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A B S T R A C T   

The use of district heating network inertia (DHNI) has been regarded as an efficient and cost-saving method to 
improve the flexibility of the energy systems. However, the acclaimed benefits in most studies are found in 
specific cases with traditional middle-temperature systems. The cases where DHNI is not feasible are unclear and 
the applicability of DHNI in future low-temperature district heating (LTDH) systems requires further in
vestigations. Therefore, this study applied a top-down methodology where the practical storage potentials of DH 
networks are evaluated based on field investigations of 134 Swedish DH networks and 25 Chinese DH networks 
with various sizes and demand densities. Empirical relationships between the heat density and storage potentials 
are established and analyzed. Then, bottom-level analysis from technical and economical aspects are conducted 
on a variety of application scenarios for DHNI, including different temperature levels, heat sources, control 
strategies and renewable energy profiles. It is found that in LTDH system, by raising the network temperatures to 
actively use the DHNI, the heat source efficiency is reduced regardless the size and density of the network and, 
thereby, making the DHNI infeasible. This implies that the DHNI is only applicable in middle-temperature 
systems with combined heat and power plant (CHP) as a heat source in the extraction mode. Furthermore, 
the back-pressure mode is not economically attractive. In summary, the results from a multi-scenario analysis 
identified limited benefits of the DHNI, implying a proper consideration of its roles in future works.   

1. Introduction 

To reach the target of carbon neutral society and 100% sustainable 
future, accelerating growth of renewable energy is predicted in most 
countries and a large share of it, such as the wind and solar power, has 
intermittent and variable characteristics [1,2]. The efficient integration 
of these variable renewable energy (VRE) sources, while keeping 
secured energy supplies and acceptable economic expenditures, is a 
major issue in the future energy system [3]. 

The integration of VRE in the electricity sector demands an increased 
flexibility, which could be provided by thermal energy storage (TES) 
technologies in heating systems in an efficient and cost-effective manner 
[4–6]. Currently, the heating demand in the residential sector accounts 
for 17% of Europe’s final energy consumption [7] and is expected to 
remain so for the forecasted future. With the use of power-to-heat 
technologies such as the heat pump and the combined heat and power 
(CHP) plant, the integrations of VRE can be improved through the 
flexible management of heating load [8,9]. In recent years, various types 
of TES technologies have been applied in district heating (DH) systems, 

with the aims of shifting the load, improving the heat source efficiency 
and reducing the operation cost [10]. Recent applications of the TES 
technologies can be found in a review by Guelpa and Verda [11]. 

To deal with the variability and uncertainty of VRE within a short 
period like one day, growing interests are found in utilizing the storage 
potentials of the district heating network inertia (DHNI) [12]. By 
actively increasing the temperature levels of the circulation water inside 
the supply pipes, additional flexibilities can be provided by the network 
with no extra investment. Meanwhile, the heat losses from pipes are 
slightly increased [13]. Commonly, the supply water temperature in
crease is limited to several degrees, such as 10 K or 15 K. The storage 
capacity of the return pipes can be also used if the temperature increase 
in the return pipes is allowed. Compared to the standalone TES tech
nology such as the central heat accumulation tank, the use of DHNI is 
easily implemented [13]. Thus, the importance and potentials of the 
DHNI are gradually identified in recent studies. Lund [14,15] estimated 
the overall storage potentials of the Danish DH networks as 5 GWh, 
which is approximately 4.3% of the average daily DH load, based on the 
assumption of a 10 K temperature increase. Zheng et al. [16] evaluated 
the network storage capacities in Northern China and calculated the 
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reduced wind power curtailment. Since the study is based on provincial 
statistics, it was concluded that the results could not be scaled down to 
reflect the practical conditions. Fredriksen and Werner [17] described a 
limited storage capacity of less than 5% of the maximum heating de
mand for DHNI in Sweden. 

While the above-mentioned studies have theoretically analyzed the 
storage potentials of DHNI, several case studies were conducted in 
recent years to investigate the practical benefits of the DHNI, especially 
the improved integrations of VRE. The cases studies were mostly located 
in Northern China [18–23] and Scandinavian countries [24–28], where 
high shares of building heating demand are supplied by DH. Zheng et al. 
[18] developed an integrated heat and power dispatch model and 
optimized the network temperatures to actively use the storage capacity 
for wind power integrations, based on a case study of a real DH system 
with CHP plant in China. Using the same model, the storage utilization 
strategy was compared to other solutions such as the exhaust heat 
recycling, in terms of the total primary energy consumption [19]. 
Similar modelling methodologies were found in [21] where the DHNI 
was studied in combination with the inertia of the building thermal 
mass. Improved VRE integrations of up to 10% were found in a case DH 
system with CHP plant and wind power in Northern China [23]. In case 
of European cities such as Helsinki, with an average daily heating de
mand of 17–20 GWh, the storage potential of DHNI was estimated as 1.5 
GWh [24,25]. It was further proved that for a certain scheme, all the 
surplus VRE production could be absorbed by the power-to-heat tech
nologies with TES. However, the coefficient of performance (COP) of the 
heat pumps (HPs) were assumed as constant, which is not true when 
raising the network temperatures for active storage. 

The above-mentioned studies quantified the benefits from the DHNI 
in cases where a combination of DH and certain heat sources provide 
feasible conditions for this technology. Due to the different boundary 
conditions that were considered, the results vary between cases and the 
preferable application scenarios of the DHNI are still unclear. Since the 
network temperatures are actively increased, both the efficiencies of 
heat sources and the associated operational issues such as heat losses are 
inevitably influenced. However, the resulting consequence was not 
investigated in most of the citied studies [18–23,26–28], possibly 
because all considered traditional middle and high temperature DH 
systems with CHP plants as the main heat source. These cases are also 
referred to as the third generation DH [29], where the supply and return 
water temperatures are around 100 ◦C and 50 ◦C, respectively. The 
supply water is heated by the steam with a much higher temperature, 
extracted from the CHP plant. Therefore, actively raising the network 
temperature has little impact on the source efficiency. Other studies 
have assumed constant heat source efficiency when utilizing the 

network inertia [24,25]. However, this is not appropriate for heat 
sources whose efficiencies are associated with the supply water tem
perature [30]. Indeed, the additional costs associated with the increased 
temperatures might be larger than the proposed benefits. 

