1 12 900 4 100 4.0
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Fig. 18. Annual average distribution temperatures of the benchmark and DHS
scenarios.

and boosting temperatures during the mismatch problem periods.
Meanwhile, the lower return temperatures were the result of the
higher supply temperatures, i.e., as shown in Fig. 9, a higher supply
temperature would make it possible for greater temperature dif-
ference and lower return temperature. Furthermore, as shown in
Fig. C. 4 in Appendix C, scenarios with lower RF used those higher
supply temperatures to obtain more heat supply from the MS,
compensating for the less renewable heat available from the DHS.

5.2. Impacts of heating price model and heat density

This section discusses the impacts of two other crucial factors:
the share of LDC heating cost and the linear heat density of a DH
system. The first one is an economic factor that reflects the impact
of peak load on total heating costs, while the second one is a
technical factor that influences the distribution heat loss of DH
systems. As introduced in Section 2, the share of LDC heating cost
ranges from 0% to 50% depending on heating price models. This
study presented a medium level of 20—22%, which was close to the
average level of 28% observed from the survey on heating pricing
models in Sweden [34]. Raising the share of the LDC heating cost
motivates heat users to shave their peak load, and thus increases
the economic optimal distribution temperature because TESs need
higher charging temperatures to achieve larger peak load shaving
capacities.

Moreover, as identified by Ref. [29], the distribution heat loss of
a DH system depends on four factors: distribution temperature,
pipe diameter, the heat transmission coefficient of insulation, and
linear heat density. The most important factor is the linear heat
density due to its great variation among DH systems [29]. This
study had a linear heat density of 2 MWh/(m-a), which was within
the average range from 2 MWh/(m-a) to 4 MWh/(m-a) for DH
systems in Sweden. Decreases in linear heat density would be
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Roadmap of economic optimal distribution temperature
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detrimental to heat distribution and result in higher distribution
heat loss, consequently, the economic optimal distribution tem-
perature should be reduced to maintain the same level of the
heating cost.

Based on the above analysis, the left side of Fig. 19 is made to map
the correlations between the economic optimal distribution tem-
perature and the mentioned economic and technical factors. The
orange rectangles in the upper left corner and the green rectangles in
the bottom right corner locate the situations with high and low
economic optimal distribution temperatures, respectively. As intro-
duced in Section 1, the current DH systems mainly use hot water as
the medium, therefore the high and low distribution temperatures
in Fig. 19 may belong to the 2nd and 4th generation DH system,
respectively. The blue rectangles represent the situations with me-
dium economic optimal distribution temperatures, which may
belong to the 3rd generation DH system. It is difficult to point out the
exact economic optimal distribution temperature for a DH system
under a certain condition without detailed research, however, some
general rules can be deduced regarding the trend for the tempera-
ture shifting as illustrated on the right side of Fig. 19. The mentioned
two factors drive the shifting of the economic optimal distribution
temperature, and the overall driven force determines the final
shifting effect. Any condition changes towards the upper left di-
rections would raise the economic optimal distribution temperature,
while changes in the opposite directions would decrease it.

5.3. Limitation and future work

Firstly, the optimization problem in Section 2.2 only applies to
the heat pricing models that calculate the LDC heating cost using
the measured peak load. However, DH companies may use another
variable, i.e. flow capacity, to calculate the LDC heating cost instead
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of peak load [29,57]. The flow capacity is obtained by dividing the
heat use over a certain period by a predefined category number
[57]. However, due to the installation of smart meters and the trend
of digitalization, an increasing number of DH companies are
starting to utilize real-time measurement for charging heat bills.
Therefore, the developed method in this research adopted the heat
pricing models using the measured peak load to calculate heat
users' LDC heating cost.

Secondly, thermal couplings between the supply and demand
sides should be handled more meticulously by the optimization
problem. To represent these thermal couplings, the optimization
problem in Section 2.3 used a simplified technique, i.e., utilizing
bounds to constrain the supply side's supply water temperature and
temperature difference. To some extent, using bounds to constrain
these temperatures, however, is insufficient to describe the thermal
couplings. These couplings are the results of a complicated heat
transfer process that is influenced by operating variables on both
sides. Nonlinear equations may be required to describe this process,
such as using the Number of Thermal Units Method. These nonlinear
equations, on the other hand, may reduce computationally efficiency
and cause numerical instabilities for the optimization problem.
Moreover, obtaining the variables on the demand side used by these
nonlinear equations, which must consider weather conditions as
well as thermal dynamics of buildings and heating systems, may
further increase the complexity of the optimization problem. In the
future, a more precise and effective method of describing these
thermal couplings will be developed.

