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A B S T R A C T   

District energy systems are about to shift towards closer temperature configurations, i.e. low-temperature district 
heating and high-temperature district cooling. Challenges and benefits of these transitions are mostly analyzed 
from a perspective of current energy demand and supply scenarios while the influence from future changes in 
these domains remains unknown. Based on a representative residential community in the Nordic district heating 
context, centralized district heating and cooling (DHC), ultra-low temperature district heating (ULTDH), and bi- 
directional fifth generation 5GDHC systems were assessed from technical, economical, and environmental as
pects. Moreover, the applications of thermal energy storage (TES) and their roles in the future DHC systems were 
also investigated. The assessment was done by a generalized methodology framework, integrating the future 
changes, multiple operation scenarios modellings and system design optimizations. Results suggest that in the 
future low-energy building stock, the increased cooling demand makes the 5GDHC system the most economically 
attractive choice. In the supply side, with a 50% share of wind power in the future national grid, the electricity 
prices can make 5GDHC and ULTDHC either cost-saving or more expensive compared to the central DHC system 
dependent on if nuclear plants are decommissioned or not. Besides, with increasing power production from VRE, 
the limited application of TES for active shift of electricity demand is found when a system’s heat-to-power ratio 
is high. The methodology framework can be applied to similar systems to increase the understandings on system 
transitions.   

1. Introduction 

1.1. Background 

With a current share of 50 % in the final energy consumption, 
heating and cooling sector is the biggest energy end-use ahead of 
transport and electricity in Europe [1]. A major usage is in the house
holds, where 79 % of the energy is used for space heating, water heating 
and space cooling [2]. According to the statistics in 2019, approximately 
75 % of the needed energy is still generated by fossil fuels [2]. The 
European Commission adopted a set of proposals to reach the green
house emission target and long-term carbon neutrality [3]. Among these 
proposals, the transition of the heating and cooling sector is regarded as 
an important step [4]. 

District heating and cooling (DHC) enable efficient energy supply 
and low emissions while maintaining relatively lower costs compared to 
individual solutions. Thus, they are regarded as key technologies to 
decarbonize the European energy system [5]. The forth-generation 

district heating (4GDH), which has a supply temperature close to the 
actual domestic hot water demand of around 60 ◦C, has been studied in 
recent years [6]. The lower operating temperature compared to the 
current level of around 80 ◦C lowers the grid losses and increases the 
integration potential of waste heat and renewable sources. These char
acteristics increase the overall system efficiency and make the 4GDH a 
future trend of the DHC system development [7]. 

Following the general concept of low temperature heating system, 
further innovations of DHC systems include ultra-low temperature dis
trict heating (ULTDH) and fifth-generation district heating and cooling 
(5GDHC). The ULTDH system has a forward temperature of around 
35 ◦C to supply space heating (SH) directly, while decentralized heat 
pumps (HPs) are used to increase (boost) the network temperature to a 
required level, to fulfill the domestic hot water (DHW) demand [8]. 
Deep energy renovations of buildings and low-temperature indoor 
heating systems such as floor-heating are regarded as pre-requisite for 
the ULTDH system. The lower supply temperature reduces further the 
grid losses and increases the coefficient of performance (COP) of the 
main central HPs compared to the systems used today [9]. This idea has 
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been applied in several residential buildings in Denmark [10] and 
compared to the 4GDH in a small community [11] and the whole 
country [12]. Despite the technical attractiveness, the feasibility of 
ULTDH is still questionable and will depend on the specific costs and 
efficiency of the booster HPs [11,13]. 

In comparison, the 5GDHC system has operating temperature close 
to the annual average of the shallow ground so that the heat loss from 
the DHC pipes to the environment is minimized [14] and the waste heat 
from cooling processes in buildings can be collected. The heating and 
cooling demand is supplied from the same network by using separate 
local booster HPs and chillers. The whole system is also referred to as Bi- 
directional Network [15,16] or Cold District Heating Network [17]. In 
general, the 5GDHC is more suitable in places with balanced heating and 
cooling demand. The idea is, thereby, more attractive for commercial 
districts in central and southern Europe, according to the statistical 
survey of 40 operating 5GDHC systems [14]. The 5GDHC is also 
compared to other systems in terms of exergy efficiency [18], environ
mental impact [19], and economic feasibility [15]. The results diverge 
largely because, as it will be shown in this work, the balance between 
increased investments and cost-saving benefits is strongly influenced by 

applied scenarios. 
Although the transitions of DHC systems were discussed in the 

above-mentioned studies, most of them were placed in the current sit
uations and perspectives. Indeed, various future challenges and changes 
are expected to exist on the energy systems. On the demand side, with 
the on-going building renovation projects across Europe and the unde
niable global warming, the heating and cooling demand are believed to 
be changed in the future [20]. In the supply side, the growing electricity 
production from variable renewable energy (VRE) is adding variations 
and uncertainties to the power grid. It is likely that both the future price 
level and price variability will be different from the current conditions 
[21]. However, whether the currently planned transition of DHC system 
is attractive under the future challenges is still a question which this 
study aims at answering. To proof the relevance of the research question, 
an overview of the future changes is provided in the following sections, 
and existing gaps associated with the transitions of DHC systems are 
summarized. 

1.2. DHC systems with future changes 

A major change in the future is the altering heating and cooling 
demand due to the ongoing global climate change [20,22,23]. Although 
uncertainties of the climate forecasts exist, it is unequivocal that the 
future climate will on average become warmer, which increases the 
cooling and decreases the heating demand [24]. Such change will 
reduce the efficiency and, thereby, the attractiveness of conventional 
centralized system while creating possibilities for the local energy sys
tems, like the 5GDHC system. The uncertainties induced by different 
climate models on the building energy performance were estimated by 
Nik et al. [20]. Based on climate models and the degree day method, 
Larsen et al. quantified the changes of heating and cooling demands in 
European countries and concluded that the most significant changes are 
found in Nordic countries [25]. The previous studies [20,22–25] are 
mostly conducted from the perspective of buildings, and the influence of 
climate change on the theoretical heating and cooling demand is, 
thereby, well-known. However, on energy system levels, the perfor
mance and transitions under such changes are less considered. Andric 
et al. [26] evaluated the technical and economic performance of a dis
trict heating (DH) system in France under climate change. The study 
considered a conventional centralized DH system with boilers as the 
main source, which cannot reflect the future trend of DHC systems. An 
optimal decision about the transitions towards low-temperature systems 
shall be based on the foreseen changes in the demand, to assure a 
satisfying performance of a DHC for a long time in the future. 

Another major change in the demand side is induced by the building 
renovation measures, which were planned in many countries [27,28] 
and recognized as essential steps to reach the carbon neutrality target. 
An average rate of 3 % annually for building renovations is suggested to 
accomplish the EU’s energy efficiency ambitions [29]. Until now, deep 

Nomenclature 

4GDH Fourth generation district heating 
5GDHC Fifth generation district heating and cooling 
CAPEX Capital expenditure 
COP Coefficient of performance 
CHP Combined heat and power 
DHC District heating and cooling 
DHW Domestic hot water 
EER Energy efficiency ratio 
HP Heat pump 
LCOE Levelized cost of energy 
MFH Multi-family house 

MEX Maintenance expenditure 
NUC Nuclear 
OPEX Operational expenditure 
PV Photovoltaic 
SC Space cooling 
SH Space heating 
SFH Single-family house 
SOC State of charge 
TES Thermal energy storage 
U-value Overall heat transfer coefficient 
ULTDHC Ultra-low temperature district heating and cooling 
VRE Variable renewable energy  

Table 1 
An overview of the studies on the heating system performance with future 
changes.  

