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Abstract

Many studies have been carried out separately on combined heat and power (CHP) and district
heating (DH). However, little work has been done considering both the heat source, the DH network
and the heat users simultaneously, especially when it comes to the heating system with large-scale
CHP plant. For the purpose of energy conservation, it is very important to know well the system
performance of the integrated heating system from the very primary fuel input to the terminal
heat users. This paper set up a model of 300 MW electric power rated air-cooled CHP plant using
Ebsilon software, which was validated according to the design data from the turbine manufacturer.
Then, the model of heating network and heat users were developed based on the fundamental
theories of fluid mechanics and heat transfer. Finally the CHP based district heating system
was obtained and the system performances within multiscale scope of the system were analyzed
using the developed Ebsilon model. Several useful conclusions were drawn. It was found that a
lower design primary supply temperature of the DH network would give a higher seasonal energy
efficiency of the integrated system throughout the whole heating season. Moreover, it was not
always right to relate low design supply temperatures to high pump power consumptions and high
heat losses in the DH network, since the results showed that the seasonal pump power consumption
and the heat loss would decrease with a lower design primary supply temperature. Therefore, from
the perspective of seasonal energy efficiency of the integrated system, low temperature DH has an
even more bright future compared to just considering the design heat load condition. Both the
CHP plant and the low temperature DH network were simulated in detail and integrated, including
the part heat load conditions, which is one novelty of this article. The simulation in this paper
could be as the basis for the further improvement and optimization of CHP based DH systems.
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1. Introduction1

Nearly every progress of science and technology made by mankind comes along with the ex-2

cessive exploration of natural resources and serious pollutions. So many changes have been made3

to the nature on the earth that the fact of energy depletion and global warming is threatening us4

with, unfortunately, a grave future. One of the most promising ways to dismiss or release this bad5

situation is to make full use of the remaining energy resources, including renewable energy and6

fossil fuel, since it is unlikely to stop the development of science or to reduce the daily increasing7

energy demand of mankind society. In 2013, the global primary energy consumption increased by8

2.3%, with an 1.8% acceleration over the year 2012 [1].9

Combined heat and power (CHP) can be an energy efficient and environmentally friendly way10

for energy conversion and utilization, especially when it combines with the customary technology11

of combined cycle using natural gas [2]. Researches all over the world have been focused on the old12

but vital technology of CHP. To evaluate the energy conservation characteristics of CHP plants,13

a series of indicators have been proposed, such as primary energy savings (PES) [3], primary en-14

ergy rate (PER) [4], trigeneration primary energy saving (TPES) [5], building primary energy15
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ratio (BPER) [6], relative avoided irreversibility (RAI) [7] and specific fuel consumption (SFC) [8].16

Meanwhile, to bring up the efficiencies of CHP systems, a series of technical measures has been17

studied with respect to different system types and boundaries [9]. However, most of the recent18

published studies on CHP are mainly focused on natural gas based small-scale tri-generation sys-19

tems, such as combined cooling, heat and power (CCHP) [10–12], combined hydrogen, electricity20

and heat (fuel cell) [13–15], combined renewable energy such as CHP with wind power or solar21

power [16–20], or biomass [21, 22]. Research on solely conventional CHP with large-scale coal-fired22

units is relatively insufficient, leading to the reality that the options and parameters of large-scale23

CHP systems have not been adjusted well with the increasing unit capacities, heat load scales and24

temperature levels. Besides, with the world-wide hot research and discussion of CO2 reduction,25

fossil fuel is becoming not such popular as renewable energy. However, it is impossible to change26

totally to renewable energy instantly due to present primary energy reserves and infrastructures for27

countries like China, South Africa, India, Poland, etc. The coal-fired power plants will still be im-28

portant within foreseeable future. Therefore, intensive study of large-scale coal-fired CHP systems29

is still an urgent need of top priority in face of current serious energy shortage and environmental30

degradation.31

District heating (DH) is another hot topic in the residential sector, especially under the pressure32

of energy and environmental problems these years [23]. The fundamental idea of DH is expressed33

as: to use local fuel or heat resources that would otherwise be wasted, in order to satisfy local34

customer demands for heating, by using a heat distribution network of pipes as a local market place35

[24]. Gadd and Werner [25, 26] researched on the heat load patterns shows that normal heat load36

patterns vary with applied control strategy, season and customer category. Persson and Werner37

[27, 28] investigated the industrial excess heat utilization in DH and the competitiveness of future38

DH systems, and concluded that there is no direct barriers for the utilization of industrial excess39

heat for DH within EU27 and that reduced heat demands in high heat density areas will not be40

a general barrier for DH in the future. With the goal to decrease the primary return temperature41

of the heating network, studies have been carried out with respect to the optimization of control42

strategy of substations which constitute the interface between the distribution network and the43

heat customers [29–31]. Recently, low temperature DH is becoming a popular research field due to44

more and more appropriated insulation and airtight building envelopes. Brand and Svendsen [32]45

studied a typical Danish single-family house connected to DH from the 1970s, the results show that46

a maximum supply temperature below 60 ℃ would be feasible for 98% of the year with a small47

refurbishment like changing the windows. Lund et al. [33] defined the concept of 4th generation48

DH and smart thermal grid. In their definition, low supply temperature, low grid losses and low49

temperature heat sources are three important features of the future 4th generation DH. Meanwhile,50

it was also pointed out that the supply temperature as low as 40 ℃ can be used for space heating51

systems. However, there is a dearth of research related to the optimal low supply temperature of52

the primary heating network. Besides, all these DH related researches are heating network or heat53

load and building related studies. Few studies have combined the research with the characteristics54

of CHP plants, although it is important. On one hand, for instance, a low supply temperature of55

the DH network (with the constant heat load of the heat users) would result in a large flow and,56

therefore, high pump power consumption in the heat distribution network. On the other hand, a57

low supply temperature would come with a lower back pressure of the turbine and, therefore, a58

higher power output in the CHP plant. The net power output of the overall system is depended on59

both the two aspects. Therefore, a combined study of DH system concerning simultaneously the60

characteristics of the CHP plant, the heating network and the heat users is important. A model61

of the whole heating system is needed for the integrated system analysis.62

The objective of this work was to establish and analyze an integrated model of coal-fired63

large-scale CHP based DH system. Moreover, several important issues with regard to the supply64

temperature and the losses of the DH network were investigated based on the overall system level.65

With respect to CHP based DH system, different modes can be adapted, while one energy efficient66

way is to use the exhaust steam, discharged from the low pressure cylinder (LPC) of the air-cooled67

turbine, as the heat source, studied in [34]. A brief schematic of the analysed system is shown in68

Fig. 1. The left part in the figure is the CHP plant, and the right part indicates the DH network69

with heat users. The exhaust steam from the LPC of the turbine is divided into two parallel flows.70

One is condensed by air through the air-cooling tower, while the other is condensed by the water71

from the DH network in the condenser. In this study, the Ebsilon Professional software was used to72

model the large-scale CHP plant, since it was convenient to carry out the off-design simulation of the73

power plant, and extended modules could be easily developed in this software platform. Facing the74

problem that there was no DH pipeline module in Ebsilon, models for both the heat and pressure75

loss of the pipes in heating networks were set up using the basic theory of heat transfer and fluid76
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Figure 1: System schematic of CHP based DH system

mechanics. A pipe module was developed within Ebsilon Professional using Pascal programing77

language. Another module was also developed to estimate the basic characteristics of radiators78

with heat demand control. These two modules were important to find the relationships among the79

CHP performance and pipe diameters, heat losses and pump power consumptions. Finally, the80

integrated CHP based DH system was obtained, and the system performance within multiscale181

scopes of the system were analysed. The study in the paper should be of interest for designers of82

DH systems cooperating with CHP plants.83

The novelty in this article is that both the CHP plant and the DH network were simulated84

in detail and integrated. The structure of the further text is as follows: Section 2 will present85

the description and main specifications of the system studied, and also the evaluation criteria of86

the system performance. Then, the methodologies of the simulation is presented in Section 3,87

including the developed heat users, DH pipes and operational issues. Meanwhile, the DH related88

multiscale performance of the system, including the CHP plant, the heat users and the DH network89

is presented and analysed in Section 3. Based on the multiscale simulation and analysis, several90

basic topics with regard to the design supply temperature, the DH pump power consumption and91

the heat loss rate of the DH network are studied and analysed on the integrated system level in92

Section 4. Section 5 discusses practical low temperature related considerations, the influence of93

the terminal temperature of the condenser and the choice of the design specific friction resistance.94

Finally, some conclusions will be drawn in Section 6.95

2. System description and specifications96

This paper presents a total energy system study of a coal-fired large-scale CHP-based DH97

system. Fig. 2 shows the simulation process of the system constructed in Ebsilon software. The98

detailed theory behind the simulation is given in the next section. In this section, this figure is99

used to present an overall description of the structure of the integrated system. The left-hand100

part of Fig. 2 is the CHP plant and the right-hand part indicates the DH network and heat users.101

The turbine was designed as an air-cooled type2 and was comprised of the high pressure cyclindar102

(HPC), the intermediate cyclindar (IPC) and the low pressure cyclindar (LPC). The reason for103

choosing an air-cooled power plant is that the back pressure level of air-cooled turbines could be104

easily adjusted for low temperature DH (usually less than 70 ℃), since this type of turbines is105

equipped with much shorter blades in the LPC than water-cooled ones.106

Shown in Fig. 2, The CHP plant studied in this paper was an existing 300 MW power-rated107

air-cooled plant located in Shanxi Province in China, with the rated back pressure of 0.015 MPa.108

To be adapted for DH, the back pressure of LPC in operation should be increased. The air-cooling109

tower (No.6 in Fig. 2) was comprised of 12 air-cooled condensers (ACC), which were separated into110

three parallel columns with each column consists of four cascaded ACCs. The detailed structures of111

1Multiscale in this paper means the objects we analysed are of different scales, including the pipe and the user
modules, the network and the CHP plant, and also the whole integrated system.