Unlike the traditional systems, the low-temperature district heating 
(LTDH) system has been recognized as a key DH configuration in the 
future [29]. In such system, associated with the lower heating demand in 
the future, the supply and return water temperatures are reduced to 
around 55 ◦C and 25 ◦C, respectively. Major measures to achieve the 
low-temperature target from the space heating system, domestic hot 
water system, intelligent control system were investigated and sum
marized in previous works [5,29]. In consequence, key benefits 
including better utilization of low-temperature waste heat and integra
tion of renewable energy sources, as well as lower losses in trans
portation networks, are enabled. However, heat sources such as HPs and 
the acknowledged benefits are sensitive to the temperature changes in 
the network. Considering these changes, whether the use of DHNI is still 
applicable in the LTDH systems, has not been clearly proven. 

In addition to the network temperatures and the heating sources, the 
benefits of DHNI are also influenced by various variables. It should be 
noted that the results of the above-mentioned studies are only limited to 
certain VRE surplus conditions. As the balance between the VRE supply 
and the energy demand changes, the benefit of the DHNI also changes. 
Besides, as pointed out in [13,23], the control strategies for the flowrate 
and the return water temperatures have significant influences on the 
usable storage capacity and load shifting benefits. Although the different 
operation modes were compared in [23], the focus was more on the 
operational cost such as the pumping cost, while the influences on the 
heat source efficiency and storage capacity were less covered. With these 
questions unsolved, the proposed potentials and benefits of the DHNI 
might be over-exaggerated. 

According to the above literature review, limitations and challenges 
exist for the use of the DHNI. Because the single case applications were 
reported in the previous studies, the application ranges of the DHNI are 
limited. To support the development of a sustainable energy system in 
the future, more comprehensive understandings of the DHNI are much 
needed. Therefore, this paper aims to answer the questions of where and 
why the use of DHNI is feasible. The study is based on a purposely- 
developed multi-scenarios analysis with the considerations of the tech
nical and economical perspectives on the system level. The focus is how 
the system performance is influenced by different operation conditions, 
including the temperature levels, types of heat sources, control strate
gies and the VRE balances. Considering the currently large share of DH 
in the building stock, various DH networks in Sweden and China with 
different sizes and densities are investigated. The range of storage 

Nomenclature 

Abbreviations 
BP Back-pressure 
CHP Combined heat and power 
CNY Chinese Yuan 
COP Coefficient of performance 
DH District heating 
DHNI District heating network inertia 
ECR Effective conversion ratio 
LTDH Low-temperature district heating 
MTDH Middle-temperature district heating 
SOC State-of-charge 
TES Thermal energy storage 

Symbols 
α Combination factor 

Cost Cost 
F Fuel consumption rate (MW) 
η Efficiency (%) 
P Electric power (MW) 
Pr Price (CNY/kWh) 
Q Heating power (MW) 
T Temperature (◦C or K) 
θ Proportion (%) 

Subscripts 
ch Charge 
dch Discharge 
el Electricity 
grid National electric grid 
h2p Heat to power 
τ Time step  
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potentials from the network inertia is also specified and compared in 
terms of countries. According to the findings from the multi-scenario 
analysis, the key performance indicators of the DHNI are summarized, 
which can be used to identify the feasibility of the DHNI at an early 
design stage. Finally, implications for the applications of the DHNI in 
future energy systems are provided. 

2. Methodology 

The investigations of the storage potentials of the practical DH net
works are based on 134 Swedish cases and 25 Chinese cases, as 
explained in Section 3. These cases cover a wide range of sizes and 
heating demand densities, i.e. from 1 GJ/m to 200 GJ/m, to understand 
their influence on storage potential. The share of storage potential in the 
heating demand is also revealed. Among the studied DH systems, a city- 
scale DH system is selected as the reference case for bottom-level multi- 
scenarios analysis. The integrated DH model to simulate the dynamic 
performance of the DH system is based on a previous work by the au
thors [31]. To account for DHNI, the earlier DH model is upgraded with 
two new representations, a numerical model of the network inertia and a 
dispatch model of heat sources, as explained in this section. The use of 
the DHNI under multi-scenarios is simulated and the results are shown in 
Section 4. 

2.1. Case description 

The reference case for the multi-scenarios analysis comprises a DH 
system in a town with approximately 50,000 inhabitants [32], located in 
the Hebei province in Northern China. The town belongs to the cold 
climate zone with an average temperature of − 4.6 ◦C in January of the 
typical meteorology year. This town is chosen because it represents a 
vast number of middle-sized towns in China. For smaller DH systems 
such as those in the rural communities, the storage potentials of the 
networks can be as small as 0.5% of the daily heating demand, as 
pointed out in [17] as well as in the hereafter analysis in Section 3. As 
for larger DH systems in major cities, more complex networks with 
multiple heat sources are often built, which have complicated hydronic 
conditions that are difficult to be modelled. Therefore, they are 
neglected in this study. 

The total heated floor area by the main-case DH is 4.48 million m2, 
comprising residential, commercial, and industrial areas. The end-use 
buildings are grouped into 71 substations, as shown in Fig. 1. Each 
substation has heat exchangers that separate the secondary network 
from the primary one. To simplify the modelling process, the end-users 
connected to the same substation are aggregated into one representative 
end-user, on which the modelling of the buildings and the secondary 
networks is conducted. This simplification is acceptable since the end- 
users connected to one substation often include buildings with similar 
thermal properties and load profiles. Correspondingly, the secondary 
network is represented by a pipe with certain length. In this study, the 
thermal inertia of the primary network is considered. The total length of 
the primary networks in the main-case DH is 52.3 km and the detailed 
lengths of each pipe diameter are shown in Table 1. As a result, the total 
volume of the circulating water inside the two-way pipes is 25,160 m3. 
Considering a typical temperature increase of 10 K that was used in 
previous studies [18,19], the storage capacity of the primary pipes is 294 
MWh. 

The thermal properties of the end-use buildings are derived from the 
local housing department and are then used as known input parameters 
in the building models. In general, the heated buildings can be classified 
into three energy-efficient types, according to the building energy 
standards in Northern China [33–35]. The total heated floor area and 
average heat consumption at the building level of each type is shown in 
Table 2, based on the historical operation data from the local district 
heating company during the heating period from 2018 to 2019. 

The investigated scenarios in this study are summarized in Table 3. 

Fig. 1. Network layout of the case DH system.  