Future 
changes 

Systems Storage Evaluation aspects Ref 

Technical Cost Emission  

Demand 3GDH and 
individual  

✓ ✓ ✓ [32] 

3GDH, 4GDH 
and ULTDH  

✓  ✓ [31] 

4GDH and 
ULTDH 

✓ ✓ ✓ ✓ [12] 

4GDH and 
ULTDH  

✓ ✓  [13]  

Price 3GDH  ✓ ✓  [33] 
HPs in rural 
area 

✓ ✓ ✓  [34] 

3GDH ✓ ✓ ✓  [35] 
3GDH  ✓ ✓  [36] 
3GDH ✓ ✓  ✓ [37]  

Local VRE 5GDHC + PV ✓ ✓ ✓  [38] 
5GDHC + PV ✓ ✓ ✓  [39] 
5GDHC + PV ✓ ✓ ✓  [40] 
5GDHC + PV, 
individual 

✓ ✓ ✓ ✓ [15] 

Solar 4GDH, 
individual 

✓ ✓ ✓ ✓ [41]  
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renovations that reduce the energy demand of buildings by at least 60 % 
are carried out at only 0.2 % of the building stock per year across EU 
[30]. Therefore, the EU commission published in 2020 a new renovation 
strategy, aiming at doubling the annual energy renovation rates in the 
next 10 years [30]. With a reduction of heating demand and demand 
density, the optimal design of DHC systems is inevitably influenced. 
Hence, the influence of renovation measures on the DHC systems was 
investigated in several research works, as summarized in Table 1. 
Nguyen et al. [31] studied the total annualized cost of three LTDH and 
ULTDH systems for a new residential area with four different land 
exploitation plans. The 4GDH option is found to be more cost efficient 
than the third-generation district heating (3GDH) and ULTDH systems. 
Similar finding is also presented in the case studies in Denmark [12,13]. 
It is concluded that the ULTDH system could become economically 
feasible if the investment for booster HP would be lower or the waste 
heat available [13]. As for the 5GDHC system, unlike other systems, the 
impact of building stocks renovations remains unknown. While most 
studies focus on districts with internally balanced heating and cooling 
demands [15–18], the advancing deep renovations will definitely 
change the balance and, thereby, alter the results valid at current situ
ation. Therefore, the feasibility of 5GDHC system requires further 
investigations. 

On the supply side, the future variations and uncertainties of elec
tricity prices are mainly due to the increasing deployment of VRE, the 
probable further phase-out of nuclear plants, and the fossil fuel price 
unpredictability. Among the works focusing on varying prices, the one 
from 2012 [33] investigated the influence of four simplified price pat
terns on a local DH system with combined heat and power (CHP) plant in 
Uppsala, Sweden. The CHP plant is found to be sensitive to price 
changes. Due to this reason, most studies about the influence of future 
electricity prices are focused on traditional 3GDH and CHP plants 
[33,35–37]. Romanchenko et al. [37] constructed six price scenarios 
with different levels of wind power integration towards 2030 and found 
significant increases of average price and price variations with the 
phase-out of nuclear power. The viability of HP is also sensitive to the 
price changes as demonstrated through case studies on existing DH 
systems in Finland [36]. However, the scope of the aforementioned is on 
large, centralized HP system while the performance of ULTDH and 

5GDHC systems under future prices has not been discussed. 
Besides the changes from the national grid, the local district energy 

system will also change with the integration of available VRE such as 
rooftop photovoltaic (PV), as seen in studies on various 5GDHC and 
4GDH systems presented in Table 1. In specific district energy system 
cases with certain VRE profiles, the overall system cost and VRE utili
zation rate were optimized through the temperature control in the 
network [38], the use of network inertia [39], the active thermal energy 
storage (TES), and batteries [40]. By combining analysis methods for 
various energy technologies, Wirtz et al. [15] further constructed an 
integrated design methodology for optimizing the sizes of all energy 
conversion units in a 5GDHC system. It was found that the bi-directional 
system has substantially lower cost, less emissions and better utilization 
of VRE compared to the individual system solutions. Similar ideas about 
the integrated optimization of energy equipment is also found in the 
study on a solar assisted 4GDH system [41], where the ratio of storage 
volume to solar collector area is analyzed to aid the system design. 
Despite that the integration of local VRE was widely studied as reviewed 
above, the focus was mostly on a given district energy system. The 
impact of local VRE on the system transitions towards different low- 
temperature system options has not been discussed. As the overall sys
tem efficiency and heat-to-power ratio will be improved in the future, 
the ability of using the VRE in different systems remains unknown. 

On another note, TES technologies are widely used in DHC systems to 
offer flexibilities in matching the energy supply and demand on various 
time scales [42]. Combined with power-to-heat technologies such as 
heat pumps, synergies between the heating and electricity sectors are 
created [43]. Therefore, the applications and roles of different TES 
technologies in the 3GDH and 4GDH systems were identified in previous 
research works [42,44,45]. As for the ULTDH and 5GDHC systems with 
lower temperature ranges and, thereby, lower sensible storage densities, 
TES sizes were optimized in previous studies [15,18,40]. Corresponding 
to the research gap in system transitions and future changes, the 
applicability of TES under such challenges still requires further 
investigations. 

Fig. 1. Flowchart overview of the main methodology.  
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1.3. Aim and scope 

Considering the research gaps illustrated above, this study aims at 
assessing the DHC system transitions under future changes from both 
supply and demand side. Thereby, the study brings new and important 
insights because earlier research works typically assume unchanged 
operation situations such as the balanced heating and cooling demand in 
the district network. Based on a representative residential community in 
the Nordic district heating context, the future performance of the 
centralized DHC, ULTDH and 5GDHC systems, were evaluated from 
technical, economical, and environmental aspects. The major focus of 
the study is on how the system choices are influenced by the possible 
changes in the future. Moreover, the applications of TES and their roles 
in the future DHC systems were also investigated. 

This paper is organized as follows: Section 2 explains the modelling 
methodologies and evaluation indexes. Section 3 introduces the inves
tigated residential case and the DHC systems. Section 4 describes the 
future scenarios with climate changes, renovation measures, energy 
price changes, and local VRE integration. The influences of these 
changes on the system performance and TES applications are presented 
in Section 5. The discussions on the DHC system transitions and the roles 
of TES are provided in Section 6. 

2. Methodology 

An overview of the methodology framework is summarized in Fig. 1. 
The input parameters are the forecast changes in the future, which are 
explained in detail in Section 4. Under these challenges, three typical 
DHC systems, as introduced in Section 3, were modelled and compared. 
Section 2.1 explains the dynamic modelling methodology, adapted from 
a previous study [44]. The applications of TES technologies are 
explained in Section 2.2. The design and operation of the whole system 
is optimized with the objective of minimal costs. By comparing results 
from different scenarios, the influence of future changes on the DHC 
system transition is figured out. The methods for evaluating the techno- 
economic performance are introduced in Section 2.3. Although this 
study is based on a residential case, the generalized methodology 
framework integrating the future changes, dynamic system modellings 
and system design optimizations can be applied to similar systems to 
increase the understandings on system transitions. 

2.1. System model and optimization problem 

The models for the DHC systems are based on the dynamic system 
model developed for centralized DH system in a previous study by the 
authors [44]. In order to suit the purpose of modelling and optimizing 
decentralized systems, several amendments and simplifications were 
made. This section focuses on these changes and general modelling 
principles, while the detailed methodologies can be found in [44]. 

The demand for space heating and space cooling is calculated by a 
two-node capacities model with five resistances [46]. In this represen
tation, each building is considered as one thermal zone with a uniform 
air temperature. The setpoints of indoor air temperature are 21 ◦C and 
23 ◦C for heating and cooling, respectively, according to the Swedish 
industry standard for energy use in buildings (SVEBY) [47]. Occupancies 
for indoor activities and equipment powers are based on previous in
vestigations of typical Swedish residential and commercial buildings 
[48]. Domestic hot water draw-off profiles are generated by stochastic 
modelling tool called DHWcalc [49]. Based on the profiles, the second
ary DHW losses were calculated by assuming a representative length of 
circulation pipes and temperature difference, as stated in [50]. To fulfill 
the demand and losses, the local equipment such as heat exchangers and 
heat pumps are operated with given temperature setpoints. 

Unlike the previous model, the hydraulic conditions of the DHC 
network are not modelled in the current study to linearize the whole 
system and simplify follow-up optimization process. The community 
network is represented by several thermal storage capacities, with ho
mogeneously distributed temperature within each pipe. The tempera
ture evolution Tnetwork for each pipe is explicitly written in Eq. (1). For 
transmission heat losses, a given heat loss rate of 0.1 W/(m⋅K) is used. 
For simplicity reason, fixed shallow ground temperatures of 5 ◦C during 
winter and 20 ◦C during summer are considered in this study, which 
represent typical ground temperatures of Gothenburg. 

Cnetwork
(
Tnetwork,τ+1 − Tnetwork,τ

)
= (Pinflow − Poutflow) • Δt (1)  

where τ is the time step. Cnetwork is the heat capacity of the water inside 
specific pipe. Pinflow and Poutflow are inflow and outflow powers, which 
include the heat losses and the heat exchanged on the demand-side. 

To maintain the stable system operation, the network temperatures 
are controlled to the design values, as specified in Table 3, by central 
heating and cooling sources in the investigated DHC systems. The 
models and parameters for the sources are explained in Appendix A.1. 