6. Conclusions

This study aimed to economically optimize the distribution
temperature of heat-prosumer-based DH systems with short-term
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TESs. Moreover, it made a pioneering effort to distinguish the
economic optimal distribution temperature from the lowest dis-
tribution temperature for DH systems. Four scenarios with different
distribution temperature levels were designed, including three
benchmark scenarios H-Temp, M-Temp, and L-Temp representing the
2nd, 3rd, and 4th generation DH systems, respectively, and an
improved scenario Op-Temp with high flexibility in distribution
temperature. The following conclusions were obtained.

Firstly, the economic optimal distribution temperature achieved
by Scenario Op-Temp differed considerably from the lowest distri-
bution temperature obtained by Scenario L-Temp. The former one
had an annual average supply temperature of 70 °C, which was
higher than the latter one of 59 °C.

Secondly, for the benchmark scenarios, the peak-load-related
heating cost, LDC, presented a rising trend with the decreasing
distribution temperature, which was increased from 4.6 million
NOK to 4.9 million NOK from the high-temperature scenarios, H-
Temp, to the low-temperature scenario, L-Temp. However, the heat-
use-related heating cost, EDC, showed an opposite trend, i.e., it
decreased from 18.2 million NOK to 17.7 million NOK with the
decreasing distribution temperature.

Thirdly, the improved scenario, Op-Temp, achieved the economic
optimal distribution temperature, with the lowest annual heating
costs on LDC, EDC, and the total. It saved 0.4—0.6 million NOK total
heating costs per year, accounting for a cost saving of 2—3%
compared to the benchmark scenarios.

Finally, studies on the impacts of crucial factors revealed that
the economic optimal supply temperature would be lowered when
increasing the renewable share, while the economic optimal supply
temperature would be raised when increasing the TES's storage
capacity, the linear heat density, and the proportion of the LDC
heating cost.

This study improved the understanding of the temperature

Energy 248 (2022) 123601

development of DH systems and supported the transition towards
the future completely renewable-based DH systems, especially for
heat-prosumer-based DH systems with TESs.
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Appendix A. Simulation settings

Table A. 1
Key parameter setting for the simulation.
Category Parameter Value
WTTES Storage capacity 12h
Tank volume 900 m3
Tank diameter 8.7m
Tank height 15 m
Pipeline Route length 15,000 m
Pipe diameter 0273 m
Ground heat conductivity 1.5 W/(m +K)
Insulation heat conductivity 0.03 W/(m +K)
Heating price EP(t) see Fig A. 1
LP 33 NOK/kW/month
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Fig. A. 1. The EDC heating price [58].
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Appendix B. Simulation results
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Fig. B. 1. Operating temperatures of the campus DH system.
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Fig. B. 4. Heat flow rate of the campus DH system.
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Appendix C. Simulation results for the discussion
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Fig. C. 1. Operating temperatures of the campus DH system for the TES scenarios.
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Fig. C. 2. Heat flow rate of the campus DH system for the TES scenarios.

20



H. Li, J. Hou, T. Hong et al. Energy 248 (2022) 123601

= Supply of HE1 (in the MS) ——Supply of HE2 (in the MS)
Supply of DH system (building) ~——Return of DH system (building)
120

period with mismatch
problem

period
with
mismatch
80 | ‘ , problem

100

DHS 1/2 (°C)

60

40
120

100

80

DHS 2 (°C)

60

40
120

100

80

DHS 3 (°C)

60

40
120

100

80

DHS 4 (°C)

60

40
15

~———DC waste heat
10 1 ——Building heat demand

Heatrate (MW)

S I 29 4\'\ 0\'\ Q\°° ~°\°° §\°° ‘\% Q’\"C’ Q\°"
N N Y.O %@Q O° éo 06 S Q@ @'b Y”Q @"o- O
Time (Month Year)

Fig. C. 3. Operating temperatures of the campus DH system for the DHS scenarios.
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Fig. C. 4. Heat flow rate of the campus DH system for the DHS scenarios.
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