2Water-cooled turbine means the turbine designed with the exhaust steam condensed by water. Air-cooled
turbine means the turbine designed with the exhaust steam condensed by air.
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Figure 2: Technological process of studied integrated system in Ebsilon

the air-cooling tower and ACC could be found in [35, 36] as examples. There was a switching valve112

before each of the parallel columns to open and close the columns. The switching valves, together113

with the control of the fan speed of ACCs, were used to control the back pressure of the turbine and114

the related primary supply temperature of the DH network. The terminal temperature difference115

of the condenser (No.8 in Fig. 2) was kept at 5 ℃ by changing the back pressure of the turbine116

in both design and off-design conditions. Number 7 (in Fig. 2) indicates the regenerative system,117

which consisted of three high pressure heaters, one deaerator and three low pressure heaters. The118

regenerative system was used to heat the water pumped to the boiler, making use of bleeding steam119

from the turbine.120

The studied DH network was a hypothetical one with six branches (the right-hand part of Fig.121

2). Since the structures of the branches were assumed to be the same, only the first substation122

was labeled. The distance from the condenser at the CHP plant to the first branching point was123

assumed to be 10 km. And the distance between adjacent branching points was 1 km. For each124

branch, there was a distance of 100 m from the branching point to the substation. With regard to125

the heat load of the studied case, since the domestic hot water use is almost constant during the126

year, inclusion of the domestic hot water will move the duration curve up. It was assumed in this127

study that there was no domestic hot water supply and the heat load was only considered to be128

space heating, which is common in China and former Soviet Union countries. The studied space129

heating load was distributed as six lumped heat users with heating areas of 5.0×105 m2, 1.0×106130

m2, 1.5×106 m2, 1.5×106 m2, 1.0×106 m2, 5.0×105 m2, respectively, from the nearest substation131

to the farthest one. The unit area heating load rate was 60 W/m2, and design outdoor temperature132

was -30 ℃. So low outdoor design temperature was chosen to have possibility to extend the plant,133

since a district heating plant is usually built with long term ideas to include new customers in134

the future. In total, the maximum heat load rate was 300 MW. The pipeline in DH network is135

usually separated by the thermal substations as two main parts: primary pipeline and secondary136

pipeline. Accordingly, there are two kinds of important supply temperatures in DH networks:137

primary supply temperature and secondary supply temperature.138

Issues of the integrated systemin will be presented in Section 4. The studies of the integrated139

system were based on the premise that the inlet steam parameter of the HPC of the turbine was140

kept constant and identical with the THA condition. Energy efficiency (Eq. 1) was used to indicate141

the energy dissipation character of both the CHP plant and the integrated system.142

ηt =
Q̇+ Pe

Q̇i

(1)

where ηt and Q̇i indicate the energy efficiency and the rate of input energy of the CHP plant,143

respectively. For the calculation of Q̇i, the boiler efficiency in CHP plant was assumed to be144

constant at 0.92, which do not affect the total system character since the inlet steam parameter145

of the turbine was kept constant in the simulations. Q̇ denotes the rate of heat output of the146

system discussed. Three terms were used in the further text - the CHP plant efficiency, the overall147
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Table 1: Basic design parameters of the turbine for THA condition

Parameters (unit) Value Parameters (unit) Value

Unit type (-) NZK300-
16.7/538/538 Reheated steam flow (kg/h) 7.84× 105

Rated power capacity (MW) 300 Reheated steam temperature (℃) 538
Main steam flow (kg/h) 9.52× 105 Reheated steam pressure (MPa) 3.33

Main steam temperature (℃) 538 Stages of regenerative system (-) 6
Main steam pressure (MPa) 16.7 Back pressure (kPa) 0.015

efficiency and the seasonal efficiency. For the CHP plant efficiency (energy efficiency of the CHP148

plant), Q̇ refers to the heat rate transferred from the CHP plant to the DH network. For the149

overall efficiency (energy efficiency of the integrated system), Q̇ refers to the total heat load (the150

rate of heat supplied to the users). In order to investigate into the total energy performance of151

the integrated system in the whole heating season, the seasonal energy efficiency (ηav) is defined152

as the sum of the net power output and heat load divided by the sum of the energy input of the153

CHP plant during the whole heating season (kWh/kWh). Analysis and comparison of the overall154

efficiency and the seasonal efficiency are one of the novelty in this paper. Pe indicates the electric155

power output of the system discussed. For the CHP plant efficiency, it is the turbine power output156

minus the self used power in the CHP plant. For the overall efficiency, it is the turbine power157

output minus all the self used power including the pump power consumption in the DH network.158

3. Methods159

Simulations of the integrated system were implemented on the platform of Ebsilon Professional160

software, which is specialized in power generation fields and is used to design, simulate and optimize161

thermodynamic cycle processes in power plants. The most satisfactory advantage of EBSILON is162

that it can simulate the part-load (off-design) conditions [37]. Since there was neither radiator163

module nor pipe module in Ebsilon, two more modules for DH were developed. For the thermo-164

dynamic properties of water and steam at any state, the IAPWS Industrial Formulation 1997 [38]165

was used. With regard to the precision of the simulated results, 10−7 was used as the criterion to166

evaluate the convergence of the equation based matrix3.167

There are two calculation modes in Ebsilon, design mode and off-design mode. Both of them are168

based on energy and mass flow balances. The design mode is used to construct the physical layout169

of the components in the studied system and assign the design parameters, such as temperature,170

pressure, flow and efficiency. Thus the heat-transfer areas of the heat exchangers, the flow cross-171

sectional areas of the turbine wheels and channels will be fixed. The off-design mode is used to give172

the answer to what-if problems based on the fixed design structures according to basic off-design173

formulae and characteristic curves, such as the Stodola equation and efficiency curves etc.174

To investigate into the integrated characteristics of the whole system, two main parts are175

considered in this section. One is the CHP plant, the other is the heating network. The heat load176

feature was included in the heating network part. Both the two main parts could be simulated177

and validated in Ebsilon software. However, in order to carry out the simulation of the heating178

network, radiator module and pipe module have to be developed to realize the hydraulic and heat179

loss calculation of pipelines and to model the heat load characteristics of heat users. The novelty in180

this article is that both the CHP plant and the DH network were simulated in detail and integrated.181

3.1. CHP plant simulation and validation182

The 300 MW CHP plant was constructed using the built-in modules in Ebsilon (see Fig. 2)183

according to the design data of turbine heat-acceptance (THA) condition with the main parameters184

presented in Table 1. For off-design mode, the Stodola equation [39] was adopted in the turbine185

calculation, and the Rabek method [40] was used in regenerative heater calculation. The modules186

of the boiler, the turbines and the condenser are assumed to be adiabatic. The efficiencies of187

the stages in the turbine were fitted with the design data provided by the manufacturer. As an188

example, Fig. 3 shows the fitted relative efficiency curve of the last stage group in the LPC. Here,189

’relative’ means the ratio of the value from off-design mode to that of the design mode.190

310−7 is the maximum relative deviation in the present iteration from that in the last iteration when solving the
matrix
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Figure 3: Relative efficiency curve of the last stage group in LPC

Table 2: Main input parameters of the CHP unit under part-load conditions

Part-load conditions 100% THA 75% THA 50% THA 40%THA 30%THA
Flow rate (t/h) 951.94 693.12 462.22 377.74 295.18

Main steam pressure
(MPa) 16.70 16.70 11.59 9.54 7.51

Reheat steam
pressure (MPa) 3.33 2.48 1.70 1.39 1.08
Temperature (℃) 538 538 538 538 538

To validate the off-design simulation result of the CHP plant, a comparison between the sim-191

ulated part-load power output and the tested part-load power output was presented. The tested192

part-load data was provided by the manufacturer of the turbine unit. The main steam parameters193

for different part-load conditions are shown in Table 2, and the comparison curve is shown in Fig.194

4a.195

Table 2 and Fig. 4a show that the power output decreased with the decrease of the main steam196

flow rate and pressure. For part-load conditions, the power output deviations increased when the197

load was lower. The largest relative deviation occurred at 30% THA condition (4.1%), while the198

deviation at 100% THA condition approached zero. The simulated part-load power output of the199

CHP plant was basically consistent with the design value.200

Since one of the most important variable of the study was the back pressure of the turbine,201

it was necessary to look into the off-design characteristics with different back pressures to further202

validate the power plant simulation. Fig. 4b shows the simulation results of the CHP plant with203

regard to the variation of the back pressure. The power output of the turbine increased when the204

back pressure became lower, except for very low back pressure conditions. The simulation result205

of Fig. 4b was consistent with the results previously obtained in [41].206

Since the off-design calculations mentioned above were consistent with the design data and207

previous studies, the simulation model of the CHP plant was considered to be acceptable.208