Table 1 
Pipe diameters and total one-way lengths of the primary network based on [32]  

Pipes Length (m) Volume (m3) 

DN125 24 0.3 
DN150 3,820 67 
DN200 6,329 199 
DN250 7,047 346 
DN300 4,144 293 
DN350 5,371 516 
DN400 4,023 505 
DN450 864 137 
DN500 1,852 363 
DN600 7,597 2,147 
DN700 600 231 
DN800 1,300 653 
DN900 1,324 842 
DN1000 8,000 6,280 
Total 52,295 12,580  

Table 2 
Building types, accumulated heat consumptions and heating power demands at 
the building level during the heating period of 2018–2019.  

Types Floor area 
(m2) 

Heating energy 
demand (kWh/ 
m2) 

Heating power 
demand (W/ 
m2) 

Ref 

Non-energy- 
efficient 
building 

1,696,318 140  58.3 – 

Second-level 
energy 
efficient 
building 

2,169,586 98  46.6 JGJ 26- 
95 [34] 

Third-level 
energy 
efficient 
building 

612,861 75  40.1 JGJ 26- 
2010  
[35]  
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The traditional middle-temperature district heating (MTDH) system has 
design supply and return water temperatures of 90 ◦C and 50 ◦C, 
respectively, and is the current operating system in the case town. In 
contrary, the LTDH represents a possible scenario in the future, with 
lower supply and return water temperatures of 55 ◦C and 25 ◦C, 
respectively. Since the focus of this study is on the DHNI, the feasibility 
of the LTDH system is not considered. Indeed, comprehensive in
vestigations and evaluations are needed when planning for the LTDH 
system, as pointed out in [29]. Correspondingly, several heat sources 
options, located at the central heating plant in the Northwest part of the 
town, are available as investigated scenarios. The specific parameters 
and models of the heat sources are explained in Section 2.3 in detail. 

To investigate the application ranges of the DHNI, several scenarios 
with different VRE supply and electricity demand profiles are modelled, 
as presented in Table 4 and Table 5. Among the available VRE, wind 
power is chosen because it is developing fast in Northern China but also 
facing serious curtailment issues [36]. In the baseline scenario, the 
installed capacity of wind power is 500 MW and this scenario is also 
named VRE500, accordingly. Based on the actual power generating 
profiles in Northern China [18], the annual wind power production is 
1.4 TWh, equivalent to 2801 full-load hours. In the 100% electricity 
demand scenario, the demand of the case town and the surrounding 
villages is considered, summing up to 1.8 TWh each year. The demand 
profile is derived from the actual profile in Jilin province [18], as shown 
in Fig. 2. 

The studied town is currently having higher energy intensity than the 
average level of towns in China. With the national target towards carbon 
peak and carbon neutrality [37], the energy-consuming industries in the 
case town are planned to be phased out and replaced with higher effi
ciency industry. However, there is no specific plan or quantitative target 
for the electricity demand in the future. The 50% electricity demand 
scenario is assumed as one possible energy-saving condition in the 
future. 

In addition to the heat supply service, the district energy company is 
also supplying electricity to the case town, with on-site CHP plant, wind 
power, or electricity from the national grid. Therefore, the main objec
tive of using the DHNI is to minimize the operational cost for the local 
district energy company by increasing the wind power share. The 
objective function and related energy costs are introduced in Section 
2.2. 

2.2. DH system models 

Aforementioned model of the integrated DH system developed by the 
authors [31] is used in this study. The general modelling methodologies 
are thus only briefly explained in this section, while the detailed 

modelling principles, variables and functions can be found in [31]. As 
shown in Fig. 3, the model has four main steps. In the first step, based on 
the input building properties and the weather data, the demand profiles 
for space-heating are calculated by a lumped capacitance building 
model with five resistances (5R1C), according to EN ISO 13,790 [38]. 
Domestic hot water draw-off profiles are generated by stochastic 
modelling tool called DHWcalc [39]. Then, the compartments in the DH 
systems, such as the heat sources, substations and circulating pipes, are 
designed in the second step. In the third step, the temperatures and flow 
dynamics of the networks are modelled by the node method [40,41], 
with considerations of the transport delay and heat loss. This scenario is 
also named the reference (REF) scenario, where the active load man
agement is not implemented. Then, in the fourth step, the active usage of 
the DHNI is optimized. The multi-scenarios analysis is conducted on this 
model, by changing parameters according to specific designs in 
scenarios. 

Because the target of the optimization process is to find the minimum 
operating cost, four major parts of the operating cost are considered, 
which are the fuel cost of the heat source, the electricity cost from the 
grid, the electricity sold back to the grid, and the cost for water circu
lating pumps, as written in Eq. (1). The costs associated with the 
auxiliary equipment are neglected because they only have small shares 
in the total cost. The selling price of electricity from the CHP plant is set 
the same as the buying price from the grid. For wind power, the selling 
price differs a lot with policies and subsidies. In this study, to focus on 
the local integration of renewable energy, which is the core idea of 
future smart energy systems, the market price of surplus wind power is 
set as zero. 

minCost =
∑

τ
(Prfuel • FHS,τ + Prel,grid •

(
Pel,grid,τ + Ppump,τ

)
− Prel,grid

• Pel,sold,τ) (1)  

where Pel,grid,τ is the amount of electricity bought from the grid at time τ 
and price Prel,grid. The latter is set to 0.6 Chinese Yuan (CNY)/kWh, ac
cording to the average electricity price on the market. For the whole 
year of 2020, one Chinese Yuan (CNY) equals to 0.145 US dollar on 
average. FHS,τ is the fuel consumption of the heat source at time τ and 
Prfuel is the fuel price. As for the CHP plant, the biomass fuel which is 
briquette from crop straw and wood, with an average calorific value of 
16 MJ/kg is used. According to the local market, the biomass price is 660 
CNY/t, which corresponds to approximately 0.15 CNY/kWh. Finally, the 
electricity price for the heat pump is set the same as the price from the 
grid. 

To integrate more wind power and to reduce the electricity from the 
grid, the electric load is changed by adjusting the heating load through 
the active use of the network inertia. In practice, the water temperatures 
at the heat source are actively controlled, i.e. increased or decreased, 
and the difference to the designed water temperature implies charging 
or discharging heat in the network. According to the literature on safety 
operation of the DH pipes [12], the temperature increase speed of 1 ◦C/ 
hour is considered, corresponding to the maximum charging or dis
charging power of 14.7 MW for using the network inertia. 