Several TES technologies were considered in the system. Their design 
sizes and hourly operation strategies were decision variables for the 
optimization of the minimum annualized system cost. The capital 
expenditure (CAPEX) for the equipment, operational expenditure 
(OPEX), and the maintenance expenditure (MEX) were summed up in 
the following objective function, Eq. (2). 

min cost = CAPEX+OPEX+MEX (2) 

The annualized investment is calculated by considering an interest 
rate of 5 % according to the financial conditions in Sweden and the 
expectations of the system owner [51]. CAPEX comprises the in
vestments for central and local sources, network, substations and heat 
exchangers, and the TES technologies, as expressed in Eq. (3). The 

Table 2 
Basic parameters and the heating and cooling demand of current buildings. The U-value refers to the average thermal transmittance of the building component.  

Building Total area 
(m2) 

U-value (W/m2⋅K) Demand (kWh/m2) 

Wall Window Roof SH DHW Cooling 

MFH 12,000 0.8 2.2  0.5  70.4  14.9  0.0 
SFH 6,000 0.6 2  0.5  111.1  18.7  0.0 
Office 1 2,520 0.8 1.8  0.5  46.0  2.4  10.2 
Supermarket 2,400 1 1.8  0.5  55.6  3.3  12.7 
Office 2 1,200 1 1.8  0.5  55.4  2.0  12.3  

Table 3 
Brief overview of the investigated DHC systems in this study and the design 
supply/return water temperatures.  

Short 
name 

Central sources Local sources 

Central 
DHC 

City DH: HPs, 65/35 ◦C 
City DC: compression chillers, 12/20 ◦C 

None 

ULTDHC Community: waste-water source low temperature 
HPs, 30 ~ 45/25 ◦C 
City DC: compression chillers, 12/20 ◦C 

DHW booster 
HPs 

5GDHC Community: waste-water source low temperature 
HPs, 30 ~ 45/25 ◦C 
Community: natural cooling, 35/25 ◦C 

DHW booster 
HPs 
Water-cooled 
chillers  

Y. Zhang et al.                                                                                                                                                                                                                                   



Energy Conversion and Management 268 (2022) 116038

5

detailed economic parameters and maintenance rates are explained in 
Appendix A.2, based on the reports from previous projects and current 
market prices [52]. 

CAPEX = CAPEXcentral +CAPEXlocal +CAPEXnetwork +CAPEXTES

+CAPEXsubstation
(3) 

In this study, the OPEX refers to the electricity bills since the heating 
and cooling sources are all electricity driven. Detailed information about 
the heating and cooling sources can be found in Section 3. Energy 
consumptions of circulating water pumps were also calculated based on 
the flowrate data and assumptions of fixed pressure loss and pumping 
efficiency. This study considers the planning scenario of the energy 
systems where the peak power cost of the equipment is represented by 
CAPEX, as explained above. For calculating the OPEX, the electricity 
price comprises two parts. The fixed part is set as 80 €/MWh in Sweden, 
which is decided by the tax, network prices, and local factors. The 
variable part comes from various scenarios of future electricity prices, as 
further explained in Section 4.3. It shall be noted that the energy price 
models and investment scenarios could change the optimal system 
design and TES sizes [53]. In real operational cases, a peak power price 
is commonly charged by the local energy company to recover the peak 
equipment investment [54]. 

The charging and discharging operations of the TES units were 
optimized to utilize the variable electricity prices and increase the usage 
of high-efficiency sources while reducing the power costs of the equip
ment. The sizes of the TES units were also decision variables for opti
mization. In accordance with the whole system, the TES units were 
linearized to ease the optimization process, i.e., temperature distribu
tions and stratifications inside the TES are not considered. General 
constraints were written in Eqs. (4)-(7). 

Psource,τ +Pdischarge,τ ≥ Pdemand,τ (4)  

SOCmin ≤ SOCτ +(Pcharge,τ − Pdischarge,τ − PTES,loss)Δt ≤ SOCmax (5)  

Pdischarge,τ ≤ Pdischarge,max (6)  

Pcharge,τ ≤ Pcharge,max (7)  

where Pcharge,τ and Pdischarge,τ are charging and discharging power at time 
step τ, respectively. Eq. (4) explains that the heating and cooling de
mand is fulfilled with the energy supply from sources Psource,τ and dis
charged energy from TES. For each time step, the state-of-charge (SOC) 
of TES shall be within the maximum and minimum ranges, as expressed 
in Eq. (5). The powers for charging and discharging the TES are also 
within the design values, which are decided by the heat transfer char
acteristics and sizes of the TES, as explained in Section 2.2. 

The whole model is developed and performed in MATLAB. The 
minimal time step is set as one hour in accordance with the demand 
profile. The Cplex solver is used to solve the linear optimization problem 
of the whole year, which needs around 15 min for each run on a Core-i9 
5.2-GHz computer. 

2.2. Energy storage unit design 

To cover the most common applications of TES in DHC systems, four 
types of water tank were considered in this study, including the demand- 
side building-level water tanks for space heating and cooling, and the 
community-level central water tanks for heating and cooling. The 
building-level water tanks are mostly used to reduce the peak power and 
associated cost in the demand-side. As is seen in Fig. 3, the tanks are 
connected to the exchangers for space heating or space cooling demand. 
However, as explained in Appendix A.1, the investment for small-sized 
tank is relatively high. 

By contrast, the central water tanks have lower investment per vol
ume and are more used to interact with the supply side sources, as is seen 
in Fig. 2. Unlike the other two systems, in 5GDHC system, since the 
separate heating and cooling networks are aggregated into one looped 
system, only one central storage tank between the warm and cold pipes 
is considered. A potential benefit is the internal balancing of heating and 
cooling demand, which is further explained in Section 5.2. 

The general equations for the water tanks are explained in Section 
2.1. A time constant of 2 h is applied, which means that the tank can be 
fully charged or discharged for 2 h. Therefore, the maximum power is 
specified and is associated with the tank size. The SOC ranges reflect the 
proportion of the storage capacity that can be used due to water 

Fig. 2. Schematic diagram of the case community with central district heating and cooling system.  
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mixtures and temperature level degradation [55]. Based on previous 
works on thermally stratified tanks [56], it is assumed that 80 % of the 
storage capacity could be practically utilized. To calculate heat losses, 
the heat loss rate of 0.6 W/(m2⋅K) is applied. The central water tanks are 
placed outdoors and the small demand-side water tanks are placed in the 
unheated indoor area such as the warehouse with an environmental 
temperature of 15 ◦C [57]. 

Apart from the four investigated types, the DHW tank is also installed 
to smooth the intermittent demand. An empirical size of 1 L per m2 of 
building area is applied due to the low economic incentive for opti
mizing the DHW tank sizes [44]. This study also considered the use of 
electric battery as additional storage units in the analysis in Section 5.6. 
The battery is installed centrally, close to the heat source, and is 
modelled in the same way as the linearized TES unit. A round-trip effi
ciency of 90 % and the energy loss rate of 0.2 %/h are assumed [58]. The 
shortest length of charging and discharging period is set as 2 h. 

2.3. Evaluation index 

The levelized cost of energy (LCOE) is calculated to reflect the 
annualized cost to fulfill unit amount of heating and cooling demand, as 
written in Eq. (8). 

LCOE =
Total annualized cost

Total demand
(8) 

To evaluate the overall system performance, the energy efficiency 
ratio (EER) is considered as the ratio between the overall system output 
and the electricity input. This index reflects the general relationship 
between the system’s input and output, including the auxiliary equip
ment and heat losses. Thereby, it can be also regarded as the systematic 
COP from a more classic definition [59]. 

EER =
Total demand

Total electricity consumption
(9)  

Fig. 3. Typical structures of substations in the central DHC, ULTDH, and 5GDHC systems.  
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3. Case study description 

An urban community located in Gothenburg, Sweden, with a total 
floor area of 24,120 m2 is used as the case study, which represents the 
common small urban district in Sweden. This kind of small community is 
also regarded as the most promising area for developing the innovative 
low-temperature DHC systems [5]. For similar cases, the methodology in 
this study can be also applied to evaluate different energy system op
tions. The multi-family houses (MFHs) and single-family houses (SFHs), 
with a total floor area of 18,000 m2, constitute the majority of the 
community, as with other residential community in Sweden. The district 
also has two office buildings and one community supermarket, as shown 
in Fig. 2. 

Table 2 presents the basic parameters about the case buildings and 
the calculated current heating and cooling demand according to 
methods explained in Section 2.1. A constant ventilation rate of 0.5 h− 1 

is assumed in all buildings, which complies fairly with hygienic venti
lation rate as specified in the current building code [47]. The energy 
performance of these buildings are close to the average building stock in 
Sweden [47]. To assess the future changes, renovations of these build
ings are investigated and presented in Section 4. 