3.2. Heat user model209

The heat load in this study was only space heating, without any domestic hot water consid-210

erations. Domestic hot water use is almost constant during the year, inclusion of the domestic211
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(a) Part-load conditions

���

���

���

���

���

���

� ����� ���� ����� ���� ����� ���� ����� ���� �����

�
�
��
��
�
�	


�
�
��


�
�	
�
��

�

�
�

�������������	��������
����

���
������
������

(b) Back pressure variations

Figure 4: Off-design simulation of the CHP plant
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hot water will move the duration curve up. Besides, heating systems with only space heating heat212

load is typical and relevant for DH studies in China and former Soviet Union countries. For space213

heating, heat released at the heat users is basically related to the characteristics of the radiators.214

Considering that there is no built-in radiator module in Ebsilon, a mathematical model of radiator215

was set up and a radiator module was developed to simulate the characteristics of heat users in216

the DH network. In the further text, the mathematical model and the validation of the heat user217

model is presented.218

3.2.1. Mathematical model219

The heat transfer process of the radiators is theoretically expressed by the following two equa-220

tions:221

Q̇ = kr ·Ar · 4Tm,r (2)

Q̇ = Ġ · 4h (3)

where Q̇, kr, Ar, 4Tm,r, Ġ, 4h represent the rate of heat, the heat transfer coefficient, the heat222

transfer area, the mean temperature difference, the water flow rate and the enthalpy drop of the223

water in the radiator, respectively.224

4Tm,r is calculated as the logarithmic mean temperature difference, expressed as225

4Tm,r =
Ti,r − To,r
ln

Ti,r−Tn

To,r−Tn

(4)

where Ti,r, To,r, Tn are the inlet temperature of the radiator, the outlet temperature of the radiator226

and the indoor temperature needed, respectively.227

The heat transfer coefficient of the radiator, kr, is defined as228

kr = a · (4Tm,r/[K])b (5)

where a and b are the coefficients of the radiator. In the study of this paper, the values of a and b229

were set as 1.38 and 0.26, respectively [42].230

When the outdoor temperature changes, the heat load will also change accordingly. The relative231

heat load can be expressed as232

Q̇

Q̇max

=
Tn − Ta

Tn − Ta,min
(6)

where Ta, Ta,min and Q̇max represent the ambient temperature, the lowest calculated ambient233

temperature and the maximum heat load, respectively.234

Based on the theory above, a radiator module was developed within the Ebsilon platform using235

Pascal programming language.236

3.2.2. Analysis and validation of the heat user model237

To test the characteristics of the heat user model, a set of sensitive analysis was conducted with238

the results shown in Figs. 5 - 6.239

Fig. 5 presents radiator characteristics with different design supply temperatures (design Ti,r).240

The design supply temperatures in Figs. 5a - 5b were set from 55 ℃ to 95 ℃. The design supply241

temperatures in Fig. 5c were set as 55 ℃ and 85 ℃ for comparison. Fig. 5a shows the off-design242

characteristics of the radiator with different operational flow rates under different design supply243

temperatures. When increases the flow rate, the rate of heat increased with a gradually reduced244

slope. A lower design supply temperature gave a smaller slope. However, the radiator with a245

lower design supply temperature required a much larger heat transfer area, as shown by Fig. 5b.246

The heat transfer area with the design supply temperature of 60 ℃ was set as the reference base247

with regard to the relative area in Fig. 5b. Fig. 5c presents a comparison of radiator off-design248

characteristics with two different design supply temperatures. It was found that a lower design249

supply temperature or a higher operational supply temperature (operational Ti,r) gave a much250

more linear-like performance. This would enable easier heat load control in operation [24].251

In order to investigate into the heat user characteristics influencd by the pattern of radiators,252

different b values were used for the radiator analysis shown by Fig. 6. Fig. 6a shows that a larger b253

value tends to give a more linear relationship between rate of heat and flow rate. Meanwhile, with254

a larger b value, the heat transfer area of the radiator decreased dramatically, especially within255

the range of (0, 1) (see Fig. 6b). The reference base for the relative heat transfer area in Fig. 6b256
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(c) design Ti,r = 55℃, 85℃

Figure 5: Radiator characteristics with different design supply temperatures
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(b) Heat transfer area with different b values

Figure 6: Radiator characteristics with different a or b values
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Figure 7: Geometry of the pipe buried underground
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Figure 8: Calculation model for the temerature distribution along pipe

was the area when b = 0.4. With respect to the influence of a value of radiators, its variation only257

contributed to different design heat transfer areas of the radiators. A larger a value gave a smaller258

heat transfer area of the radiator, with similar trend as that in Fig. 6b.259

To validate the result of the radiator module, a numerical interation calculation in Microsoft260

Excel was carried out according to Eqs. 2 - 3. The result was compared with that obtained from261

the developed Ebsilon module, which showed a high consistency. The inlet parameters were given262

and the relative difference of the outlet temperature was 0.01%. Besides, similar tendancy in Fig.263

5a was also found in Literature [43].264

3.3. Model of the heat and pressure loss in the heating network265

Similar to the radiator module, a pipe model was also necessary for the simulation of the266

pipelines, which could do both the pipe sizing calculations and the pressure and heat loss calcula-267

tions. Detail analysis of the heat loss and pressure loss of the DH network is the novelty of this268

article. The geometry of the developed pipe module buried underground is shown by Fig. 7. The269

upper black line indicates the ground surface and the yellow part indicates the thermal insulation270

casing.271

3.3.1. Mathematical model of the pipe in heating network272

With regard to the hydraulic analysis of the pipe module, the pressure drop of water flow in273

DH pipes is calculated according to the Darcy–Weisbach equation, which can be expressed as274

4P = f · ρv
2

2D1
· L = R · L (7)

where 4P , f , ρ, D1, v and L are, respectively, the pressure drop, the friction factor, the density275

of water, the inner diameter of pipe, the water velocity and the length of pipe. The pressure drop276

was calculated by considering only the frictional resistance along the pipe. The local resistance277

was not considered in this study. The pipe sizing calculation and analysis were carried out to278

investigate the influence of specific frictional resistance, R, to the overall system performance. The279

water velocity was calculated from the mass flow rate, Ġ. The friction factor was calculated by280

1√
f
= −2.0 · log

(
K/D1

3.7
+

2.51

Re ·
√
f

)
(8)

where K is the roughness of the inner pipe surface, and Re is the Reynolds number of the pipe281

flow.282
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In order to calculate the thermal resistance of pipe casing, geometry of buried pipe is considered283

shown by Fig. 7, in which the pipe casing is considered as a cylinder [44]. Neglecting the interfacial284

contact resistances and treating the thermal conductivities as constants in the derivation, the285

overall heat transfer coefficient of the insulated pipe is expressed by286

U =

[
D3

D1 · h
+
D3 · ln (D2/D1)

2 · λp
+
D3 · ln (D3/D2)

2 · λc

]−1

(9)

where U , D2, D3, h, λp and λc represent the heat transfer coefficient of insulated pipe, the287

outer diameter of pipe, the outer diameter of insulation, the convection heat transfer coefficient288

of the inner pipe surface, thermal conductivity of pipe and thermal conductivity of pipe casing,289

respectively. For the flow with small to moderate temperature differences between the fluid and290

the environment, the following convection correlation is available for the calculation of h (the291

Gnielinski correlation [44]).292

Nu =
h ·D1

λw
=

(f/8) · (Re− 1000) · Pr

1 + 12.7 · (f/8)1/2 ·
(
Pr2/3 − 1

) (10)

where λw, Nu and Pr are the thermal conductivity of water, the Nusselt number and the Prandtl293

number, respectively. The thermal resistance of the insulated pipe as a cyclinder (R1) is294

R1 =
1

U · π ·D3 · L
(11)

295

The rate of heat from the surface of pipe casing to the ground surface (see Fig. 7) was calculated296

as [44]:297

Q̇los = S · λ0 · (Ts − Ta) (12)

where Q̇los, λ0, Ts and S represent the rate of heat loss, the thermal conductivity of the soil, the298

surface temperature of the pipe casing and the shape factor of the pipe and soil, respectively. The299

pipe and soil were treated as a horizontal isothermal cylinder of length L buried in a semi-infinite300

medium, and the shape factor was calculated as301

S =
2 · π · L

cosh−1 (2 · z/D3)
(13)

where z is the buried depth of the pipe centerline. Thus, the thermal resistance of the soil over302

the pipe casing, R2, is303

R2 = (S · λ0)−1 (14)

304

In order to get the temperature distribution along the pipe, a heat transfer model along the305

pipe was built as shown in Fig. 8. For the control volume in the pipe, the heat loss is expressed306

as:307

dQ̇los = Ġ · cp · dTm,p (15)

while the rate of heat loss is also expressed by the heat transferred through the pipe casing as308

dQ̇los = π ·D3 · U · (Ts − Tm,p) · dx (16)

Eqs. 15 and 16 are combined as309

dTm,p

dx
=
π ·D3 · U · (Ts − Tm,p)