For each time step τ, both the heating and electricity demand shall be 
fulfilled, as written in constraint functions in Eqs. (2) and (3). 

QHS,τ ≥ Qdemand,τ (2) 

Table 3 
Summary of the investigated systems and scenarios.  

Systems Heat sources Control strategies VRE supply and 
electricity demand 

MTDH Extraction CHP, back- 
pressure CHP 

Fixed flowrate, 
variable flowrate 

VRE: 300 MW to 700 
MW 
Demand: 50% and 
100% 

LTDH Back-pressure CHP, 
large-scale HP  

Table 4 
Installed capacities and annual power generations for five VRE scenarios.  

Scenarios Installed capacity(MW) Annual generation(GWh) 

VRE300 300 840 
VRE400 400 1,121 
VRE5001 500 1,401 
VRE600 600 1,681 
VRE700 700 1,961  

1 Baseline scenario. 

Table 5 
The maximum power and annual demand for the two household electric demand 
scenarios.  

Scenarios Maximum power(MW) Annual demand(GWh) 

100% electric demand1  228.6 1,800 
50% electric demand  114.3 900  

1 Baseline scenario. 
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Pel,CHP,τ +Pel,grid,τ +PVRE,use,τ ≥ Pel,demand,τ (3)  

where QHS,τ and Qdemand,τ are the heat supply and demand at time τ, 
respectively. Pel,CHP,τ is the electricity generated from the CHP plant, 
PVRE,use,τ is the integrated wind power while Pel,demand,τ is the electricity 
demand. If the heat source is an electricity consumer, like the HP, the 
related demand is added to the right-hand side of Eq. (3). 

Due to the non-linear characteristics of the complex networks, a 
combined central optimization and local control strategy is applied in 
this study, as shown in Fig. 4. In this way the optimization process is 

simplified while maintaining realistic characteristics of the DH system. 
The whole model is developed and performed in MATLAB. The dy

namic calculation step is set as one minute in accordance with the de
mand profile, and the optimization time step is set as one hour. The 
length of an optimization cycle is set as 5 days, considering the accuracy 
of forecast and the control complexity. 

Two control strategies for the flowrate are considered to utilize the 
network inertia, as shown in Table 3. Under the variable flowrate 
strategy, only the supply water temperature is adjusted while the return 
water temperature is controlled within an acceptable small range to 
assure the heat source efficiency. In this way, only half of the storage 

Fig. 2. Heating demand, electricity demand, and VRE supply profiles of the baseline scenario on the typical heating day, found on Jan 2nd.  

Fig. 3. Schematic of the main steps of the integrated DH system model.  

Fig. 4. Schematic diagram of the combined central optimization and local control strategy, from [31].  
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potential of the network is used, as indicated in previous works [13,23]. 
Besides, the flowrate is reduced when raising the network temperature, 
which further hampers the storage potential. Instead, the “fixed flow
rate, variable temperatures” control strategy in both the supply and 
return lines is proposed to better utilize the network inertia. Due to the 
transportation delay in large DH networks, the fixed flowrate control 
strategy is commonly applied in systems with less frequent demand 
changes. Such DH systems are prevailing in China, covering typically 
only the space heating demand while the domestic hot water is produced 
locally, by domestic gas boilers or electric heaters. The temperatures of 
the network are decided by the forecasted load condition, which is 
usually based on the weather profiles in practical systems [42]. 

The performance of the network inertia under different flow strate
gies, i.e. for both the variable and constant flows, are presented in 
Section 4.1–4.2. The comparison between the two strategies is dis
cussed in Section 4.3. The pumping power is calculated according to the 
hourly flowrate and the network pressure drop. The economically 
feasible pressure drop of 50 Pa/m and the pump efficiency of 70% are 
assumed in the calculations. 

2.3. Heat source models 

Since the focus of this study is to investigate the improved VRE in
tegrations achieved by the DHNI, the heat sources that connect the 
heating and electricity sectors are chosen, including the CHP plants and 
HPs, as shown in Table 3. It should be noted that the use of the storage 
unit can also bring in benefits from other aspects, such as the peak load 
shaving and the reduction of ramping costs of the heat sources [10,11]. 
These aspects are currently omitted in this study. 

Two types of CHP plants are considered, which are the extraction 
plant and the back-pressure plant. As for the extraction plant, the middle 
pressure steam with the temperature of approximately 150 ◦C is 
extracted from the steam turbines to heat the circulating water. There
fore, the active use of the network inertia is simply considered to have no 
influence on the source efficiency. The heating and electricity output can 
be adjusted by the amount of extracted steam, within certain minimum 
and maximum limits. Meanwhile, the main steam flowrate can be 
adjusted by changing the boiler load. For the analysis, an extraction 
plant with the nominal power generating capacity of 250 MW is selected 
with a feasible operation range as shown in Fig. 5. Any operating point 
within this range can be expressed by the convex combination of the 
coordinates of the corner points [18,43], using the Eqs. (4)–(6). It 

should be noted that there are various methods to improve the efficiency 
of the CHP plant [44]. These methods are not considered for the analysis 
but are discussed in Section 5. 

QCHP,τ =
∑4

N=1
(αN,τ • QCHP,N) (4)  

Pel,CHP,τ =
∑4

N=1
(αN,τ • PCHP,N) (5)  

Fel,CHP,τ =
∑4

N=1
(αN,τ • FCHP,N) (6) 

where αN,τ are the combination factors of four corners, complying 
with the constraints written in Eq. (7). The maximum ramping rate of 
the main boiler is set as 30%/hour, taken from the design brochure of 
the CHP plant. The boiler efficiency is assumed as 90% to calculate the 
primary energy consumption. 

∑4

N=1
αN = 1 (7) 

As for the back-pressure CHP plant, the only adjustable option is the 
boiler load. Thus, the plant has fixed power-to-heat ratio and the feasible 
operation range is a straight line on Fig. 5, e.g. line C-B. The parameters 
of the chosen back-pressure plant for the MTDH scenarios are shown in 
Table 6. The circulating water is heated by the low-pressure exhaust 
steam from the turbine. As the required supply water temperature in
creases, the exhaust steam pressure and temperature shall also be 
increased. Correspondingly, the electric power and heating power are 
changed, as shown in Table 6. As is explained in Section 4, this change 
has important influences on the wind power integrations and the ben
efits of the DHNI. 

Fig. 5. Feasible operation range of the extraction CHP plant.  

Table 6 
Parameters of the back-pressure CHP plant for MTDH scenarios.  

