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Abstract

Northwest China has abundant solar energy resources and a large demand for winter heating.

Using solar energy for centralized heating is a clean and effective way to solve local heating solar energy system;

problems. While present studies usually decoupled solar heating stations and the heating network in ~ district heating;

the optimization design of centralized solar heating systems, this study developed a joint multi- ~ OPtimization design;
objective optimization model for the equipment capacity and the diameters of the heating network genetic algorithm

ipes of a centralized solar district heating system, using minimum total life cycle cost and CO . .
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emission of the system as the optimization objectives. Three typical cities in northwest China with
different solar resource conditions (Lhasa, Xining, and Xi'an) were selected as cases for analysis.
According to the results, the solar heating system designed using the method proposed in this study
presents lower economic cost and higher environmental protection in comparison to separately
optimizing the design of the solar heating station and the heating network. Furthermore, the © Tsinghua University Press 2022
solar fraction of the optimal systems are 90%, 70%, and 31% for Lhasa, Xining, and Xi'an, and the

minimum water supply temperatures are 55 °C, 50 °C, and 65 °C for an optimal economy and 55 °C,

45 °C, and 45 °C for optimal environmental protection, respectively. It was also established that

the solar collector price has a greater impact on the equipment capacity of the solar heating

station than the gas boiler price.

1 Introduction 2014). Thus, fully utilizing solar energy resources to construct

solar heating systems is an effective way to solve the heating

Due to the long and cold winters in northwest China, the
demand for heating is large in this region (BERC 2020).
Most of the traditional heating sources are fossil fuels,
which results in serious environmental pollution and face
resource depletion (Luo et al. 2020; Zhou et al. 2022). To
cope with the environment and energy crisis, the energy
structure of heating systems in northwest China requires
transformation (National Energy Administration of China
2017; Zhou et al. 2021). Solar energy is one of the renewable
energies with the largest utilization potential, the most
mature technology, and the widest application scope (Chen
et al. 2020; Luo et al. 2022b). Northwest China is advantaged
by high levels of solar irradiation, which can reach 1,600-
2300 kWh/(m?-a) in Tibet, Qinghai, and Gansu with a total
number of 2,800-3,300 annual sunshine hours (Li et al.

E-mail: xiluo@xauat.edu.cn

issues in northwest China (Luo et al. 2021).

Solar heating systems can be divided into centralized
heating systems and distributed heating systems (Miedaner
and Pauschinger 2012). In contrast to distributed solar
systems, the implementation of centralized systems is most
beneficial in areas where users are relatively concentrated.
While Sweden is the first country to develop centralized
solar heating technology (Huang and Xu 2016), this
technology has been developing rapidly in Denmark, Austria,
and other European countries. By the end of 2017, 296 large
centralized solar heating systems have been constructed
in Denmark, with a total installation area of 1,741,344 m?
(Weiss and Spork-Diir 2018). The performance of centralized
solar heating systems depends highly on the system design.
Commonly employed design methods include F diagram
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(Klein et al. 1976) and ¢-F diagram (Klein and Beckman
1979), which both provide the basis for system equipment
selection in the form of charts. However, these two methods
simplify the centralized solar heating system to a large extent.
For example, the F diagram method assumes that the heat
loss of solar collectors and the daily average solar radiation
intensity are constants, which results in large deviations
from the actual operation state of the system. With the
development of computer technology, conducting design
optimization of solar heating system using simulation
methods has become the first choice of many scholars. For
example, Long et al. (2020) designed a parallel solar-air heat
pump system for office building heating, conducted modeling
and simulations in TRNSYS, and optimized key design
parameters such as the system equipment capacity. Qiu et al.
(2021) proposed a new heating strategy for commercial
buildings and used a TRNSYS-based approach to conduct
equipment capacity optimization and economic analysis
of the system. Also based on TRNSYS, Zhang et al. (2021)
conducted a comparative study on auxiliary heat sources
suitable for a centralized solar heating system in the Qinghai-
Tibet Plateau of China using economy as the evaluation
index. The above design methods of centralized solar heating
systems based on simulation identify the optimal system
design parameters through optimization calculations, which
are characterized by high accuracy and reliability.