Ġ · cp
(17)

The soil surface temperature is assumed to be equal to the ambient temperature, the heat trans-310

ferred through R1 is equal to the heat transferred through R2 (see Fig. 7), and the following311

equation is readily obtained312

Q̇los =
Tm,p − Ts

R1
=
Ts − Ta
R2

(18)

and can be rewritten as313

Ts =
Tm,p ·R2 + Ta ·R1

R1 +R2
(19)
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Table 3: Pre-set design parameters of the pipe for performance analysis

Length
(m)

Flow
(t/h)

Ambient
temperature

(℃)

R range
(Pa/m)

Insulation
thermal

conductivity
(W/(m ·K))

Insulation
thickness

(m)

Soil thermal
conductivity
(W/(m ·K))

1000 1000 -30 [40, 80] 0.03 0.2 1.5

Combining Eq. 17 and Eq. 19, the differential form of temperature distribution along the pipe is314

obtained as315

dTm,p

dx
=
π ·D3 · U ·

(
Tm,p·R2+Ta·R1

R1+R2
− Tm,p

)
Ġ · cp

(20)

When noticing that Tm,p = Ti,p at x = 0 and integrating Eq. 20, the temperature distribution316

along the pipe is obtained as317

ln
Tm,p − Ta
Ti,p − Ta

= −π ·D3 · U
Ġ · cp

· R1

R1 +R2
· x (21)

where Ti,p is the inlet temperature of the pipe. Besides, the heat loss rate along the pipe is318

expressed as319

Q̇los = Ġ · cp · (Ti,p − To,p) (22)

where To,p is the outlet temperature of the pipe calculated by Eq. 21 with x = L.320

321

Finally based on the theory above, a pipe module was implemented in Ebsilon.322

3.3.2. Analysis and validation of the DH pipe model323

Pre-set values of the pipe module is shown in Table 3. In order to give a general description324

of the characteristics, several curves was given from Fig. 9 to Fig. 12. Results from simulations325

in design mode are shown in Figs. 9 - 10. Fig. 9 is the pipe sizing result with different flow rate326

and R range. Fig. 10 is the relationship of the heat loss rate versus insulation thickness. Figs. 11327

and 12 shows results from simulations in off-design mode. Fig. 11 is the pressure and temperature328

drops with different operational flow rates, while performance with different operational supply329

temperatures is shown by Fig. 12.330

Fig. 9a shows that a larger flow rate was delivered with a wider pipe and the design diameter331

of the pipe would increase stepwise with the increase of flow. Accordingly, the heat loss rate would332

decrease. The reason for the general decrease of the heat loss rate was that a larger flow rate with333

wider pipe gave a bigger Re value and a smaller f value (Eq. 8). A smaller f value meant a bigger334

heat transfer coefficient (Eq. 10) and a smaller heat loss. Since the typical range of the R value335

for pipe sizing was 50-200 Pa/m in Europe [24], which was different from that in China, 40-80336

Pa/m [45], an investigation of different R range was also necessary. The pipe sizing process was337

generally based on Eq. 7 with the detailed knowledge shown in most text books [45]. It can be338

seen from Fig. 9a that the design pipe diameter was smaller for the R range of 80-120 Pa/m than339

that of 40-80 Pa/m with regard to the same flow rate. The relative heat loss in Fig. 9a meant the340

ratio of heat loss to heat delivered by the pipe. The lower R range with wider pipes tended to give341

a smaller relative heat loss with regard to the same flow. The reason was that a lower R range342

meant a smaller velocity and smaller heat transfer coefficient, although the heat transfer area was343

larger for a wider pipe.344

Fig. 9b is the relationship between heat loss rate and design diameter. For a specified nominal345

diameter, the heat loss rate increased due to the increased flow rate and velocity. For an adjacent346

wider pipe, the heat loss rate would start at a relatively lower level but ends up at a higher347

value. The reason why an adjacent wider pipe starts at a lower heat loss rate was that the pipe348

dimensioning was conducted by a range of R and the lower value within R range was preferentially349

selected. That is to say, an adjacent wider pipe start with a higher flow rate but lower R value. A350

lower R value meant a lower velocity of the flow and a smaller Re value, resulting in a smaller heat351

transfer coefficient (Eq. 10). For the general trend, Fig. 9b shows that wider pipes gave larger352

heat losses. However, although the absolute value of heat loss rate was bigger for wider pipes, the353

relative value of heat loss rate of wider pipes was smaller, as previously analysed in Fig. 9a.354

Fig. 10 depicts the influence of insulation thickness to heat loss rate. The heat loss rate could355

be reduced by increasing the insulation thickness. However, e.g. in the studied case, the descending356

trend would be largely reduced when the insulation thickness became larger. A similar curve of357

heat loss versus insulation thickness can be found on Page 322 in [24].358
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(a) Heat loss and diameter versus flow rate

�

��

���

���

���

���

���

���� ���� ���� ���� ��	� ���� ���� ����



�
�

�
��
��
��
�

�
��
�
�
�

�������������
������

(b) Heat loss rate versus diameter

Figure 9: Pipe sizing test of the pipe module with different flow rate and R ranges
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Figure 10: Heat loss of the pipe module with different insulation thickness
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Figure 11: Off-design characteristics of pipe module with different flow rates
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(a) Heat loss rate and temperature drop
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(b) Pressure drop

Figure 12: Off-design characteristics of pipe module with different inlet temperatures

Fig. 11 is the off-design characteristics of the pipe module with different flow rates. With the359

increase of flow rate in off-design calculation, the pressure drop would increase and the temperature360

drop would decrease to different extents. Fig. 12 presents the off-design performance of the pipe361

with different inlet temperatures. With a higher inlet temperature, the temperature drop and heat362

loss rate of the pipe increased (see Fig. 12a). This gives us an illumination that low temperature363

DH could reduce the heat and temperature losses. Fig. 12b shows that the pressure drop of the364

pipe would also increase, though not much, with a higher inlet temperature. The slight increase of365

the pressure drop in Fig. 12b was mainly caused by the expansion of water at higher temperatures.366

With expansion, the water velocity and the friction factor would be increased a little bit, causing367

the increase of pressure drop. The results presented by Fig. 11 and Fig. 12b were consistent with368

the fact expressed by Eq. 7.369

To further validate the simulation result of the developed pipe module, heat loss calculation370

using Logstor pipe calculator [46] was conducted for comparison. The results did not deviate371

from each other more than what is acceptable. For a 450 mm nominal diameter pipe with a pipe372

casing diameter of 710 mm and an inlet temperature of 80 ℃, the heat loss rate calculated by the373

Logstor calculator was 40.6 W/m. The simulation result from the developed pipe module in this374

study was 42.2 W/m. The simulation result by the developed pipe module was slightly higher.375

Many factors can contribute to this deviation, including different water properties or different heat376

transfer correlations.377

3.4. Heating network378

After the development and analysis of the heat user and DH pipe modules, the DH network379

could be constructed in Ebsilon, as shown by the right part of Fig. 2. The thermal substations380

in the studied system were all indirectly connected ones. That is to say, the heat exchanging381

facilities in the thermal substaitons are all dividing wall type heat exchangers, which seperate the382

water in the primary DH network from that in the secondary DH network. The lower terminal383

temperature difference of the heat exchangers in the substations was assumed to be 5 ℃. That384

is to say, the outlet temperature of the heat exchangers in substations was set as 5 ℃ above the385

outlet temperatures of the heat users. The temperature drop of the radiators at the heat users386

was set as 10 ℃ for design conditions.387

As for the control method of the heating network, four basic measures were taken to keep it388

running steadily including heat load control, flow control, differential pressure control and supply389

temperature control. Heat load control is to control the heat released by the radiator to the room390

space using thermostatic valves. Flow control is to control the primary flow rate that goes into the391

thermal substations using control valves. Differential pressure control is to guarantee the available392

pressure difference at the most peripheral substation. Supply temperature control is to control the393

energy input of the heat source to make the primary supply temperature go as pre-set values. The394

detailed theory behind the four basic control methods is illustrated in [24].395

Key characteristics of the heating network are shown in Fig. 13. Fig. 13a shows the relationship396

among the heat loss rate, the pump power and the ambient temperature of the DH network. With397

the increase of ambient temperature in off-design mode, the heat load rate and flow rate would398

decrease accordingly (Eqs. 6 and 3). Meanwhile, the heat loss rate and pump power would also399

decrease. For the same ambient temperature, the low designed primary supply temperature (55400

℃) would induce a higher flow and therefore higher heat losses and higher pump power compared401
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(b) Relative heat loss

Figure 13: DH network characteristics

to that of high designed primary supply temperature (70 ℃). Fig. 13b is the off-design relative402

heat loss of the discussed heating network with different design supply temperatures. Relative heat403

loss means the ratio of total heat loss to heat transferred into the heating network. With regard404

to different design supply temperatures of the heating network, the relative heat loss curves show405

the same trend but with different levels. For the same heat load, lower designed primary supply406

temperature causes higher network heat loss. The reason was that, for the lower designed primary407

supply temperature, the mass flow rate will increase.The increased mass flow rate will require the408

bigger designed pipe diameter. The bigger pipe diameter will induce bigger cover area of the pipe.409