Load Exhaust temperature 
(◦C) 

Main steam  
(t/h) 

Electric Power  
(MW) 

Heating power  
(MW) 

Max 100 500  87.8  336.7 
Min 150  26.3  101.0 
Max 110 500  86.0  338.9 
Min 150  25.8  101.7  
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Due to its low efficiency for high-temperature applications, the HP is 
only used in the LTDH system, with a nominal supply water temperature 
of 55 ◦C. The design parameters of the chosen waste water source heat 
pump are presented in Table 7. The practical COP is calculated by the 
empirical equation with the condensing temperature TC, evaporating 
temperature TE, and the thermodynamic efficiency of 0.65 [45], as 
written in Eq. (8). The waste water at the source side is considered to 
have a stable temperature of 15 ◦C. 

COP = 0.65 •
TC

TC − TE
(8)  

2.4. Key performance indicators 

The state-of-charge (SOC), which is storage level of the network 
inertia, is calculated based on the instantaneous network branch tem
perature Tb,τ from the system model, as written in Eq. (9). 

SOCτ =
∑

b
Cb • (Tb,τ − Tb,design) (9)  

where Tb,design is the design temperature of branch b. Cb is the storage 
capacity of the branch pipe, calculated from the flow rate and the heat 
capacity of water. 

To compare the storage performance of the network inertia under 
various scenarios, the number of full-load discharge cycles is defined in 
Eq. (10). 

Full − load discharge cycles =
∑

τQdch,τ

SOCdesign
(10)  

where the Qdch,τ is the discharged energy at time step τ. SOCdesign is the 
designed state-of-charge, which is quantified to 147 MWh if only the 
supply pipes are used for storage. 

To evaluate the performance of improved VRE integrations, the 
effective conversion ratio (ECR) of the storage unit, which explains the 
effective usage of the discharged energy, is defined in Eq. (11). 

ECR =
Δ
∑

τPVRE,use,τ
∑

τQdch,τ
(11) 

During the entire year of 2019, the dynamic performance of the 
reference system without active storage usage are firstly investigated. 
Then, the case DH systems with the use of the network inertia under 
different scenarios are modelled and compared. The improved VRE 
integration rate is calculated to evaluate the benefits of the DHNI, as 
defined in Eq. (12). 

ImprovedVREintegrationrate =
Δ
∑

τPVRE,use,τ − Δ
∑

τPVRE,use,ref ,τ
∑

τPVRE,τ
(12) 

where the PVRE,τ is the wind power production at time step τ. 

3. Storage potentials 

In this section, the storage potentials of the networks in Swedish DH 
systems and Chinese DH systems are evaluated and compared. The in
formation about the Swedish DH systems is derived from the previous 
investigation of 134 DH systems [17]. Based on that, the average pipe 
diameters were estimated through linear heat density Qs/L, as written in 
Eq. (13), from [46]. 

da = 0.0486 • ln
(

Qs

L

)

+ 0.0007 (13) 

Then, the storage capacities of the networks are estimated at 
different temperature increase scenarios. The ratio of the storage ca
pacity in the daily heating demand is calculated and shown in Fig. 6, 
assuming on average 180 heating days in the Swedish DH systems. It 
should be noted that only the supply pipes are considered in the esti
mations. As can be seen, the ratio of storage capacity increases up to 
approximately 6 GJ/m and then decreases as the linear heat density 
becomes larger. Even for a high temperature increase of 20 K in the most 
favorable scenario, the storage capacity in the investigated DH networks 
is only 1.6 % of the daily heating demand. In the 10 K temperature in
crease scenario, the storage capacity is always less than 0.8% of the daily 
heating demand. 

To enlarge the studied linear heat density range, investigations were 
conducted about the network information and heating demand of 25 DH 
systems in China. These Chinese systems are located in a wide range of 
areas from towns to metropolitans, which have larger heat density and 
larger numbers of end-users. The linear heat densities and average pipe 
diameters are summarized in Fig. 7. Instead of the specific correlation 
equation like Eq. (13), a general tendency of larger network capacity in 
higher demand area is utilized to find the average pipe diameter as 
summarized in Fig. 8. Compared to Swedish DH systems, under the same 
heat density, the average pipe diameter in Chinese DH systems is much 
larger. This is explained by two reasons:  

1) The pipes are designed for the DH systems and heating loads in the 
future, accompanying the rapid urban development in China. 
Thereby, the main transportation pipes are oversized compared to 
the current demand level.  

2) The sizing of the DH networks in Europe is done with the design 
pressure drop of 200 Pa/m, while in China this number is lower, 
around 50 Pa/m. This fact leads to much bigger pipe diameters in 
China than in Europe. 

Correspondingly, the storage capacities of the supply pipes in these 
DH systems are calculated and summarized in Fig. 8. For each temper
ature increase case (10 K or 20 K), the length of the heating period is 
investigated and used for calculating the average daily heating demand. 
The latter is further used for analyzing the share of storage capacity in 
the demand. 

Similar as the Swedish DH systems, the ratio of the storage capacity 
firstly increases and then decreases in larger systems. Considering the 
temperature increase of 10 K, the storage capacity of the networks is on 
average 4 % of the daily heating demand. The results on real DH systems 
have identified the limited potential of network storage, which is further 
used in the theoretical analysis of the storage benefits in Section 4.5. 

4. Multi-scenario analysis results 

Based on the above-mentioned methodologies, the case DH systems 
and the scenarios explained in Section 2 are simulated for an annual 
operation period. The performance of the network inertia under 
different network temperature levels, heat sources, flowrate control 
strategies and the VRE balances, are compared and discussed in this 
section. 

4.1. MTDH scenarios 

By comparing the MTDH systems with and without the active use of 
the network inertia, the performance and benefits of the network inertia 
are explained. Taking the system with the extraction plant as an 
example, the hourly heat supply and SOC of the network inertia during 
five winter typical days, from the Jan 1st to the Jan 5th, when there are 

Table 7 
Parameters of the HP for LTDH scenarios.  