Three typical DHC systems, as representatives of different transitions 
towards the future, were modelled and compared in this study. A brief 
overview of these systems is presented in Table 3. In current conditions, 
the communities in the city are commonly connected to the central DH 
and DC systems, provided by the city energy company. As an initiative 
towards the low-temperature network, the supply and return tempera
tures for the central DH system are reduced to 65 ◦C and 35 ◦C, 
respectively, considering the difficulty in upgrading large city-level DH 
systems with no demand-side boosting. For each building, a substation is 
built to prepare the heating and cooling demand. For SFHs, they are 
aggregated into two groups with two substations. Inside the substation, 
the secondary water is heated to the required temperature level by the 
heat exchanger, as shown in Fig. 3. The space cooling (SC) demand is 
also prepared by the heat exchanger, using cold water from the DC 
system. The operating temperatures of the DC system are set as 12 ◦C 
and 20 ◦C, according to the field investigations in Gothenburg [60]. 
Currently, few residential buildings are connected to the cooling systems 
due to the very low cooling demand in Nordic countries. 

In real DH projects, there are usually more than one heating source 

and the prices are most likely different for these sources. To simplify the 
modelling work, the large and multi-sources city-level DHC systems are 
represented by one water-source HP and one compression chiller, whose 
operational costs are close to the average levels of the Gothenburg DHC 
system [37]. The COP of the HP and chiller is calculated by empirical 
models based on operating temperatures and thermodynamic efficiency 
[61], and the detailed parameters are given in Appendix A.1. 

The community network has a total length of 1.2 km for DH and 0.6 
km for DC (because the cooling is supplied only to commercial build
ings), and the pipe sizes are designed according to the maximum flow
rate and allowable pressure drop in the system. For simplicity reasons, 
the secondary networks inside the buildings are represented by a single 
pipe with certain transmission heat losses. As can be seen in Fig. 2, 
several TES options are available, e.g., central and local, and they are 
explained in Section 2.2. 

In accordance with the trend on further lowering the heating water 
temperature, the second typical system investigated in this study is the 
combined ULTDH and DC system, noted as ULTDHC. The community 
network of this system is similar to the central DHC system from Fig. 2. 
However, the central heating source is replaced by waste-water source 
HP within the community, with lower forward temperature and higher 
efficiency. To directly supply the SH with maximum efficiency, the 
operating temperatures of the heating system are designed by the SH 
demand ratio, as expressed in Fig. 4. Based on [62], the maximum for
ward temperature is 45 ◦C for the radiators and 30 ◦C for floor-heating 
systems in the low-energy buildings. To fulfill the temperature 
requirement of DHW demand, booster HPs, which extract heat from the 
primary network, are installed in the substations, as shown in Fig. 3. 
During the low DHW demand period, the hot water circulation to assure 
satisfying tap-water temperature on-demand could introduce sizable 
heat losses and increase the return water temperature [63]. Therefore, 
the circulation HP is installed to cover the heat losses while cooling 
down the DH water to the design value of 25 ◦C by the evaporator [64], 
as shown in Fig. 3. Other decentralized solutions, like the instantaneous 
heat exchangers, electric tracing system, or micro booster equipment 
[65], are not considered in this study due to the large uncertainties 
about the installation process and relative system costs. 

With the increase of cooling demand in the future, the 5GDHC sys
tem, which allows bi-directional heating and cooling exchange between 
buildings, is investigated in this study. The separate heating and cooling 

Fig. 4. Relationship between the space heating demand and heating network operating temperatures in the ULTDH and 5GDHC systems, adapted from [62].  
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networks in the previous two systems are replaced by a bi-directional 
looped network. Instead of supply and return pipes, the 5GDHC sys
tem has a warm and cold pipe, as seen in Fig. 3. For heating demand, the 
water from the warm pipe is used as heat sources in the SH exchanger or 
DHW booster HPs. The cooled down water is then discharged into the 
cold pipe, which can be used as a heat sink for the water-source chillers 
installed in the commercial and office buildings. The cold-water tem
perature in the demand side is still set as 12 ◦C. The heated water from 
the condenser is in-turn discharged into the warm pipe, which can be 
used for the heating demand. Detailed descriptions of the 5GDHC system 
can be found in [14,17,66]. In this study, a fixed temperature difference 
of 10 K between the warm and cold pipes is applied to simplify the 
modelling process, while detailed optimization of temperatures can be 
found in [38]. To directly supply the SH demand, the temperature of the 
warm pipe is set according to Fig. 4, as explained above. Such fixed 
temperature design is close to the dynamically optimized temperature in 
[38]. When the heating and cooling demand cannot be internally 
balanced, external sources are operated to maintain the network at 
desired temperatures. The community HP is the same as the ULTDH 
system. For cooling the water from around 35 ◦C to 25 ◦C, natural 
sources such as lakes or sea are applicable. In the system model, a high 
COP of around 12 is applied to represent the pumping energy con
sumption and associated costs, as seen in Appendix A.1. 

4. Future scenarios 

The renovation plan, climate conditions, electricity prices, and 

locally available VRE productions are investigated as the major future 
changes in this study. These changes were grouped into several sce
narios, with which the DHC system transitions were evaluated, reflect
ing the different pathways towards the future. 

4.1. Building renovation 

According to the proposal explained in [27], the target demand after 
renovation is set as around 30 % of the current demand. Major reno
vation measures include the insulation of exterior building envelope, 
replacement of low-efficiency windows, installation of ventilation heat 
recovery systems, and the improvement of air tightness in the buildings 
[67]. The overall heat transfer coefficient (U-value) and the heating and 
cooling demand after the renovation are presented in Table 4. In Nordic 
countries, the cooling demand in commercial buildings is mainly caused 
by heat gains from internal equipment, human activities, and the solar 
radiation. Because of the cooler climate, the heat losses through the 
exterior envelopes and ventilation are positive effects for reducing the 
cooling demand. Thereby, with the reduction of U-value and SH de
mand, the SC demand in the office and commercial buildings increases. 
The average outdoor air temperature in Gothenburg during July and 
August in 2020 was 16 ◦C and the maximum temperature was 26 ◦C. To 
utilize the free-cooling effect by the cold outdoor air, the ventilation rate 
is automatically increased to 1 h− 1 in commercial buildings when the 
outdoor air temperature is lower than the indoor air temperature during 
summer season. It is worth noting that future changes of DHW demand 
are not considered in this study due to the lack of reliable forecasts of 
future conditions. 

4.2. Climate change 

Various models are available for estimating the future climate con
ditions. This study has used the regional climate model RCA3, created by 
the Rossby Centre, the climate modelling unit of the Swedish Meteoro
logical Hydrological Institute (SMHI). The regional model with a 50 km 
horizontal resolution is used to downscale the result of the coarse global 
climate model ECHAM5. Details about the climate models can be found 
in [68]. To reflect the future changes of greenhouse gases and aerosols, 
several scenarios were created by assuming some underlying socioeco
nomic driving forces of emissions, such as future population growth, 

Table 4 
Basic parameters and the heating and cooling demand of future low-energy 
buildings. The U-value refers to the average thermal transmittance of the 
building component.  

Building U-value (W/m2⋅K) Demand (kWh/m2) 

Wall Window Roof SH DHW Cooling 

MFH  0.35 1  0.25  15.8  14.9 0 
SFH  0.3 1  0.2  24.1  18.7 0 
Office 1  0.3 1.2  0.25  13.2  2.4 29.3 
Supermarket  0.4 1  0.25  15.3  3.3 23.2 
Office 2  0.3 1  0.2  14.0  2.0 29.6  
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economic and technical development. As shown in Fig. 5, the emission 
scenarios have similar global temperature increase in the upcoming few 
years but larger differences further in the future. For simplicity, the 
ECHAM5-A1B climate scenario, which has temperature profiles close to 
the average level of all models, is used in the upcoming system model
ling and evaluations. According to the modelling results, the average 
temperature in the 2100 s is increased by 3.5 ◦C compared to the 1960 s 
level, which is between the temperature increase forecasted by the in
termediate and high gas emission scenarios as reported in the latest sixth 
assessment report of the intergovernmental panel on climate change 
[69]. 

The decade of 2050 s is studied as the representative of future 
checkpoint for reaching the carbon neutrality target [4]. The year 2054, 
which has an annual average temperature closest to the 10-years 
average level, is chosen as the representative of the future weather. 
The current weather condition is represented by the year 2021 from the 
2020 s decade. The temperature profiles and the accumulated future 
heating and cooling demand for the whole community were summarized 
in Table 5. 