A bigger pipe area in contact with the ground will induce higher heat losses.410

Fig. 13b also shows that the relative heat loss was high with lower ambient temperatures. With411

the increase of ambient temperature, there came a trade-off of two effects. One effect was that the412

relative heat loss would decrease due to smaller flow velocity and smaller temperature difference413

between internal flow and ambient temperature. The other effect was that the relative heat loss414

went up dramatically when the heat load approached zero with still none-zero heat loss. Generally,415

when the ambient temperature increased to a certain level (about 10 ℃ in Fig. 13b), the second416

effect played a dramatic leading role and the relative heat loss was increased sharply. For high417

ambient temperature conditions, e.g. when the ambient temperature is above 10 ℃ ,space heating418

is mostly not needed, the results after 10 ℃ in Fig. 13b might be less relevant. This indicate419

an important conclusion: at the very low heat load or when the outdoor temperature is high, the420

network heat losses will be high compared to the load. This is one of the reason why district421

heating might be not preferable for very low load area.422

3.5. Operational issue for the whole heating system423

A duration curve of ambient temperature in the heating season is the basis of heat load calcu-424

lations, and could be expressed with an adequate approximation as Raiss equation [47, 48]as425

Ta,st − Ta
Ta,st − Ta,min

= 1− 3

√
τ

τ0
+

(
τ

τ0

)2

·
(
1−

√
τ

τ0

)
(23)

where Ta,st, τ and τ0 represent the ambient temperature when the heating season starts, the time426

and the duration of the heating season, respectively. For each hour in the heating season, there427

is an ambient temperature and a heat load. With Ta,st set as 10 ℃, Tn set as 20 ℃ and τ0 set428

as 2880 h, the duration curve used in this work is presented by Fig. 14. To get the total energy429

consumption of the integrated heating system during the whole heating season, the discrete sum-430

up calculation of energy consumptions in every hour is carried out, which is considered to be the431

substitution for consecutive integration.432

In this study, the whole heating season is divided into 40 intervals by the ambient temperature433

ranging from -30 ℃ to 10 ℃. For each interval, a duration time could be obtained by Eq. 23.434

Thus, the heat load duration curve (Fig. 14) was interpreted and simplified as Fig. 15.435

Supply temperatures (primary supply temperature and secondary supply temperature) are of436

great importance to the overall system performance. Normally, the supply temperatures of primary437

and secondary networks in operation are always controlled to be lower with the increase of ambient438

temperature. With regard to the heat exchanger for the heating network, which actually servers439

as a condenser in the CHP plant, its terminal temperature difference is kept as 5 ℃ by changing440

the back pressure of the turbine in both design and off-design conditions. That is to say, the441
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Figure 14: Heat load duration curve of the case studied
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Figure 15: Time duration distribution of the whole heating season with different ambient temperatures

saturated temperature of the steam discharged from the turbine is 5 ℃ higher than the primary442

supply temperature of the DH network.443

4. Analysis and results of the overall system444

In order to obtain the overall performance of the integrated scale of the system, several topics445

are discussed below. Generally, the supply temperature, the pump power consumption and the446

heat loss of the heating network with regard to different design and operational conditions were447

studied. Some key figures were selected and analysed as the simulation results of these topics.448

4.1. Supply temperature in design conditions449

The primary and secondary supply temperatures of the DH network are of great importance for450

both the design and off-design conditions. The analysis in this subsection only deals with design451

conditions, while the off-design conditions were discussed in Section 4.2.452

For design conditions, different primary and secondary supply temperatures would give out453

different system designs, with different overall efficiency levels. Fig. 16 shows the system energy454
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(b) With different secondary supply temperatures
¬ Secondary supply temperature=45℃; ­ Secondary supply temperature=50℃

Figure 16: System energy efficiency curves under design conditions with different design supply temperatures
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efficiency curves in design mode with different design primary and secondary supply tempera-455

tures. Fig. 16a shows the overall efficiency of the integrated system. When the primary supply456

temperature was specified, a lower secondary supply temperature gave a higher overall efficiency457

level. The reason was that, when the primary supply temperature was specified, a lower secondary458

supply temperature means a larger temperature drop of the primary side of the heat exchangers459

in substations, giving a smaller flow and a lower pump power consumption of the primary DH460

network. When the secondary supply temperature decreased from 55 ℃ to 50 ℃, the efficiency461

level increased dramatically, especially at lower primary supply temperatures. In contrast, the462

increase of efficiency level with the decrease of secondary supply temperature from 45 ℃ to 40 ℃463

was tiny because of the non-linear relationship between the flow and the pump power. Without464

considering the losses in the DH network, the CHP plant efficiency curves were at relatively higher465

levels compared to the overall efficiency curves for the integrated system (see Fig. 16b), but the466

general trends of the curves were similar.467

When the secondary supply temperature was specified, the energy efficiency changed with468

different primary supply temperatures (see Fig. 16a). With a higher primary supply temperature,469

the flow rate in the DH netwrok will decrease. The decreased flow rate caused decreased pump470

power of the DH network. Meanwhile, the heat loss rate will also decrease (see Fig. 13b). All471

this contributed to the increase of the overall efficiency. However the increase trend of the overall472

efficiency was slowed down by the fact that higher primary supply temperatures can induce higher473

back pressure and lower electric power output of the turbine.474

In Fig. 16b that there was a efficiency peak for the CHP plant efficiency, and so was it for the475

overall efficiency. However, these two peaks occurred at different primary supply temperatures.476

This means that there was a conflict of interest between the CHP plant efficiency and the overall477

system performance. A relatively higher design supply temperature was preferred according to478

the overall efficiency. This difference also indicates that it is important to study and analyze on479

an integrated system level from the primary energy input to the terminal users, other than just480

researching within a partial scale of the whole system. In the following simulations, only the overall481

efficiency was considered and analysed.482

When the design secondary supply temperature increased, both the CHP plant efficiency and483

the overall efficiency decreased to lower levels, as shown in Fig. 16b by the curves numbered ¬484

and the curves numbered ­. Meanwhile, the peaks of the CHP plant efficiency and the overall485

efficiency would all move rightwards with higher primary supply temperatures. This gives us an486

illumination that the secondary supply temperature should be designed at a rather low level, with487

the premise that the heat transfer area of radiators does not beyond the heat users’ acceptable488

economic limit (see Fig. 5b).489

For a brief summary, the decrease of design secondary supply temperature gave a higher effi-490

ciency level, while for the design primary supply temperature there was an optimal value. In the491

simulations reported below, the design primary and secondary supply temperatures were chosen492

to be 60 ℃ and 40 ℃, respectively.493

4.2. Supply temperature in off-design conditions494

As mentioned above, 60 ℃ and 40 ℃ were chosen to be the design primary and secondary495

supply temperatures, respectively, in this subsection and Section 4.3. The design values in this496

case is shown in Table 4. When the ambient temperature rises from the design ambient temperature497

(-30℃), the heat load will decrease. Meanwhile, the primary and secondary supply temperatures498

can be controlled according to pre-defined curves in operation. For these cases, the simulation was499

conducted in off-design mode. Fig. 17 shows the energy efficiency performance of the whole system500

in off-design mode.501

In Fig. 17a, the primary supply temperature was kept constant (60 ℃). The overall efficiency502

decreased slowly first but dramatically later with the increase of secondary supply temperature.503

For higher ambient temperatures, the overall efficiency curve decreased to lower levels, which means504

that a smaller heat load would result in a lower overall efficiency. When the ambient temperature505

was kept constant and the primary supply temperature was decreased/increased from 60 ℃ to506

55 ℃/65℃, the efficiency level would be increased/decreased accordingly, shown by Fig. 17b.507

Considering generally Fig. 17a and Fig. 17b, it was safe to conclude that a lower secondary supply508

temperature would give relatively higher overall efficiency for the case studied.509

When the secondary supply temperature was kept constant (40 ℃), the system performance is510

shown by Fig. 17c. A higher ambient temperature gave a lower overall efficiency level, which was511

consistent with the result in Fig. 17a. Meanwhile, there were peak points on the curves in Fig. 17c512

when the primary supply temperature changed under different ambient temperature conditions.513

Therefore, the primary supply temperature could be optimized for each ambient temperature in514
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Table 4: Design parameters of the system with specified design supply temperatures

Term Temperature
(℃)

Pressure
(MPa)

Flow
(t/h) Term Value

Main steam 538 16.7 951.405 Primary supply
temperature (℃) 60

Feed water 276.239 20.659 951.405 Secondary supply
temperature (℃) 40

Reheat steam
to boiler 324.818 3.695 786.881 Turbine power output

(MW) 289.893

Reheat steam
leaving boiler 538 3.326 786.881 Net power of the

whole system (MW) 266.211

Exhaust steam
from LPC 65 0.025 640.581 Heat loss of DH

network (kW) 5959.21

Steam to condenser
for DH 65 0.025 568.306 DH pump power

consumption (kW) 14774.3
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(b) With the ambient temperature of -20℃
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(c) With secondary supply temperature kept at 40℃
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(d) With ambient temperature of -20℃