Name Capacity 
(MW) 

Outlet T 
(◦C) 

Thermodynamic 
efficiency 

Design 
COP 

Waste water 
source heat 
pump 

350 55  0.65  4.8  
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variations in both the electricity production of the CHP plant is reduced 
to as much as possible to integrate the surplus VRE. Since the heat and 
power output are connected, the heating production is also influenced, 
as shown by the orange curve in Fig. 9. Then, the stored heat inside the 
network is used to fulfill the heating demand, e.g. from 8 am to 6 pm of 
Jan 1st, as shown by the difference between two curves in Fig. 9. In 
consequence, the synergy between heating and electricity is achieved 
and the VRE integration is improved, as shown in Fig. 10. The hourly 
supply and return water temperatures are presented in Fig. 11 to explain 
how the storage capacity is utilized. For example, in the period from 8 
am to 6 pm of Jan 1st where the stored heat is discharged, the network 
supply water temperature is reduced from 100 ◦C to 90 ◦C while the end- 
use heating demand is still fulfilled. The charged and discharged heat is 
expressed by the temperature rise and fall in Fig. 11, respectively. Since 
the variable flow rate strategy is applied, the return water temperatures 
are kept at a relatively stable range, while the supply water temperatures 
are adjusted. 

In the reference MTDH system, the annual total heat supply is 578.1 
GWh, of which 27.7 GWh is the heat loss through pipes. In the system 
with active DHNI usage, although the water temperature level is 
increased, the circulating flowrate is reduced in the meanwhile. Thus, 

the total heat loss is only slightly increased to 28.6 GWh. 
Similar modelling methodologies are applied for the MTDH system 

with the back-pressure plant as the heat source. The annual electricity 
supply and demand for the investigated systems are summarized in 
Fig. 12. The demand is constituted of the direct use of CHP power, in
tegrated VRE and the electricity bought from the grid. By actively using 
the DHNI, the integrations of the VRE are improved by 6 GWh and 4.3 
GWh respectively, in extraction and back-pressure systems. However, 
due to the restricted storage capacity, the increased VRE usage is only 
approximately 0.4% of the total VRE supply and 0.3% of the total 
electricity demand. 

To evaluate the storage performance, the effective conversion ratio 
(ECR) of the storage unit, explained in Section 2.4, is calculated for the 
case systems. As shown in Table 8, in the extraction plant scenario, only 
around 31% of the discharged energy is effectively used to shift the 
electric load. This can be mainly explained by two reasons. First, the 
average heat-to-power ratio of the extraction CHP plant is around 2, 
which is the baseline conversion factor between the heat and power 
sectors. Second, due to the diverse heating demand and the local control 
strategies, the practical control of the discharging process deviates from 
the ideally optimized process and, therefore, limits the storage benefits. 

Fig. 6. The ratio of the storage capacity in the daily heating demand in Swedish DH systems.  

Fig. 7. The relationship between the average pipe diameter and linear heat density.  
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Fig. 8. The ratio of the storage capacity in the daily heating demand in Chinese DH systems.  

Fig. 9. Hourly heat supply and storage state-of-charge for five typical days from Jan 1st to Jan 5th.  

Fig. 10. Hourly VRE integrations of the REF and DHNI systems for five typical days from Jan 1st to Jan 5th.  
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Compared to the standalone energy storage unit such as the central 
water tank, the DH pipes are not only storage units but also the energy 
transportation carriers. Thus, the use of the storage capacity can be 
influenced by the fluctuations in the pipes. As for the back-pressure 
plant, although the heat-to-power ratio is near 4, the reduced power 
generating capacity has increased the VRE integrations, as explained 
hereafter. 

The relatively small VRE integration benefit can also be explained by 
the limited usage of the DHNI during the low-demand period. As shown 
in Fig. 13, the optimization basically failed during summer because it is 
not economical feasible to raise network temperature to just shift a small 

part of the load. 
In the back-pressure plant, to actively raise the network supply water 

temperature, the saturated exhaust steam temperature is slightly 
increased from 100 ◦C to 110 ◦C. Consequently, the power generating 
capacity is reduced from 87.8 MW to 86.0 MW and the annual CHP 
power production is reduced by 11.2 GWh. As shown in Fig. 12, the 
reduced capacity can be partly fulfilled by the VRE, but the system still 
needs to buy electricity from the grid. Thus, although the use of VRE is 
increased by 4.3 MWh, the use of DHNI is not economically feasible in 
the BP system, as expressed by the total operational cost in Table 9. In 
comparison, the temperature of the extracted steam from the traditional 
extraction plant is high enough to heat up the network circulating water, 
with a little influence on the CHP plant efficiency. Thus, the total 
operating cost is reduced by 0.6% in the extraction system. Moreover, as 
shown in Table 8, the discharged energy in the BP system is also smaller 
than that in the extraction system because the optimization process 
failed for longer period due to the lowered BP plant efficiency. 

However, the above results only refer to a certain scenario where the 
electricity demand is higher than the total power generating capacity of 
the CHP plant and the VRE. The benefits and potentials of the network 
storage are different as the balance between the VRE supply and elec
tricity demand changes, which are further explained in Section 4.4. 

Fig. 11. Network supply and return water temperatures of the REF and CHP systems on five typical days from Jan 1st to Jan 5th.  

Fig. 12. Electricity supply of the extraction and back-pressure (BP) CHP systems.  

Table 8 
Storage efficiency and the effective conversion rate (ECR) of the DHNI in two 
systems.  

Scenarios Accumulated energy 
(GWh) 

Storage 
Efficiency 

Full- 
load 
Cycles 

Improved 
VRE  
(GWh) 

ECR 

Charge Discharge 

Extraction  20.50  19.74  96.3% 134  6.0  0.31 
Back- 

pressure  
13.60  12.94  95.2% 88  4.3  0.33  
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4.2. LTDH scenarios 

The extraction CHP plant is not preferable in LTDH systems due to its 
low exergy efficiency. Using the similar methodologies as in the previous 
section, the use of DHNI in the LTDH systems is modelled. The general 
results of improved VRE integration rates of different systems are sum
marized in Fig. 14. The cost-saving rate, which is the percentage of the 
saved money in annual operational cost, is also analyzed. For the system 
with back-pressure plant, as with the MTDH cases, the use of DHNI is 
economically infeasible since the electricity production is reduced. 

As for the system with large-scale HPs, raising the network temper
atures directly influences the HP efficiency. As shown in Table 10, the 
COPs are reduced, causing extra electricity consumptions for heating, 

which cannot be offset by the improved VRE integrations. Thus, the 
operational cost becomes higher after using the DHNI. Indeed, the use of 
the DHNI is only feasible for 60 days, where the acquired benefits are 
larger than the loss of HP efficiencies. During the rest period, the 
operating cost is higher than that of the reference system. Thus, the 
DHNI can be only activated during the feasible period. The modelled 
results of this alternative scenario are also presented in Fig. 14 and 
Table 10, with a short name of LTDH - HP - feasible. With a shorter 
active adjusting period, the HP efficiencies are slightly influenced. Since 
the VRE integration benefits are also reduced, the general operating cost 
is only reduced by 0.05%. 