However, in the mentioned optimization design studies
of the centralized solar heating systems, the influence of
the heating network on the optimization design of the
equipment capacity of the solar heating station was neglected,
because the users were all treated as single nodes. Furthermore,
in the optimization design of the centralized heating network,
scholars often assume that the supply and return water
temperature of the heating network is constant, and the
heating source and pipe network are decoupled from each
other in the centralized heating system. For example, Dobersek
and Goricanec (2009) and Wang et al. (2017) established
optimization models to optimize the pipe network layout,
pipe diameter, and other design parameters of the centralized
heating network with economy as the optimization objective.
Mertz et al. (2016) simultaneously optimized the design and
operating parameters of the centralized heating network
with economy as the optimization objective. According to the
research results by Pirouti et al. (2013), different operating
strategies of the centralized heating system and the
temperature setting of supply and return water have a great
influence on the pipe diameter design of the heating network.
However, as susceptible to weather, the centralized solar
heating system requires a more refined system optimization
design. Therefore, the research method of decoupling heating
source and heating network is not suitable for centralized
solar district heating systems, and a joint optimization

method has to be applied to the equipment capacity and

heating network of a centralized solar district heating

system.

At present, in the research on the optimization design
of district centralized heating systems using multiple heat
sources, in which solar energy is included, a few studies
on simultaneous optimization design of system equipment
capacity and the heating network were conducted. For
example, van der Heijde et al. (2019) proposed a two-layer
optimization model of integrated optimization design and
control strategy for a district centralized heating system;
in the main optimization step, equipment capacity and
pipe diameter of the district centralized heating system was
optimized by using the genetic algorithm. However, the
study only considered the energy balance of the system
and not the interconnection of the operating parameters
between the heating sources and the heating network. In
addition, most of the above studies conduct single-objective
optimization, while the optimization design of centralized
solar district heating systems requires a comprehensive
evaluation of the design scheme based on multiple indicators,
such as technology, economy, and environment, and the
obtained results cannot provide data or theoretical support
for practical engineering projects.

In summary, only a few existing optimization design
studies on centralized solar district heating systems consider
a simultaneous optimization design for the solar heating
station and the centralized heating network, and a large
difference exists between the state parameters of the system
design and those of the actual operation. Therefore, these
design approaches are not suitable to obtain an optimal
centralized solar district heating system design. In this study,
a joint multi-objective optimization model is established to
simultaneously optimize equipment capacity and the pipe
diameter of the heating network of the centralized solar
district heating system. The main contributions of this
paper are as follows:
¢ A joint multi-objective optimization model for the design

of the centralized solar district heating system is established
which can optimize equipment capacity and pipe diameter
simultaneously.

o To improve the calculation accuracy, detailed hydraulic
and thermal calculations are added in the design
optimization process of the centralized solar district
heating system.

o Comparing the design optimization results of centralized
solar district heating systems in typical cities in northwest
China, the key influencing factors of the centralized solar
district heating system design are analyzed.

The remainder of this paper is arranged as follows.
A detailed description and basic numerical models of a
centralized solar district heating system are presented in
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Section 2. A joint multi-objective optimization model is
established in Section 3. This optimization model is applied
to case studies, for which the parameters and assumptions
are provided in Section 4. Results and discussions of the
case studies are presented in Section 5. Finally, the main
findings of the present study are summarized in the conclusion
section, including some recommendations.

2 System description and basic models

In this study, the centralized solar district heating system is
mainly composed of a solar heating station and a centralized
heating network. The specific mathematical modeling of the
two parts is as follows.

2.1 Solar heating station

The solar heating station is mainly composed of solar thermal
collector equipment, heat storage equipment, and auxiliary
heat source equipment. Its basic structure (Huang et al.
2019a) is shown in Figure 1.

2.1.1 Solar collector

In this study, the detailed configuration of the solar collector
array is not considered in the optimization process, because
of the increased difficulty caused by considering the collector
configuration in establishing and solving the joint multi-
objective optimization model. Instead, the effective area
of the solar collector array is selected as the optimization
variable (Winterscheid et al. 2017; Huang et al. 2019b;
Kubinski and Szablowski 2020; Zhang et al. 2021). When
the effective area of the solar collector array is optimized,
the number of certain type of solar collectors can be easily
calculated according to the collector specification.

Controller

The thermal efficiency of evacuated tube solar collectors
is predicted by using Eq. (1) (Doroti¢ et al. 2019).

(T;,t — Tet) _ (T;l — Te,t)2

1
I, N )

Hsce = Mo — &
t
where #sc; is the thermal efficiency of the solar collector;
1o is the optical efficiency of the solar collector; a; and a,
are the first-order and second-order efficiency coefficients,
respectively; Ti. is the mean solar thermal collector
temperature which is often replaced by the inlet water
temperature of the solar collector, °C; T, is the outdoor air
temperature, °C; I, is the global solar irradiance for ideal
azimuth and elevation angles, W/m?. Solar collector parameters
are shown in Table 1.