It is found that the influence of building renovation is more signifi
cant than the influence of the climate change. However, approximately 
13 % of heating demand reduction and nearly 50 % of cooling demand 
increase are observed in 2050 s compared to 2020 s. The results are in 
agreement with the previous conclusion about more changes in the 
cooling demand than heating demand in Nordic countries [25]. Such 
changes will influence the applications of DHC systems. Moreover, with 
better insulations and lower heat transfer coefficient, the heating de
mand of low-energy buildings are less influenced by global warming 
compared to the current buildings. 

4.3. Electricity price 

The electricity in Sweden is mainly generated from hydropower and 
nuclear power. In 2020, the shares of hydropower, wind power, and 
nuclear power in the total national electricity supply are 42 %, 16 %, and 
28 %, respectively [70]. As an important measure to achieve carbon 
neutrality, the electricity generation from VRE is growing fast in recent 
years. In consequence, the electricity price profiles are influenced. In 
this study, the variable price profiles are generated by the ELIN-EPOD 
modelling package [71], which covers the EU-27 countries plus Nor
way and Switzerland. The model has 50 price areas to represent the 
European transmission bottlenecks and is capable of analyzing the 
electricity flows between the areas. 

Inspired by an earlier study on the influence of future prices on a city- 
level DH system [37], five scenarios were created to represent the 
different integrations of wind power in the Swedish national electricity 
grid. The variable electricity price is combined with the fixed price 
decided by the taxes to form the final price. The main parameters of the 
scenarios are presented in Table 6. The index of price variation expresses 
the annual proportion of all price differences to the daily average price. 
A similar variation as in an earlier study about the heat load variations 

Table 5 
Temperature profiles and the accumulated demand for the whole community. The calculated cooling demand index refers to the non-residential area (6,120 m2).  

Decade Temperature (◦C) Demand (kWh/m2) 

Average building Low-energy 

Max Min Average Heating Cooling Heating Cooling 

2020s  21.6  − 11.1  6.9  88.5  12.4  30.2  27.1 
2050s  23.9  − 6.1  9.4  69.7  17.1  22.9  31.6  

Table 6 
Main parameters of the electricity price scenarios.  

Name Wind power 
usage 
(TWh) 

Nuclear 
power 
(GW) 

Average 
price 
(€/MWh) 

Price 
variations 
(%) 

10 % wind 16 8.5  151.7  8.2 % 
20 % wind 33 6  156.8  17.7 % 
35 % wind 57 3  139.7  23.8 % 
50 % wind no 

nuclear 
82 0  169.9  45.1 % 

50 % wind & 
nuclear 

82 3  117.1  8.7 %  

Fig. 6. Duration curves of the five investigated electricity price scenarios. NUC represents nuclear power generation.  
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[72] was chosen. With continuous discussions on the nuclear safety, the 
nuclear power plant is assumed to be gradually phased-out in the future. 
One scenario that keeps 3 GW of nuclear power is also considered as an 
alternative point of view on nuclear as baseload plant. It shall be noted 
that there are other factors that can influence the electricity prices such 
as fuel prices. These factors are further discussed in Section 6. 

The duration curves of the electricity prices are presented in Fig. 6. 
With higher integration rate of wind power and phase-out of nuclear 
power, larger variations are expected to exist, as also reflected in the 
extreme price conditions. The high electricity price is explained by the 
limited flexibility in handling intermittent productions from VRE, 
despite the significant capacity of hydro power in the national grid. 
Thereby, the expensive CHP plants are more frequently on the margin to 
compensate the electricity demand that cannot be provided by the 
renewable energy. On another note, the increasing wind power also 
brings in lower electricity prices when there is a surplus supply in the 
system. Comparing the two scenarios that have 50 % of wind integra
tion, the one without nuclear power generation has obviously larger 
variations and higher average price level. This can also be explained by 
the frequent ramping of power plants and the limitations in exchanging 
electricity with other areas. 

4.4. Local variable renewable energy 

Besides the national grid, the increasing capacity of VRE is also 
installed in the local district energy system to reduce energy bills and to 
achieve self-sufficiency. Due to the reduced price of PV panels in recent 
years, the rooftop PV is an attractive solution for the district energy 
system and is selected as the local VRE technology in this study. The 
main parameters of the four investigated PV scenarios are presented in 
Table 7. Different levels of local PV integration rate are reflected in the 

scenarios. Take the example of the central DHC system with current 
demand profiles, the peak electric power demand is 243 kW and the 
accumulated annual demand is 646 MWh. The power capacities of local 
PV in four scenarios cover a range of 10 % to 80 % of the peak power 
demand. However, due to the imbalance between the supply and de
mand, only a part of the production can be directly used by DHC system, 
as is shown in Table 7. To increase the utilization of local PV, the op
erations of the DHC system as well as the TES units were optimized. In 
this study, the feed-in price for the surplus PV power is set as a fixed 
value of 50 €/MWh, which is around 33 % of the average brought-in 
price from the grid. 

5. Results 

The Section 5.1 starts with the energy performance and annualized 
cost breakdown for the three typical DHC systems with current demand 
profiles and prices, as an introduction to the evaluation works. Then, the 
influences of demand changes, electricity prices, local PV on the DHC 
systems as well as the TES applications are explained in Section 5.2–5.4, 
respectively. 

5.1. Performance at current condition 

The hourly aggregated heating and cooling demand of the whole 
community under current scenario is presented in Fig. 7. It can be seen 
that the cooling demand only plays a very small part of the total de
mand. Under such scenario, the annual energy supply from central 
sources and the overall electricity consumption are summarized in 
Table 8. Due to heat losses in the network, substations and TES units, the 
central energy supply is larger than the demand, especially in the con
ventional central DHC system. By contrast, since part of the heating and 

Table 7 
Main parameters of the local PV scenarios. The direct use of PV electricity by the 
central DHC system in current condition without any flexibility measure is 
presented.  

Name Capacity (kW) Production (MWh) Direct use, MWh (%) 

PV case1 25  25.6 25.1 (98 %) 
PV case2 50  51.3 44.1 (86 %) 
PV case3 100  102.5 67.7 (66 %) 
PV case4 150  153.8 82.8 (54 %) 
PV case5 200  205.1 93.7 (46 %)  

Fig. 7. Aggregated heating and cooling demand of the whole community in current scenario.  

Table 8 
Annual energy supply from central sources and the overall electricity con
sumption for three systems under current scenario.  

System Central source supply (MWh) El consumption 
(MWh) 

Heating Cooling 

Central DHC 2,338 87 647 
ULTDHC 2,217 85 441 
5GDHC 2,134 4 419  
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cooling demand is balanced internally in 5GDHC system, the external 
supply is reduced. As the improvement of source efficiency, in ULTDHC 
and 5GDHC systems, the electricity consumptions are lower than the 
central DHC system. 

Despite the attractiveness in saving electricity consumption, the 
LCOE for ULTDHC and 5GDHC systems are higher than for the central 
DHC system, as shown in the cost breakdown analysis in Fig. 8. The main 
reason is that the increased CAPEX for heating and cooling sources have 
exceeded the saving of OPEX. Besides, the CAPEX for network is also 
slightly increased because a larger flowrate is needed, as the tempera
ture difference is reduced in the ULTDHC and 5GDHC systems. 
Compared to the central DHC system, the OPEX saving in 5GDHC system 
is relatively small because the waste heat recovery potential from 

cooling process is limited. The results under the current scenario proved 
the economical infeasibility of 5GDHC system for a residential com
munity before the renovation, which is in line with the previous studies 
[14,66]. 

5.2. The influence of demand changes 

With the demand changes due to the renovations and global warm
ing, the LCOE for the three typical systems are also changed, as pre
sented in Fig. 9. The 5GDHC gradually becomes economically feasible in 
the future. The LCOE of 5GDHC is 3.4 % higher than central DHC system 
in current condition and is 4.5 % lower in year 2050 after the building 
renovation. With larger share of cooling demand in the future, the 

Fig. 8. Breakdown of levelized cost of energy for different systems.  

Fig. 9. Levelized cost of energy (LCOE) and electricity use for unit demand under future scenarios. For each scenario, results from the three studied DHC systems, 
which are the central DHC, ULTDHC, and 5GDHC, are presented from left to right. 
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5GDHC system uses less electricity compared to central DHC system. For 
ULTDHC system, it has similar LCOE with the other two systems in the 
current average building stock. However, after the building renovation, 
it is not as attractive as 5GDHC in the future. These findings about the 
future trends are explained from several aspects including the system 
structures, source efficiency, and system losses. 