Figure 17: Overall efficiency curves under off-design conditions with different operational supply temperatures
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Figure 18: Optimized operational primary supply temperature curve
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Figure 19: Seasonal energy efficiency study with different design primary supply temperatures

operation. The peak points were fitted as the dashed line in Fig. 17c. For a specified ambient515

temperature (see Fig. 17d), the peak of the efficiency curve could easily be obtained. It was also516

easy to find that a lower secondary supply temperature gave a higher peak point, but the trend517

would slow down for rather low secondary supply temperatures, as shown by the dashed line in518

Fig. 17d.519

To summarize, three basic facts found in this subsection are especially useful. First, the overall520

efficiency would become lower with a higher ambient temperature. Second, lower secondary supply521

temperature gave higher overall efficiency. Third and the most important, there was an optimal522

efficiency point for each heat load condition with regard to different primary supply temperatures523

(the dashed line in Fig. 17c). The third fact was utilized in the study of the next subsection.524

4.3. Seasonal consideration for supply temperatures525

The analyses in Sections 4.1 and 4.2 were all evaluated as one state point, either design or526

off-design, which did not include the system performance during the whole heating season. For527

the duration of the whole heating season, a heat load curve (see Figs. 14 and 15) was used for the528

simulation. In order to reflect the influence of design primary supply temperature to the overall529

efficiency of the whole heating season, seasonal energy efficiency (ηav) was used as the system530

performance indicator in this subsection, as defined in Section 2.531

The secondary supply temperature in operation was designed as 40 ℃ and was kept constant532

in operation. The primary supply temperature was designed as different values within the range533

from 55 ℃ to 70 ℃. In operation, the primary supply temperature was set as the peak points534

(the dashed line in Fig. 17c), which was illustrated in Section 4.2. That is to say, for different535

design primary supply temperatures, there were different optimized curves for operational primary536

supply temperature, which were fitted by the peak points of the curves in Fig. 17c. The fitted537

operational curve of primary supply temperature when the design primary supply temperature538

was set as 55 ℃ is shown by Fig. 18 as an example. In this way, the operational scenarios of the539

integrated system during the whole heating season could be simulated. When the system outputs540

under different heat load conditions were multiplied by its corresponding time duration and all541

the results were summed up, the total overall output of the whole heating season was obtained, so542

was the total input of the system. Thus the seasonal energy efficiency was obtained for the system543

with a specified design supply temperature. For different design supply temperatures, the value of544

the seasonal energy efficiency was different, which is shown by the dashed line in Fig. 19.545
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Figure 20: Pump power with different design supply temperatures

For a better comparison, the scatter line in Fig. 19 is exactly the same scatter line in Fig.546

16b. In most of the designing practice, the pipeline dimension is highly determined by the design547

primary supply temperature. The choice of the design supply temperature is always based on the548

design heat load. However, Fig. 19 shows that a high overall efficiency point under design heat load549

condition was not always the highest efficiency point when considering the whole heating season550

performance. From the perspective of the seasonal energy efficiency of the integrated system, a551

much lower design primary supply temperature is preferred. When the system is designed with a552

higher primary supply temperature, the overall efficiency in design heat load condition may increase553

to some extent, but the seasonal energy efficiency of the whole heating period would decrease. The554

reason for this can be complicated, but two major factors may be dominating. One is the trade-off555

between the turbine power output in the CHP plant and the pump power consumption in the556

DH network. The other is that the time duration distribution may have a great influence on the557

efficiency level of the seasonal energy efficiency, which resulted in the descend trend of the dashed558

line in Fig. 19. Generally speaking, the primary supply temperature of the heating network should559

be designed at a rather low temperature level within acceptable investment considerations.560

4.4. Pump power consumption of the DH network561

Based on the study and analysis in Section 4.3, the pump power consumption with regard to562

different design primary supply temperature will be presented here. Fig. 20 shows the pump power563

of the DH network, corresponding to the cases in Fig. 19.564

In Fig. 20, the scatter curve was the relationship between the pump power consumption and565

the different design primary supply temperatures when the heat load was kept constant as design566

heat load. The pump power when the supply temperature was designed as 60 ℃ was chosen to567

be the base for the relative value of the scatter curve. This curve shows that, for design heat568

load, a lower design primary supply temperature gave larger pump power consumption in the DH569

network. This trend is reasonable because a lower design supply temperature means a larger flow570

rate in the DH network, noticing that the heat load was specified as design heat load.571

If the pump power during the whole heating season was summed up, the seasonal pump power572

could be obtained. The dashed curve in Fig. 20 was the relative seasonal pump power of the DH573

network throughout the whole heating season. The base of the relative value was the seasonal574

pump power with the design supply temperature of 60 ℃. This curve shows that, for the whole575

heating season, the seasonal pump power decreased with lower design supply temperatures. This576

trend (the dashed curve in Fig. 20) was quite different from the trend of pump power under design577

heat load condition (the scatter curve in Fig. 20). The reason was that, for the whole heating578

season, the largest time duration with regard to different heat load occurred when the ambient579

temperatur was around 0 ℃ (see Fig. 15). When the ambient temperature was 0 ℃ in operation,580

the operational supply temperature was much lower than the design value (see Fig. 18). In another581

word, with a low design supply temperature, the design pump power consumption is high, but this582

does not contribute much to the seasonal pump power consumption. The seasonal pump power583

consumption level is related, mainly or to some extent, with the operational supply temperature584

when the largest duration time occurs. To summarize, it is not always right to relate the low design585

supply temperature to high pump power consumption, although this is reasonable for design heat586

load condition. A lower design supply temperature is preferred with consideration of the pump587

power consumption throughout the whole heating season.588
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Figure 21: Heat loss with different design supply temperatures

4.5. Heat loss of the DH network589

Heat loss of the network is another topic of high interest within the field of DH. For different590

design supply temperatures, the heat loss would change accordingly. In this subsection the relative591

DH heat loss with regard to different design supply temperatures will be investigated. The concept592

of relative heat loss is identical to that mentioned in Section 3.4, meaning the ratio of total heat593

loss to heat transferred into the DH network. For the seasonal calculation, the summation of the594

heat loss and the summation of the heat transferred into the DH network were firstly calculated.595

Then, the ratio of them was obtained as the seasonal relative heat loss.596

Fig. 21 presents the results of the heat loss calculations, which also corresponds to the cases597

in Fig. 19. In Fig. 21, the scatter curve shows the relative heat loss with different design primary598

supply temperatures under design heat load. For lower design primary supply temperatures, the599

relative heat loss increased dramatically. This is typical because a lower primary supply tempera-600

ture means a higher flow rate in the studied case. Furthermore, a higher flow rate means a higher601

Re value, a higher friction factor, a higher heat transfer coefficient and accordingly a higher heat602

loss (see Eq. 8 and Eq. 9). The dashed curve in Fig. 21 shows the seasonal relative heat loss with603

regard to different design primary supply temperatures. The seasonal heat loss decreased with604

lower design primary supply temperatures, which was different from the trend of the scatter curve.605

Similar to the trend of the dashed curve in Fig. 20, this was also caused by the time duration606

distribution with regard to different ambient temperatures throughout the whole heating season607

(see Fig. 15). That is to say, the effect of high heat loss with a low design supply temperature with608

design heat load does not contribute much to the seasonal heat loss. Therefore, from the view of609

seasonal heat loss reduction, lower design supply temperatures are also preferred.610

5. Discussion611

5.1. Considerations for low temperature district heating612

The studies in this paper emphasized on the overall system simulation and the performance613

of the CHP based DH. The temperature level of the DH network was relatively lower than most614

of the industry practices, and could be evaluated as low temperature DH. In practical operation,615

the supply temperature of space heating systems can be considerably decreased to a temperature616

level below 60 ℃, and for renovated houses it can be supplied all year round with a DH supply617

temperature of 50 ℃ [32]. Besides, the radiators tends to be oversized in real practice since the618

designers always want to guarantee that the provided heat is enough, which makes it possible to619

use further lower operational supply temperatures.620

Besides, the operational simulation in this study started out from the minimum design ambient621

temperature (-30 ℃ in this study). Temperatures below -20 ℃ in this study (80% of the maximum622

heat load) occur very rarely (see Figs. 14 and 15). If multiple heat sources are used in the DH623

systems, it may turn out that an electric (or natural gas-fired) heater could be used for the peak624

heat load for a few hours a year. Then, the optimum design primary supply temperature from625

the CHP plant should be searched under a lower heat load, which probably will make the design626

supply temperature even lower.627

5.2. Influence of terminal temperature difference of condenser628

Since the terminal temperature difference of the condenser was kept constant as 5 ℃, it is629

necessary to think what if it was changed.630
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(a) Design mode
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(b) Off-design mode

Figure 22: Influence of terminal temperature difference of the condenser to the overall efficiency
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Figure 23: Design overal efficiency with different R range

For design mode, the scatter curve of the overall efficiency in Fig. 16b was taken as the reference631

case. The curves in Fig. 22a depict the influence caused by the design terminal temperature632

difference of the condenser. It is easy to find that a higher design terminal temperature difference633

of the condenser resulted in a lower overall efficiency level. For off-design mode, the very top curve634

in Fig. 17c was taken as a reference for comparison. The influencing effect was similar to that635

for the design mode. A 3 ℃ increase of the condenser’s terminal temperature difference (both in636

design and in operation) caused an efficiency drop of 0.5%.637

5.3. Choice of specific friction resistance638

When designing the pipelines in the DH network, a range of specific friction resistance (R,639