After acquiring the solar thermal efficiency of the solar
collector, the total heat collection of the solar collector can
be calculated as follows:

Qscr = 3.6Acsc ], (2)

where Qsc, is the total heat collection of the solar collector
per hour, kJ; Asc represents the effective area of the solar
collector, m”.

The solar collector will not be operated if the upper
temperature of the water tank is higher than 95 °C. Otherwise,
the start or stop of the solar collector pump is controlled
by the difference in outlet and inlet temperature: when the
outlet water temperature is 8 °C higher than the inlet water
temperature, the collector pump will be started; when the
temperature difference drops to 4 °C, the collector pump will
be stopped.

2.1.2 Heat storage water tank

In this paper, a short-term heat storage water tank is selected

Solar
Collector

@7

Gas boiler

< T

Electromagnetic valve
% Three-way valve

@ Pump

Fig. 1 Solar heating station

Temperature sensor
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Table 1 Solar collector parameters (Carotenuto et al. 2017;
Liu et al. 2021)

Parameter Value Unit
Optical efficiency 7o 0.80 /
First-order efficiency coefficient a; 4.68 kJ/(h-m*K)
Second-order efficiency coefficient a, 0.03 kJ/(h-m*K?)
Fluid specific heat ¢ 4.19 kJ/(kg-K)
Service time m 15 Years

as the heat storage facility. Since the temperature stratification
occurs in the heat storage water tank during operation, the
heat storage water tank can be simplified composed of N
horizontal mixing zones, where the temperature of zone i is
uniform (Wang and Liu 2010), as shown in Figure 2.

The control function F; of solar collector outlet water
entering the water tank is defined as:

1 ifi=1landT, >T,
E=11 ifT, >T >T,

sic1 ©)
0 else
where T, is the outlet temperature of the solar collector, °C;
T is the water temperature at the i node of the heat storage
water tank, °C.
The control function G; of return water of the heating
network entering the water tank is defined as:

1 T,  >T >T,
G =il ifi=NandT >T,,

0 else

(4)

where Ty denotes the return water temperature of the heating
network, °C.

The net flow from node i-1 to node i of the heat storage
water tank is represented by the mixing flow Q. In this
paper, only vertical exchange is considered, and the flow
directly into the node from the collector or the heating

~
g
FiQc

DS —
Oc Tsn FNQC.
>]

Flow to solar collectors

network is not considered.

Qm,l = 0 (5)

Q. =QSF-Q36, ©)
=1 =1

Quya =0 %

where Q. and Qp denote the circulating volume flow on
the solar collector side and the heating network side,
respectively, m*/h.

Based on the above control functions and mixing flows,
the energy balance equation of node i can be obtained.

UsEsi
Qc( ) GQL( TL)_ - (Tsi_
pe,
+{me( S,i— 1 s,i)’ime,i>O
m 1+1 - s,i+1)s if an,i+1 <0

(8)

where Vi; is the volume of node i in the water tank, m?
U; is the heat loss coefficient of the water tank, which is
equal to 0.4 W/(m*°C); E; is the surface area of water tank
node i, m% ¢ is the specific heat capacity of water, kJ/(kg-K);
p is the density of water, kg/m”’.

This paper adopts a three-node water tank stratification
model.

2.1.3 Auxiliary heat source

A natural gas hot water boiler with a quick response time is
adopted as the auxiliary heat source in the centralized solar
district heating system, and the heat produced per time
unit can be calculated by using Eq. (9).
QGB = 3600’1gb,x’1ngGB (9)
where Qg is the heat provided by the gas boiler per hour, kJ;
the value 3600 is the conversion coefficient between the units

Flow to heating network

Ts,l—éL T s,i-1
N
Eﬂ@ pretes
v =
Ts,i

GO TL O

Flow from heating network

Fig.2 Schematic of the heat storage water tank stratified into N nodes. T denotes temperature, Q denotes the circulating flow, F: and Gi

are control functions
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of time, i.e., 1 hour is 3600 seconds; #g,x is the operation load
rate of the gas boiler, which depends on the heat requirements
of the system; 7, is the operation efficiency of the gas boiler,
which is equal to 0.85; Pgs is the rated power of the gas
boiler, kW.