With more simultaneous heating and cooling demands in the future 
and higher shares of each, the related energy demands can be supplied 
from high-efficiency internal sources in the 5GDHC system, as shown in 
Table 9. For low-energy buildings in 2050, the central sources only 
contribute to 67 % of the overall demand, which is mostly occurring in 
winter. By contrast, with the heat and cold losses included, more energy 
is supplied than the actual demand in the central DHC and ULTDHC 
systems, as shown by negative values in Table 9. In general, the heat 
losses are becoming more significant with the reduction of SH demand in 
the future. The main causes are the network transmission losses and the 
circulation losses inside the substation. Compared to the central DHC 
system, with a lower supply water temperature of around 35 ◦C, the 
share of heat losses is reduced to around 10 % in ULTDHC and 5GDHC 
systems. Besides, these losses are less critical because they are mostly 
supplied by circulation HPs and low-temperature central HPs, which 
have higher efficiencies than the sources in the central DHC. The heat 
losses in 5GDHC system are around 8 %, i.e., lower than in the ULTDHC 
system. The main reason is the reduction of cooling losses since the 
cooling networks are aggregated into one looped system that has an 
operating temperature close to the ground, as of around 20 ◦C. By 
contrast, in the ULTDHC system where the forward temperature from 
the central DC system is 12 ◦C, the temperature difference of 8 ◦C be
tween the cooling pipe and shallow ground drives the cooling loss. 

As for the source efficiency, the COPs of the central DH and DC 
sources remain at 3.78 and 3.06, respectively, under the future demand 
scenarios, due to unchanged heating and cooling network operating 
temperatures. The latter are decided by the requirement for hygienic 
DHW and cooling supply, as explained in Section 2. For ULTDHC and 
5GDHC systems, the heating supply temperatures are lower, and the 
central COP is therefore higher. As shown in Fig. 3, with lower SH de
mand in the future, the supply water temperature in these systems can 
be further reduced from 45 ◦C in the radiator system to 30 ◦C in the floor 
heating system. Therefore, for the considered water-source HP, the 
lifting temperature is lower, and the COP is increased from 5.7 in the 
current condition to 9.4 in the low-energy scenario with 2050 s climate 
profiles. 

As for the local chiller that is installed in the 5GDHC system to 
provide cooling to the buildings, the condensing temperature is based on 
the temperatures in the warm pipe, which is also reduced in the future. 

Therefore, the COP of the local chiller is also increased, from 5.8 in the 
current to 7.8 in the low-energy scenarios. The overall EER of the 
5GDHC system reached 7.1 in the low-energy buildings in 2050, which 
is significantly higher than that of 4.9 and 2.8 in the ULTDHC and 
central DHC systems, respectively. 

Despite the improvement of heat source efficiency, the ULTDHC 
system is not as economically attractive as 5GDHC in the future, as 
shown in Fig. 9. This phenomenon is explained from several points of 
view. First, with the reduction of SH demand, the direct use of the high- 
efficiency community HP is reduced along with its economic benefits. 
Second, the costs for supplying DHW increases due to the additional heat 
supply. In such system, the cold tap water of 10 ◦C is firstly heated up to 
around 35 ◦C by the central DH through the heat exchangers. Then, to 
boost the pre-heated water to the required hygienic temperature level 
for DHW, a part of the hot water from the central network is used again 
as a heat source in the booster HP, as shown in the typical substation 
structure in Fig. 2. Therefore, the overall heat supply from the central 
and booster HPs is larger than the actual demand. With a lower forward 
temperature, the heat from the central high-efficiency HP is reduced and 
a larger use of the booster is required. Thereby, despite the increase of 
COP for the central source, the overall system EER is still reduced in the 
future, as shown in Table 10. As pointed out in the previous research 
work [13], the ULTDH system is more suitable for an area with high SH 
demand density, such as those with a plot ratio higher than 1 and SH 
share higher than 70 %. The highest system EER in the average building 
scenario in 2050 s also indicates an economically optimal forward 
temperature of 40 ◦C for the studied case. 

Compared to ULTDHC and central DHC systems, there is more need 
for central storage units in the 5GDHC system as shown by the optimal 
storage sizes in Fig. 10. Unlike the former two systems, only one 
community-level water tank is used in the 5GDHC system for balancing 
the heating and cooling sector. The storage temperature range is defined 
by the operating temperatures of the warm and cold pipes. The benefits 
from the storage unit can be classified into three major points: 1) 
reduced peak power; 2) increased internal balance of heating and 
cooling demand, as well as reduced energy supply from central sources; 
3) better utilization of the variable electricity prices and, consequently, 
reduced operating costs. The second benefit is especially important for 
the 5GDHC system to maximize its efficiency. For the investigated future 
low-energy community, around 10 % of the total demand, as introduced 
in Table 9, is internally balanced via the use of the central TES. 

For ULTDHC system, the large CAPEX associated with the heating 
sources and peak shaving potentials is the main incentive for the use of 
central TES. Therefore, in the average building stock, the optimal sizes 
of TES together are larger than that in the central DHC system. However, 
with the reduction of SH demand and heat supply temperature, the 
sensible storage capacity of the hot water tank is directly reduced. With 
limited benefit, the optimal size of central TES in ULTDHC system be
comes smaller in the future. For the central DHC system, the optimal TES 
is slightly increased in the future to shave the peak demands. Indeed, 
greater peak-average difference and greater peak shaving potentials can 
be expected [25]. 

For the cold water storage, the temperature difference is the same as 
the DC network temperature difference, which is 8 ◦C. As explained 
above, there is no need for a community-level cold water tank in the 
5GDHC system. For central DHC and ULTDH systems, as the cooling 
demand becomes larger in the future, the need for cold storage also 
increases. The optimal size in the future is around 8 m3, which is still 
relatively small compared to the hot water tank. 

Due to the relatively high investment associated with small-scale 
water tanks, the total size of the building-level TES units in the whole 
community is only 4 m3, which is around 0.15 L per unit building floor 
area. The building-level TES is mainly used as buffer unit to shave the 
peak demand and reduce the equipment cost. Such conclusion is in line 
with the previous findings about the applicability of demand-side TES 
[44]. 

Table 9 
The share of heating and cooling supply from internal sources in the overall 
demand under future demand scenarios. Negative value indicates extra supply 
than the demand, which is thermal loss.  

Scenarios Central DHC ULTDHC 5GDHC 

Average 2020s − 10 % − 4% 3 % 
Average 2050s − 12 % − 5% 7 % 
Low-energy 2020s − 25 % − 10 % 23 % 
Low-energy 2050s − 30 % − 10 % 33 %  

Table 10 
Energy efficiencies of the ULTDHC system under future demand changes.  

Scenarios System EER HP COP 

Central HP DHW booster HP 

Average 2020s  5.0  5.7 5.6 
Average 2050s  5.2  6.5 
Low-energy 2020s  5.1  7.8 
Low-energy 2050s  4.9  8.8  
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5.3. The influence of electricity prices 

The influence of future electricity prices on the systems annualized 
costs is shown in Fig. 11. Two demand profiles from Section 5.2, which 
are for the current buildings in 2020 s and for the low-energy buildings 
in 2050 s, were also included in the analysis. As explained in Section 5.2, 
the 5GDHC and ULTDHC systems are in general economically infeasible 
with the current demand profiles but become cost-saving with the future 
demand profiles. However, in the future, with 50 % wind power and 
nuclear power in the national grid, the 5GDHC is even costing more than 
the central DHC system. 

The main change is in the OPEX, which is directly influenced by the 
electricity prices. As shown in Table 6, the annual average electricity 

price is 52.8 €/MWh lower if the nuclear plants remain in the national 
grid. These plants can serve as baseload power plants, so the expensive 
fossil-fuel based plants are less operated when there is scarcity of wind 
power. As shown in Fig. 12, with nuclear plants and lower average 
electricity prices, the share of OPEX becomes smaller. The benefits of 
5GDHC system for lowering the OPEX are also reduced, which cannot 
offset the relatively expensive capital cost. 

Comparing the five electricity price scenarios, the 50 % wind without 
nuclear scenario has the highest average price and the largest share of 
OPEX. Therefore, such scenario is favorable for the applications of 
OPEX-saving systems. Under current demand profiles, it even makes the 
5GDHC and ULTDHC systems more cost-effective than the central DHC 
system. 
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Fig. 11. LCOE of the three studied DHC systems under different future price scenarios.  
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Another factor contributing to the difference of OPEX is the distri
bution of electricity prices. In summer, the wind power has stronger 
output due to the weather conditions in Nordic countries, making the 
electricity prices generally lower compared to winter. With the nuclear 
plants in the grid, the wind power is on the margin for most of the time 
during summer. Although the cooling demand makes up to 27 % of the 
total demand, the OPEX between May and August is only 15 % of the 
total OPEX. Therefore, the main advantage of the 5GDHC system at low 
operational costs during summer is again weakened. 