The storage efficiencies and the ECRs for the DHNI in the three LTDH 
systems are summarized in Table 11. As explained above, taking only the 
feasible optimization period into account, the use of DHNI equals to 44 
complete cycles, which is significantly lower than the other scenarios. 
Since the HP has higher heat-to-power ratio, the ECR index in the HP 
system is lower than the CHP systems. A qualitative analysis about the 
relationships between the ECR index and the benefits of thermal energy 
storage units can be found in the discussion part. 

4.3. Influence of flowrate control strategies 

The MTDH systems are used as case systems in this section to 
investigate the influence of the flowrate control strategy. As explained in 
section 2.2, due to the large transportation delay of the fixed flowrate 

Fig. 13. Increased VRE integration rate in the extraction CHP system during the study year. Each bar represents one optimization cycle, which equals five days.  

Table 9 
Annual operational costs and fuel consumptions of the extraction and back- 
pressure CHP systems.  

Scenarios CHP Fuel  
(GWh) 

Cost (million CNY) 

Fuel cost Grid bought Pump Total 

Extraction - REF 2719 408 0  2.0 410 
Extraction - DHNI 2705 406 0  2.0 408 
Back-pressure - REF 3042 456 119  2.0 601 
Back-pressure - DHNI 3040 456 123  2.0 605  

Fig. 14. Improved VRE integration rate and cost-saving rate for the LTDH systems with back-pressure (BP) CHP plant and HP as heating sources.  
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strategy, the domestic hot water demand is currently omitted. The 
detailed supply and return water temperature profiles of the MTDH 
system with extraction CHP plant on Jan 4th are presented in Fig. 15, as 
an example. Compared to the variable flowrate strategy shown in 
Fig. 11, the storage capacities of the return pipes are utilized. Conse
quently, the discharged energy from the network inertia is increased on 
the annual level, as summarized in Table 12. However, the improved 
VRE integrations and associated cost-savings are not linearly increased 
with the discharged energy due to the limitations of the network storage 
capacity for handling intermittent VRE. Thus, the ECR indices are 
reduced to approximately 0.2. As for the MTDH system with back- 
pressure CHP plant, the VRE integration is also improved but the 
operating cost is still lower than the cost in the reference scenario. 

The above strategy of fixed flowrate is only applicable in traditional 
DH systems, where the large transportation time lag is acceptable for 
merely the space heating demand. As the performance of the buildings is 
gradually improved, the instantaneous domestic hot water demand will 
play more important roles in the total heating demand [47,48], 
decreasing the feasibilities of the fixed flowrate control. Besides, with 
the widely acknowledged benefits from reducing the return water 
temperatures, using the inertia of the return pipes significantly impacts 
the heat source efficiency as indicated in the previous section, thus 
becoming infeasible from both the technical and economic aspects. 
Hence, the LTDH systems are not considered here. 

4.4. Influence of VRE balances 

In addition to the scenarios explained above, various VRE supply 
profiles and household electric demand profiles are considered in the 
following to understand the benefits of the DHNI under different 
boundary conditions. The investigated scenarios are summarized in 
Table 4 and Table 5. The VRE scenarios represent the possible devel
opment of wind power in the future and the electric demand scenarios 
represent the boundaries of the investigated energy systems. Similarly to 
Section 4.3, the LTDH systems are not considered in this part due to the 
infeasibility of the DHNI. 

Based on the simulated results, the key performance indicators for 
the use of the DHNI under the investigated scenarios, compared to the 
reference scenarios, are shown in Figs. 16–19. The ratio between the 
improved integrated VRE and the total supplied VRE, becomes smaller 
as the energy supply is larger. The capability of the network inertia to 
integrate VRE is also reflected in the ECR indicator, which has an upper 
limit due to the heat-to-power conversion efficiencies and the storage 
characteristics. 

As for the system with extraction plant, although the economic 
benefits of the DHNI is increased with a larger VRE supply, upper limits 
of the cost-saving rate exist, which are approximately 0.7% and 0.6% for 

Table 10 
Annual average COPs of the HPs and the improved VRE integrations in the LTDH systems.  

Scenarios COP Average temperatures (◦C) Electricity demand (GWh) VRE use (GWh) Feasible days 

Supply Return Heating Household 

LTDH - REF  4.89 55 26.8  120.6 1800 1175 – 
LTDH - HP  4.64 59.2 27  128.5 1800 1180 60 
LTDH - HP feasible  4.84 55.8 26.8  122.5 1800 1177 65  

Table 11 
Discharged energy of the DHNI and the storage performance.  

Scenarios Discharged energy 
(GWh) 

Storage 
efficiency (%) 

Equivalent 
cycles 

ECR 

LTDH - back 
pressure  

15.8  93.7% 107  0.32 

LTDH - HP  24.6  93.2% 167  0.21 
LTDH - HP 

feasible  
6.4  95.2% 44  0.35  

Fig. 15. Network supply and return water temperatures for the MTDH system with fixed flowrate control strategy.  

Table 12 
The improved VRE integrations and cost-savings of the MTDH systems with two 
control strategies for the whole study year.  

Source Control 
strategy 

Discharged 
energy 
(GWh) 

Improved VRE Cost saving 

(GWh) (%) (Million 
CNY) 

(%) 

Extraction Variable 
flowrate  

19.7  6.0  0.4%  2.2  0.5% 

Fixed 
flowrate  

44.0  8.9  0.6%  3.3  0.8% 

Back- 
pressure 

Variable 
flowrate  

12.9  4.3  0.3%  − 3.9  − 0.7% 

Fixed 
flowrate  

23.2  5.3  0.4%  − 3.1  − 0.5%  
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Fig. 16. Improved VRE integration rate and cost-saving rate for the MTDH systems with extraction plant under different conditions.  

Fig. 17. Effective conversion ratio (ECR) for the DHNI in the MTDH systems with extraction plant.  