Eq.7) should be first determined for pipe sizing (sometimes a range of velocity is chosen, which is640

related to R). A higher R value comes with narrower pipe but higher pump power consumption, so641

there exists an optimal R range. Although this study did not induce any pipe investment models,642

the influence of R range to the overall efficiency of the integrated system could be revealed.643

Using the scatter curve of the overall efficiency in Fig. 16b as reference, the system efficiency644

designed with a higher R range was presented by the dashed line in Fig. 23. It is seen that a645

higher R range gave generally a lower overall efficiency level. Besides, the overall efficiency dropped646

suddenly when the design supply temperature was increased to some extent. The ladder-like sudden647

decrease of the efficiency in Fig. 23 was caused by the reduction of the pipe diameter. When the648

design supply temperature increases, the flow rate for specified heat load would decrease. Lower649

flow rate would be assigned to a narrower nominal pipe. As mentioned before, a narrow pipe means650

a higher pump power consumption, which caused the sudden drop of the system efficiency (Point651

A to B, and Point C to D). It was also found that the efficiency drop from Point A to Point B652

in Fig. 23 was caused by the diameter change (from 1.2 m to 1.0 m) of a pipe with the length of653

1.0 × 103 m, while the larger drop from Point C to Point D was caused by the diameter change654

(also from 1.2 m to 1.0 m) of a 1.0× 104 m pipe. This indicated that long distance delivery pipes655

should be given a lower design R range or a lower design primary supply temperature to avoid the656

large sudden drop of overall efficiency.657
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5.4. Future work658

The work presented here is the basis of an overall optimization of the integrated CHP based659

low temperature DH system. The optimum of the system both in design and operation is a more660

complex matter than the investigations this far have catched up. Besides, investment models have661

to be considered for further optimization.662

6. Conclusions663

The CHP plant system was constructed within Ebsilon Professional software. The theoretical664

model of hydraulic and heat loss calculation of the pipeline in the DH network was set up, based665

on the fundamentals of heat transfer and fluid mechanics. Furthermore, the heat user and the pipe666

modules were developed and validated. Meanwhile, the DH network was constructed. Based on the667

multiscale simulation and analysis, the integrated CHP based DH system was obtained. Moreover,668

design and operational issues were investigated. The novelties of this article are that both the CHP669

plant and the DH network were simulated in detail and integrated, the heat and pressure losses of670

the DH network were coupled in the integrated modeling and the seasonal efficiency was compared671

with the efficiency in design condition. Several important conclusions were drawn as follows:672

• It is important to study and analyze on an integrated system level from the primary energy673

input to the terminal users, other than just research within a partial scale of the whole674

system. The integrated model of the CHP based DH system constructed in this paper was675

capable to carry out the overall system simulation, and was useful for the evaluation of the676

system performance both in design and operational conditions.677

• For design condition, the decrease of design secondary supply temperature of the DH net-678

work could give higher overall efficiency level (Fig. 16a), while for different primary supply679

temperatures there is an optimal design value (Fig. 16b).680

• In operation, the overall efficiency would become lower when the heat load decreases. A lower681

secondary supply temperature of the DH network gives a higher overall efficiency. There is an682

optimal efficiency point for each heat load condition with regard to different primary supply683

temperatures (Fig. 17c).684

• For seasonal issues throughout the whole heating period, a lower design supply temperature of685

the DH network means a higher seasonal energy efficiency, although a lower design primary686

supply temperature usually bring lower overall efficiency in design heat load (Fig. 19).687

Meanwhile, the pump power consumption of the DH network also show different trends with688

regard to the design heat load condition and the seasonal condition (Fig. 20). Similar trends689

also occurred for the heat loss of the DH network (Fig. 21). The seasonal pump power and690

the seasonal heat loss decrease with a lower design primary supply temperature, which is691

contrary to the trends for design heat load condition.692

• Considering the seasonal energy efficiency, the seasonal pump power consumption and the693

seasonal heat loss, DH networks with low design supply temperatures are preferred.694
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Nomenclature702

Abbreviations703

ACC air-cooled condenser704

CCHP combined cooling, heat and power705

CHP combined heat and power706

DH district heating707

LPC low pressure cyclinder708

Greek Symbols709

ηav period energy efficiency, −710

ηt energy efficiency, −711
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λ thermal conductivity, W/(m·K)712

λ0 thermal conductivity of earth,713

W/(m·K)714

ρ density of water, kg/m3
715

τ time, h716

τ0 duration of heating season, h717

Latin Symbols718

Ġ water flow rate in radiator, kg/s719

Q̇ heat rate/load, W720

Q̇i Input energy of CHP plant, kW721

Q̇los rate of heat loss, W722

Q̇max maximum heat load, W723

4h water enthalpy drop in radiator,724

J/kg725

4P pressure drop, Pa726

4Tm,r radiator temperature difference, ℃727

a, b coefficient parameters of radiator728

Ar heat transfer area of radiator, m2
729

cp specific heat at constant pressure,730

J/(kg·K)731

D1 inner pipe diameter, m732

D2 outer diameter of pipe, m733

D3 outer diameter of insulation, m734

f friction factor, -735

h outer diameter of insulation,736

W/(m2·K)737

K roughness of inner pipe surface, m738

kr heat transfer coefficient of radiator,739

W/(m2·K)740

L length of pipe, m741

Pe Power output of CHP plant, kW742

R specific frictional resistance, Pa/m743

R1 thermal resistance of insulated pipe,744

K/W745

R2 thermal resistance of soil over pipe746

casing, K/W747

S shape factor of heat conduction, m748

Ta,min lowest calculated ambient tempera-749

ture, ℃750

Ta,st ambient temperature when heating751

season starts, ℃752

Ta ambient temperature, ℃753

Ti,p inlet pipe temperature, ℃754

Ti,r inlet temperature of radiator, ℃755

Tm,p cross section mean temperature of756

water in pipe, ℃757

Tn indoor temperature needed, ℃758

To,p outlet pipe temperature, ℃759

To,r outlet temperature of radiator, ℃760

Ts surface temperature of the earth, ℃761

U heat transfer coefficient of insulated762

pipe, W/(m2·K)763

v velocity of water, m/s764

z buried depth of pipe centerline, m765

Subscripts766

a ambient767

c pipe casing768

i inlet769

m mean770

max maximum771

min minimum772

n needed773

o outlet774

p pipe775

r radiator776

w water777

References778

[1] BP Group. Bp statistical review of world energy june 2014. Technical report, BP company,779

2013.780

[2] John Harold Horlock. Combined Heat and Power. Pergamon Books Inc., Elmsford, NY, 1987.781

[3] European Parliament and Council of European Union. Directive 2004/8/ec of the european782

parliament and the council of 11 february 2004 on the promotion of cogeneration based on a783

23



useful heat demand in the internal energy market and amending directive 92/42/eec. Official784

Journal of the European Union, L52:50–60, 2004.785

[4] ZG Sun, RZ Wang, and WZ Sun. Energetic efficiency of a gas-engine-driven cooling and786

heating system. Applied thermal engineering, 24(5):941–947, 2004.787

[5] Gianfranco Chicco and Pierluigi Mancarella. Trigeneration primary energy saving evaluation788

for energy planning and policy development. Energy Policy, 35(12):6132–6144, 2007.789

[6] N Fumo, PJ Mago, and LM Chamra. Cooling, heating, and power energy performance for790

system feasibility. Proceedings of the Institution of Mechanical Engineers, Part A: Journal of791

Power and Energy, 222(4):347–354, 2008.792

[7] Ivar S Ertesvåg. Exergetic comparison of efficiency indicators for combined heat and power793

(chp). Energy, 32(11):2038–2050, 2007.794

[8] Zhi-Ping Song. Total energy system analysis of heating. Energy, 25(9):807–822, 2000.795

[9] HI Onovwiona and VI Ugursal. Residential cogeneration systems: review of the current796

technology. Renewable and sustainable energy reviews, 10(5):389–431, 2006.797

[10] DW Wu and RZ Wang. Combined cooling, heating and power: a review. progress in energy798

and combustion science, 32(5):459–495, 2006.799

[11] Joel Hernández-Santoyo and Augusto Sánchez-Cifuentes. Trigeneration: an alternative for800

energy savings. Applied Energy, 76(1):219–227, 2003.801

[12] Gianfranco Chicco and Pierluigi Mancarella. From cogeneration to trigeneration: profitable802

alternatives in a competitive market. Energy Conversion, IEEE Transactions on, 21(1):265–803

272, 2006.804

[13] Hirohisa Aki, Shigeo Yamamoto, Junji Kondoh, Tetsuhiko Maeda, Hiroshi Yamaguchi, Aki-805

nobu Murata, and Itaru Ishii. Fuel cells and energy networks of electricity, heat, and hydrogen806

in residential areas. International Journal of Hydrogen Energy, 31(8):967–980, 2006.807

[14] N Perdikaris, KD Panopoulos, Ph Hofmann, S Spyrakis, and E Kakaras. Design and exergetic808

analysis of a novel carbon free tri-generation system for hydrogen, power and heat production809

from natural gas, based on combined solid oxide fuel and electrolyser cells. International810