As for the applications of TES units under future price changes, the 
demand-side water tanks have similar small sizes as in the scenarios in 
Section 5.2, due to the relatively high investments associated with them. 
Compared to the community-level cold water storage, the central hot 
water tank has much larger optimal size because the heating demand is 

still dominant in the district. With the increase of wind power pene
tration rate and the increase of consequent price variations, there is 
stronger need for the community-level hot water tank, as shown by the 
increase of optimal size in Fig. 13. As for the nuclear scenario with the 
lowest average price and smallest price variations, the optimal size of 
the TES is also the smallest. It is worth mentioning that the differences of 
sizes in terms of DHC systems are in line with the previous results in 
Fig. 10. 

To better understand the benefits of TES units, the cost-saving 
breakdown analysis was conducted on the hot water tanks under two 
price scenarios, as shown in Fig. 14. The hot water tank is mainly used to 
take advantages of the variable electricity prices in the central DHC 
system. In the ULTDHC and 5GDHC systems, the most benefit comes 
from the reduction of peak power in the expensive heating and cooling 
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equipment. In the ULTDHC system, the benefits are limited due to the 
small storage density and system characteristics, as explained in Section 
5.2. The relatively high heat-to-power ratio in the 5GDHC system, which 
makes the synergy between heat and electricity less feasible, is another 
reason behind the limited benefits from electricity price variations. More 
details are explained in Section 5.4 with local PV power. 

5.4. The influence of local PV 

With different installed capacities of PV panels in the district, the 
contributions of PV power to the electricity demand and the LCOE of the 
three DHC systems are shown in Fig. 15. The analysis within this section 
is based on the 10 % wind electricity price pattern, to exclude the 
disturbance of other factors. In general, as the demand is reduced in the 
future, the share of PV power in all three systems is higher than that with 
the current demand profiles. Speaking about the difference between the 
systems, the 5GDHC is cost-saving only when there is a small share of 
local PVs, as pointed out in the upper left part of Fig. 15. As the capacity 
of PV increases, the LCOE reduction benefit in the 5GDHC system is 
much smaller than the reduction in the central DHC system. In other 
words, to reach the similar PV integration target larger than 20 %, the 
5GDHC costs more than the other two systems. 

An important reason for this outcome is the electricity demand 
profile. Indeed, the 5GDHC is consuming only around half of the central 

Fig. 14. Cost-saving breakdown of TES units under two price scenarios with future low-energy demand profiles.  

Fig. 15. LCOE and the share of PV usage in the total electricity demand. Each dot represents one local PV case.  

Table 11 
Heating, cooling, and electricity demand for three systems with future low- 
energy demand profiles.  

Systems Heating 
(MWh) 

Cooling 
(MWh) 

Electricity 
(MWh) 

Central DHC 552 193 272 
ULTDHC 148 
5GDHC 104  
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DHC system’s electricity demand, as presented in Table 11. Although the 
PV integration target is not favorable, the realistic electricity con
sumption of 5GDHC is still the smallest. From another perspective, to 
balance the supply and demand, the small demand profile only favors a 
small capacity of local PV. Otherwise, the surplus power is sold back to 

Fig. 16. LCOE saving benefit by the TES units in three studied DHC systems with low-energy demand profiles.  

Table 12 
Overview of the main changes in demand side and supply side in the future.  

Name Description 

Change 1: demand Low-energy demand profile and future climate in 2050 
Change 2: price 50 % wind scenario without nuclear plant. Average price: 169.9 

€/MWh 
Change 2*: price 50 % wind scenario with nuclear plant. Average price: 117.1 

€/MWh 
Change 3: local 

VRE 
PV with 150 kW capacity  

Fig. 17. Relative LCOE differences compared to the central DHC system under future changes.  

Table 13 
The battery sizes and future changes for the analysis of battery applications.  

Item Description 

Battery sizes 0–500 kWh 
Future 

changes 
Low-energy demand profile, 50 % wind electricity price scenario 
with nuclear plant, local PV capacities of 150 kW to 250 kW  
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the grid at a low price, which influences the economic performance of 
the whole system. Meanwhile, with the integration of PV, the average 
electricity price becomes smaller, which again reduces the advantage of 
5GDHC system as explained in Section 5.3. 

The limited application of TES to achieve the synergy between the 
heat and electricity is another reason for the 5GDHC system perfor
mance. As presented in Section 5.2, the overall EER of the 5GDHC sys
tem is 7.1, which is much higher than 2.8 of the central DHC system. 
That is, with the same TES capacity, the shifted electricity in the 5GDHC 
system is only 2.8/7.1 of the central DHC system. Therefore, the appli
cation of TES in the 5GDHC system is limited when there is a strong need 
for the synergy between heating and electricity, as shown by the cost- 
saving benefits of TES under different local PV scenarios in Fig. 16. In 
contrast, larger capacities of the local PVs provide additional benefits to 
the central DHC system. The cost-saving breakdown analysis in Fig. 14 
also reveals that the main benefit of TES in 5GDHC system comes from 
thermal-only application and not from thermal-electricity application 
such as variable prices or PV integration. 

5.5. Summary of future changes 

Based on the individual influence of each future change in the pre
vious sections, the combined influences of demand side and supply side 
changes are discussed hereafter. Table 12 presents an overview of the 
major changes in the future. Among these changes, the future develop
ment of local VRE is hard to be anticipated because it is influenced by 
many factors such as the facility investment, feed-in tariff, and carbon 
taxes. For the analysis in this section, the PV case with an installed ca
pacity of 150 kW is used as an example of relative rapid development of 
local VRE. 

For ULTDHC and 5GDHC systems, the relative differences of LCOE 
compared to the central DHC system are shown in Fig. 17. It is seen that 
the combined influence of future changes is close to the cumulative 
summary of single changes. The changes with numbers 1 and 2, i.e., the 
demand reduction and higher electricity price, favor the application of 
ULTDHC and 5GDHC systems. In contrary, the lower electricity price 
and larger share of local VRE (number 3) inhibit the two systems. As a 
result, the LCOE in the three systems is quite different with all changes 
considered. 

To make the 5GDHC system economically attractive, the annualized 

cost of the whole system shall be reduced by 3 €/MWh and 12 €/MWh 
respectively, in the future scenarios with high and low average elec
tricity prices. Considering 2,000 h of full-load performance on average, 
the cost reduction targets correspond to 6 €/kW and 24 €/kW of annu
alized capital investment respectively. However, despite the economic 
difference, the ULTDHC and 5GDHC systems still have much lower 
electricity use. 

5.6. Applications of battery storage 

The results and analysis in Section 5.4 have shown the limited ben
efits of TES in achieving the heating and electricity synergy in 5GDHC. 
Here, batteries as energy storage units, which can directly shift the 
electricity demand, are investigated to increase the VRE integration 
level. The applications of battery are considered under a set of future 
changes, as summarized in Table 13. As it can be seen, under all future 
scenarios, the use of battery is economically infeasible due to the rela
tively high investment of today. The conclusion is in line with a previous 
study on the optimal design of battery in DHC systems [58]. On another 
note, considering the future development of battery technologies and 
possible lower production prices, the application of battery in the DHC 
system requires further notice, which is outside the scope of this work. 

To explain the performance of the battery, its various sizes were 
considered in the three DHC systems. The LCOE and electricity con
sumptions of these systems are shown in Fig. 18, along with the benefits 
of the associated TES units. It is clearly seen that the benefit of TES in 
5GDHC is limited, as explained in the previous sections. The scenarios 
with installed batteries are represented by smaller markers in the figure, 
which all have higher LCOE than the scenarios without batteries 
(enlarged single markers).Obviously, with batteries, the imported elec
tricity can be reduced to as low as 0.03 kWh per unit heating and cooling 
demand, giving an overall EER of 33. The target of a self-sufficient 
district, or near zero-energy district, can be thus achieved. In conclu
sion, the results about the TES and battery combined prove the need of 
flexible and cost-saving energy storage solutions in the future systems 
characterized by high heating efficiency and high heat-to-power ratio. 

Other than the target of VRE integration rate used in Fig. 15 for the 
systems’ comparison, another perspective from practical electricity use 
is provided in Fig. 18. The 5GDHC and ULTDHC systems have much 
lower electricity use than the central DHC system. Thereby, the optimal 

Fig. 18. LCOE and imported electricity for the three systems with different sizes of battery under future changes. The enlarged markers represent the reference 
scenarios without any storage unit. The arrows represent the TES benefits. 
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system choice is not a fixed result but shall more dynamic according to 
the design targets and objectives. 