Fig. 18. Improved VRE integration rate and cost-saving rate for the MTDH systems with back-pressure plant under different conditions.  
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the 50% demand and 100% demand scenarios, respectively. The upper 
limits are associated with the limitations to integrate the intermittent 
VRE. It is found that the use of the DHNI is only feasible in a certain 
range of application scenarios. Yet, the cost-saving benefit and VRE 
integration benefit are still relatively small, compared to the overall 
operating cost and energy consumptions of the studied whole system. 

The ECR of the back-pressure plant is slightly higher than the 
extraction plant because the reduction of power generating capacity 
increases the VRE integrations, as explained in Table 9. Due to the same 
reason, the use of the DHNI in the back-pressure system is only 
economically feasible in the 50% demand scenario with VRE installed 
capacity larger than 600 MW. In this case, the installed capacity of the 
wind power is almost 6 times of the maximum power in the demand 
side, which is hard to be achieved in realistic systems. 

4.5. Theoretical analysis of the storage usage 

From the modelled results presented in above sections, it is found 
that even under the most favorable scenario, the VRE integration benefit 
of the DHNI is still relatively small compared to the overall energy 
productions and consumptions. To explore the reasons behind this 
result, theoretical breakdown analysis of the effective usage of the 
storage unit is conducted, as shown in Fig. 20. The analysis process is 
expressed in Eq. (14). Alternatively, the ECR index can be written as Eq. 
(15). 

Considering a system with 100% electricity demand and 100% 
heating demand in Fig. 20, the design storage capacity of the TES unit is 
expressed by θTES, which is for example 5% of the heating demand ac
cording to the investigation results in Section 3. Then, by including 
practical limitation in terms of heat losses and control precisions, 
expressed by ηheatloss and ηcontrol respectively, a usable part of the storage 
capacity is identified. This part is then converted to shift the electric load 
with a heat-to-power conversion factor ηh2p, which usually has values of 
2 for extraction CHP plant and between 3 and 5 for HPs. By dividing the 
ηh2p, the final converted electricity θel,shift becomes even smaller, i.e. 
1.7% as shown in Fig. 20. If the energy system has higher electricity 
demand, such as the baseline system where the electricity demand is 
three times of the heating demand, the benefit of the converted elec
tricity becomes less significant. 

In the above analysis, the heat loss coefficient ηheatloss is influenced by 
the thermal characteristics of the storage unit and has a range of 80% to 
95%. The control precision ηcontrol is a rather complex index that is 
decided by various factors such as the location of the storage unit, the 
system complexity and the load fluctuations, as explained in Section 
4.1. The heat-to-power factor, ηh2p, is directly related to the heat sour
ces, which are designed according to the whole energy system plans. 
Using the above method, the load shifting benefit of the storage unit can 
be theoretically assessed. 

θel,shift = θTES*ηheatloss*ηcontrol/ηh2p (14) 

Fig. 19. Effective conversion ratio (ECR) for the DHNI in the MTDH systems with back-pressure plant.  

Fig. 20. Breakdown analysis of the effective usage of the TES for electric load shifting.  
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ECR = ηheatloss*ηcontrol/ηh2p (15)  

5. Discussion 

In this study, the benefits of the DHNI are derived from the com
parison of the reference scenario and the active-controlled scenario. The 
reference scenario is assumed to have a theoretical control over the 
flowrate so that the network inertia is not used at all. However, in re
ality, due to the time delays in almost all parts of the complex DH sys
tem, the practical control strategy can hardly reach the theoretically 
assumed one. Therefore, the network inertia is unavoidable utilized to 
some levels, causing positive or even negative effects on the system 
performance and operating costs. Since the exact time delays and 
practical performance are hard to modelled, the results of this study are 
only limited to theoretical assumptions. 

Various methods have been developed in recent years to recycle the 
waste heat from the exhaust steam and to increase plant efficiency [44], 
such as the use of the absorption heat pump [49]. However, these im
provements are not considered for the extraction CHP plant in this study. 
Taking the system with the absorption heat pump as an example, the 
amount of the extracted steam and exhaust steam shall be carefully 
controlled, to match the high-grade and low-grade energy sources. Thus, 
the use of the extracted steam to raise the network temperatures might 
impact the overall system efficiency. The applicability of the DHNI in the 
newly developed CHP systems shall be further examined. Moreover, 
flexible heat storage options such as the two tanks design [50], have 
been developed in recent years to improve system flexibility while fully 
recovering the waste heat. 

6. Conclusion 

This study has investigated the storage potentials of the DH pipes in a 
group of representative DH systems in Sweden and China with different 
load densities. Based on an integrated DH system model, developed in- 
house, the technical and economical feasibilities for using the network 
inertia as storage unit are analyzed under various scenarios, including 
the different network temperature levels, heat sources, flowrate control 
strategies and the VRE balances. The suitable application ranges and the 
proposed benefits of using the network inertia are found thereby. Key 
conclusions are summarized as follows:  

(1) The investigations of the DH systems have shown that the storage 
capacities of the studied Swedish DH networks are always less 
than 0.8% of the daily heating demand, considering a 10 K 
temperature increase in the supply network. In contrary, due to 
over-sized pipes, the same index in Chinese DH systems is on 
average 4% of the daily heating demand.  

(2) In traditional MTDH systems with the extraction CHP plant, since 
the heat source efficiency is not influenced by the raised network 
temperatures, the DHNI can improve the VRE integrations by 
0.4% of the total VRE supply and reduce the total operating cost 
by 0.6%. In the scenario with the back-pressure plant, although 
the integrations of VRE is improved, the use of DHNI is not 
economically attractive because the system needs to buy more 
electricity from the grid.  

(3) In future LTDH systems with HPs, the DHNI is only feasible for a 
short period due to reduced source efficiencies, leading to a small 
cost-saving rate of 0.05%. In LTDH systems with back-pressure 
plants, the DHNI is still economically infeasible as is in the 
MTDH systems.  

(4) The fixed flowrate control strategy can better utilize the storage 
capacity compared to the variable flowrate strategy. By changing 
the VRE supply and electricity demand profiles, the upper limits 
of the cost-saving benefits for utilizing the DHNI are found, along 

with the upper limits of the effective conversion ratios between 
the storage capacity and the shifted electric load. 

Finally, theoretical breakdown analysis of the effective usage of the 
storage unit is conducted, to explain the relatively small benefit asso
ciated with the network inertia. The proposed analysis method can be 
applied to all TES units. From the results of this study, it is pointed out 
that the DHNI can only play limited roles for improving the flexibility in 
future DH systems. 
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