Journal of Hydrogen Energy, 35(6):2446–2456, 2010.811

[15] Francisco Toja-Silva and Antonio Rovira. A first and second thermodynamics law analysis812

of a hydrogen-fueled microgas turbine for combined heat and power generation. Journal of813

Engineering for Gas Turbines and Power, 136(2):021501, 2014.814

[16] Henrik Lund. Large-scale integration of wind power into different energy systems. Energy,815

30(13):2402–2412, 2005.816

[17] Brian Leif Hanrahan, Gordon Lightbody, Lawrence Staudt, and Paul G Leahy. A powerful817

visualization technique for electricity supply and demand at industrial sites with combined818

heat and power and wind generation. Renewable and Sustainable Energy Reviews, 31:860–869,819

2014.820

[18] Mohammad Reza Ranjbar, Mohsen Mohammadian, et al. Economic analysis of hybrid system821

consists of fuel cell and wind based chp system for supplying grid-parallel residential load.822

Energy and Buildings, 68:476–487, 2014.823

[19] Sheng Li, Jun Sui, Hongguang Jin, and Jianjiao Zheng. Full chain energy performance for a824

combined cooling, heating and power system running with methanol and solar energy. Applied825

Energy, 112:673–681, 2013.826

[20] W Yagoub, P Doherty, and SB Riffat. Solar energy-gas driven micro-chp system for an office827

building. Applied thermal engineering, 26(14):1604–1610, 2006.828

[21] Ye Huang, DR McIlveen-Wright, Sina Rezvani, MJ Huang, YD Wang, AP Roskilly, and829

NJ Hewitt. Comparative techno-economic analysis of biomass fuelled combined heat and830

power for commercial buildings. Applied Energy, 112:518–525, 2013.831

24



[22] Christian Bang-Møller, Masoud Rokni, Brian Elmegaard, Jesper Ahrenfeldt, and Ulrik Birk832

Henriksen. Decentralized combined heat and power production by two-stage biomass gasifi-833

cation and solid oxide fuel cells. Energy, 58:527–537, 2013.834

[23] Behnaz Rezaie and Marc A Rosen. District heating and cooling: Review of technology and835

potential enhancements. Applied Energy, 93:2–10, 2012.836

[24] Svend Frederiksen and Sven Werner. District heating and cooling. studentlitteratur, 2013.837

[25] Henrik Gadd and Sven Werner. Heat load patterns in district heating substations. Applied838

Energy, 108:176–183, 2013.839

[26] Henrik Gadd and Sven Werner. Daily heat load variations in swedish district heating systems.840

Applied Energy, 106:47–55, 2013.841

[27] Urban Persson and Sven Werner. District heating in sequential energy supply. Applied Energy,842

95:123–131, 2012.843

[28] Urban Persson and Sven Werner. Heat distribution and the future competitiveness of district844

heating. Applied Energy, 88(3):568–576, 2011.845

[29] Patrick Lauenburg. Improved supply of district heat to hydronic space heating systems. PhD846

thesis, Lund University, 2009.847

[30] Jonas Gustafsson, Jerker Delsing, and Jan van Deventer. Improved district heating substation848

efficiency with a new control strategy. Applied Energy, 87(6):1996–2004, 2010.849

[31] Jonas Gustafsson, Jerker Delsing, and Jan Van Deventer. Experimental evaluation of radiator850

control based on primary supply temperature for district heating substations. Applied Energy,851

88(12):4945–4951, 2011.852

[32] Marek Brand and Svend Svendsen. Renewable-based low-temperature district heating for853

existing buildings in various stages of refurbishment. Energy, 62:311–319, 2013.854

[33] Henrik Lund, Sven Werner, Robin Wiltshire, Svend Svendsen, Jan Eric Thorsen, Frede855

Hvelplund, and Brian Vad Mathiesen. 4th generation district heating (4gdh): Integrating856

smart thermal grids into future sustainable energy systems. Energy, 68:1–11, 2014.857

[34] Pei Feng Li, Zhihua Ge, Zhiping Yang, Yuyong Chen, and Yongping Yang. District heating858

mode analysis based on an air-cooled combined heat and power station. Entropy, 16(4):1883–859

1901, 2014.860

[35] Zhihua Ge, Xiaoze Du, Lijun Yang, Yongping Yang, Yanlei Li, and Yansheng Jin. Performance861

monitoring of direct air-cooled power generating unit with infrared thermography. Applied862

Thermal Engineering, 31(4):418–424, 2011.863

[36] Hemin Hu, Xiaoze Du, Lijun Yang, Yingyan Zhou, and Yongping Yang. Pod-based modeling864

on thermal-flow characteristics for air-cooled condenser of power plant. International Journal865

of Thermal Sciences, 76:273–281, 2014.866

[37] STEAG Energy Services GmbH. EBSILON Professional for engineering867

and designing energy and power plant systems. http : //www.steag −868

systemtechnologies.com/ebsilonprofessional + M52087573ab0.html, accessed on July869

31, 2014.870

[38] W Wagner, JR Cooper, A Dittmann, J Kijima, H-J Kretzschmar, A Kruse, R Mares,871

K Oguchi, H Sato, I Stocker, et al. The iapws industrial formulation 1997 for the ther-872

modynamic properties of water and steam. Journal of Engineering for Gas Turbines and873

Power, 122(1):150–184, 2000.874

[39] David H Cooke. Modeling of off-design multistage turbine pressures by stodola’s ellipse. In875

Energy Incorporated PEPSE user’s group meeting, 1983.876

[40] Hans Peter Wolf. Accompanying material for the EBSILON Professional training course.877

STEAG, 2012.878

25



[41] Damao Xu, Yan Ke, and Shiyong Wang. Universal method for calculating the power/back-879

pressure characteristics of a steam turbine and its applications. Journal of Engineering for880

Thermal Energy and Power, 25(6):605–608, 2010. (in Chinese).881

[42] Lihua Zong. Thermal performance analysis of concrete embedded plastic pipe radiant floor882

heating. Gas & Heat, 20(1):18–20, 2000. (in Chinese).883

[43] John Siegenthaler. Modern hydronic heating: for residential and light commercial buildings.884

Cengage Learning, 2011.885

[44] Frank P Incropera, Adrienne S Lavine, Theodore L Bergman, and David P DeWitt. Principles886

of heat and mass transfer. Wiley, 2013.887

[45] Ping He and Gang Sun. Heating engineering. Architecture & Building Press, 2009. (in888

Chinese).889

[46] Logstor. Logstor calculator 2.1. http : //calc.logstor.com/, accessed on July 31, 2014.890

[47] Max Wolf and Hellmuth Junge. Belastungskurven und dauerlinien in der elektrischen en-891

ergiewirtschaft. In Max Wolf, editor, Enzyklopädie der Energiewirtschaft, volume 2, Berlin,892

1959. Springere-Verlag.893

[48] Andrzej Ziębik and Paweł Gładysz. Optimal coefficient of the share of cogeneration in district894

heating systems. Energy, 45(1):220–227, 2012.895

26



List of Tables896

1 Basic design parameters of the turbine for THA condition . . . . . . . . . . . . . . 5897

2 Main input parameters of the CHP unit under part-load conditions . . . . . . . . . 6898

3 Pre-set design parameters of the pipe for performance analysis . . . . . . . . . . . 11899

4 Design parameters of the system with specified design supply temperatures . . . . 17900

List of Figures901

1 System schematic of CHP based DH system . . . . . . . . . . . . . . . . . . . . . . 3902

2 Technological process of studied integrated system in Ebsilon . . . . . . . . . . . . 4903

3 Relative efficiency curve of the last stage group in LPC . . . . . . . . . . . . . . . 6904

4 Off-design simulation of the CHP plant . . . . . . . . . . . . . . . . . . . . . . . . 6905

5 Radiator characteristics with different design supply temperatures . . . . . . . . . 8906

6 Radiator characteristics with different a or b values . . . . . . . . . . . . . . . . . . 8907

7 Geometry of the pipe buried underground . . . . . . . . . . . . . . . . . . . . . . . 9908

8 Calculation model for the temerature distribution along pipe . . . . . . . . . . . . 9909

9 Pipe sizing test of the pipe module with different flow rate and R ranges . . . . . . 12910

10 Heat loss of the pipe module with different insulation thickness . . . . . . . . . . . 12911

11 Off-design characteristics of pipe module with different flow rates . . . . . . . . . . 12912

12 Off-design characteristics of pipe module with different inlet temperatures . . . . . 13913

13 DH network characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14914

14 Heat load duration curve of the case studied . . . . . . . . . . . . . . . . . . . . . . 15915

15 Time duration distribution of the whole heating season with different ambient tem-916

peratures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15917

16 System energy efficiency curves under design conditions with different design supply918

temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15919

17 Overall efficiency curves under off-design conditions with different operational supply920

temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17921

18 Optimized operational primary supply temperature curve . . . . . . . . . . . . . . 18922

19 Seasonal energy efficiency study with different design primary supply temperatures 18923

20 Pump power with different design supply temperatures . . . . . . . . . . . . . . . . 19924

21 Heat loss with different design supply temperatures . . . . . . . . . . . . . . . . . . 20925

22 Influence of terminal temperature difference of the condenser to the overall efficiency 21926

23 Design overal efficiency with different R range . . . . . . . . . . . . . . . . . . . . . 21927

27