6. Discussion 

This study explored the possibilities of future changes of heating and 
cooling demand in buildings and evaluated the system transitions and 
the applications of TES under these changes. It shall be noted that the 
transitions are planned for a newly built area, i.e., the investment for the 
entire network is considered in all scenarios. Therefore, the comparison 
between the systems is based on the same boundary condition to avoid 
biased conclusions. The upgrading of an existing network to possible 
ULTDHC or 5GDHC systems is not considered due to the large un
certainties about the practical project cost. 

Based on the results, the ULTDHC is proven to be less economically 
feasible than the 5GDHC with the future demand changes. Indeed, the 
ULTDHC is a combined centralized and decentralized system. As the 
demand density reduces, the benefit from the centralized part reduces as 
well, while more extra energy is required in the decentralized sources, as 
explained in Section 5.2. This conclusion is in line with the previous 
works on the relationship between demand density and system feasi
bility [13]. The understanding is enriched with the results from the 
5GDHC system, which has more benefits in the decentralized sources 
with future changes. However, it shall be noted that the fully decen
tralized heating and cooling systems for buildings are not considered in 
this study due to the large uncertainties associated with the imple
mentations and costs. 

In the supply side, the future electricity prices due to the integration 
of wind power and the probable phase-out of nuclear plants are also 
investigated. It shall be noted that the future prices are sensitive to many 
possible factors such as the fuel prices, VRE profiles, power transmission 
networks between countries, and even political issues. Based on the 
results in this study, the changes in prices can be described by the 
following key indices: the average price level, variations, and seasonal 
distributions. The ULTDHC and 5GDHC are more economically feasible 
under conditions with high average price and high summer price. To 
quantitatively capture the influence of the above-mentioned factors, the 
national electricity grid model shall be improved, which in turn requires 
comprehensive multi-scenarios analysis in the future. Meanwhile, the 
TES units were proven to be less applicable for the synergy between 
heating and electricity in the future when the overall system efficiency 
and heat-to-power ratio are improved. Flexible and economic energy 
storage technologies are also needed. 

The reference monetary values used in the evaluations are based on 
previous projects and market prices, which are reasonable for the 
selected small case community. However, it shall be noted that the 
changes of economic parameters can directly influence the results. E.g., 
in some area of Gothenburg, the cost of peak power is nearly 80 €/kW 
including the network cost. Such a power cost will introduce more 
benefits for peak-shaving TES units and even change the optimal system 
design. The focus of this study is the influence of future changes, and the 
major conclusion is about the transitions of system and TES applications. 
Yet, the resilience about such performance and the sensitivity of eco
nomic parameters requires further investigations [11], to comprehen
sively understand the transitions in the future. 

In the investigated residential community, the heating demand is 
still dominant, making up to 73 % of the total demand even in the low- 
energy buildings in the 2050 s. There is a small potential of utilizing 
waste heat during summer and, thus, little incentives for using the 
seasonal storage. Thereby, the seasonal TES is not considered in this 
study. Besides, the considered TES technologies are based on sensible 
storage. With the reduction of operating temperature difference, the 
latent storage with phase change material could have more potentials. 
However, the practical issues such as the low discharging power, sub- 
cooling phenomenon, and the low economic feasibility shall be care
fully considered [73]. 

7. Conclusions 

This study aims at elucidating the transition of DHC systems and 
roles of TES under the future possible changes, induced by climate 
changes, building renovations, electricity prices, and local VRE pro
ductions. The changes were analyzed and aggregated into several sce
narios. Based on a case residential community, three studied systems 
including the central DHC, ULTDHC, and 5GDHC were simulated and 
compared in terms of the energy performance, LCOE, and imported 
electricity. The results from multi-scenarios were analyzed and the key 
conclusions are summarized as follows:  

1) In the case residential community where the cooling demand stands 
for only 3 % of the total demand, the future warmer climate until the 
2050s and deep building renovations would increase the cooling 
share to 27 %. In the considered demand change, the 5GDHC system, 
which currently has the highest system cost, becomes economically 
feasible. This brings new insights on the applications of 5GDHC in 
residential communities.  

2) The increasing production of wind power and probable phase-out of 
nuclear power have significant influences on the national electricity 
prices. Without nuclear plants, the prices would be higher on average 
and with larger variations, which increases the OPEX and makes 
5GDHC and ULTDHC more cost-saving compared to the central DHC 
system. The increasing energy prices create more possibilities for 
new technologies.  

3) With the power production from local PV, the 5GDHC system has 
higher LCOE than the other two systems if the similar PV integration 
target is applied. The main reasons are the low electricity demand 
profile, limited use of TES, and the reduced average electricity price. 
As the overall system efficiency and the heat-to-power ratio are 
improved, the active shift of electricity demand by using TES is less 
applicable. However, the 5GDHC system still has the smallest elec
tricity consumption among the three DHC systems.  

4) The combined changes in the supply and demand side would have 
significant influences on the LCOE difference between the considered 
DHC systems. To make the 5GDHC system economically attractive, 
the annualized capital investment of the whole system shall be 
reduced by 6 €/kW and 24 €/kW in the future scenarios with high 
and low average electricity prices, respectively. This calls for mul
tiple improvements in equipment production, installations, and 
business models. 
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Appendix A 

Appendix A.1 Heating and cooling source parameters 

The COP of HPs and compression chillers are modeled with the condensing temperature, evaporating temperature, and thermodynamic efficiency 
for compressor ηc [61]. The pinch point temperature difference for heat exchange between the water and the refrigerant is set as 2 K. The parameters of 
the heating and cooling sources in central DHC, ULTDHC, and 5GDHC systems are presented in Tables A.1–A.3, respectively. As is explained in Section 
2, the complex heating and cooling sources in Gothenburg are represented by one HP and one compression chiller, presented in Table A.1. Considering 
an average electricity prices of 0.16 €/kWh, the average heating and cooling prices are 0.042 €/kWh and 0.052 €/kWh, respectively, which are close to 
the energy prices in Gothenburg [74]. 

Appendix A.2 Economic parameters 

The investment for heating and cooling sources are derived from technical reports about the DHC projects [52] in Nordic countries, as shown in 
Table A.4 and Table A.5. The annual operation and management (O&M) cost is expressed by its share in the total investment. 

The flowrate is calculated by the hourly transmitted energy and the design operating temperature difference. Then, the pipe diameters and 
circulating water pumps are designed based on a maximum pressure loss gradient of 200 Pa/m. Investment for pipe Ipipe,i is approximated from price 
lists from several manufactures [75], as expressed in Eq. (10). The lifespan of the DHC network is set as 35 years and the O&M share is 3 %. 

Table A1 
Parameters of heating and cooling sources in the central DHC system.   

Outflow temperature ηc Nominal COP 

Evaporator Condenser 

City DH 15 65  0.6  3.78 
City DC 12 38  0.4  3.06  

Table A2 
Parameters of heating and cooling sources in the ULTDHC system.   

Outflow temperature ηc Nominal COP 

Evaporator Condenser 

Community HP 15 35  0.6  7.75 
City DC 12 38  0.4  3.06 
DHW booster HP 25 55  0.6  5.82 
DHW circulation HP 25 55  0.6  5.82  

Table A3 
Parameters of cooling sources in the 5GDHC system. The heating sources are the same as in the ULTDHC system.   

Outflow temperature ηc Nominal COP 

Evaporator Condenser 

City DC – –  – 12 
Local water-source chiller 12 30  0.6 7.72  

Table A4 
Investment of central and decentral heating and cooling sources (excluding the network).   

Investment 
(€/kWeffect) 

Lifetime 
(a) 

Share of O&M 

City DH 200 20 2 % 
City DC 200 20 2 % 
Community HP 550 20 3 % 
DHW booster HP 500 20 2 % 
DHW circulation HP 500 20 2 % 
Local water-source chiller 350 20 3.5 %  
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Ipipe,i = 130+ 1870*Di(€/m) (10) 

For water tank as TES unit, the investment per volume is highly dependent on its size, as reported in [43]. In terms of demand-side storage units, a 
fixed investment of 2000 €/m3 is used, which is relatively high due to costs for labor and installations. For community-level central storage units, the 
investment is set as 1200 €/m3, which represents the average cost for water tank that is around 10 to 50 m3 [45]. The lifetime of water tank is 15 years, 
and the annual O&M share is 1 %. For the centralized battery storage, the investment is set as 400 €/kWh and the lifetime is 10 years. 
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