The start and stop of the auxiliary heat source are
controlled by temperature: when the upper temperature
of the water tank is below the minimum water supply
temperature, the auxiliary heat source is started; when the
temperature is higher than the minimum water supply
temperature, the auxiliary heat source is stopped.

Technical Handbook for Solar Heat Supply and Space
Heating (He and Zhu 2009), the relevant design code in
China, mentions that the centralized solar heating system
operates at a low temperature compared with the centralized
heating system using conventional energy to ensure the highly
efficient operation of the solar collectors. When using the
radiant floor heating to heat users of the centralized heating
system, JGJ142-2004 Technical Specification for Floor Radiant
Heating (MOHURD 2004), the relevant design code in
China, requires that the hot water temperature through the
user should not be lower than 30 °C. Besides the large heat
loss of the centralized heating network, the minimum water
supply temperature is equal to 50 °C in this study.

2.2 Centralized heating network

Commonly, the centralized heating network has three typical
grid topologies, which are the radial grid, the ring grid, and
the meshed grid. The radial grid represents the tree topology,
in which root represents the heat source and branches
represent the heating pipes of the centralized heating system
(von Rhein et al. 2019). Since the investment cost of the
radial grid is the lowest, this paper selects the radial grid
network as an example for analysis.

2.2.1 Hydraulic model of the heating network

Pressure loss of heating networks includes major head loss

Table 2 Parameters of the district heating network

and local pressure loss as shown in Eq. (10).

AP, = AP, + AP

pipe

ol (10)
where AP is the total pressure loss of heating networks,
Pa; AP, is the major head loss, Pa; APy, is the local pressure
loss, Pa.

The major head loss is calculated by Eqs. (11)-(13)
(Wang et al. 2017; Wang et al. 2018).

AP, => "R, (11)
8pL,(Q, /3600)’

R, = fos = 12

k k T[Z(dk)S ( )
K | 680z

=0.11(5+— 1

fo=011(3+40) (13)

where Ry denotes the hydraulic head loss caused by friction
in pipe section k, Pa; fi is the friction coefficient of pipe
section k; Qx is the flow rate in pipe section k, m*/h; Ly and
d denote the pipe length and diameter in pipe section k,
respectively, m; K is the equivalent roughness height of the
heating pipe, which is equal to 0.005; Re is the Reynolds
number of the fluid in the heating pipe.

The local pressure loss is usually estimated based on the
calculated major head loss as shown in Eq. (14).
= JAP

pipe

AP,

local

(14)

where § is equal to 0.25.
Table 2 lists the dimensions parameters of the district
heating network.

2.2.2 Thermal model of the heating network

The relevant water temperatures at each node of the heating
network are calculated as follows (Ayele et al. 2018):

Tout = (’Tin - T )e_AkLk/("}PQk) + ’I‘e (15)

e

( Z Qmix,out )Tmix,out = Z( Qmix,inTmix,in ) (16)

Nominal diameter of the pipe Thickness of steel pipe

Thickness of polyurethane Thickness of high-density

(DN) (mm) (mm) insulation material (mm) polyethylene sheath (mm)
100 4 15
150 4.5 20
200 6 20
250 6 25 3
300 7 25
350 7 35
400 7 35
450 7 40
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where T, and T, denote the inlet and outlet temperature
of a pipe section, respectivley, °C; A« is the heat transfer
coefficient of pipe section k, W/(m-K); Qmixour and Trnixour are
the water flow rate (m*/h) and the water temperature (°C),
respectivley after hot water confluence from a multi-pipe
section; Qumixin and Thicin denote the water flow rate (m3/h)
and the water temperature (°C), respectively in the pipe
section before confluence.

Table 3 lists the heat transfer parameters of the district
heating network.

The heat exchange equations of the secondary heat
exchange station at the user place are as follows:

D, = epc,Q, (Tsupplym T, ) (17)

q)n = pCsQn (’Tsupply,n - (18)

where @, is the heating load of user n, kJ; € is the heat
exchange efficiency of the secondary heat exchange station,
which is equal to 0.80; Q, is the water supply flow of the
primary network of the secondary heat exchange station at
the place of user n, m*/h; Tappiyn and Trewmn respectivley
denote the inlet and outlet water temperature of the primary
network of the secondary heat exchange station at the place
of user n, °C; T, is the inlet water temperature of the secondary
network of the secondary heat exchange station at the place
of user n, °C;

According to Eq. (15), with increasing water supply flow
in the same pipe section, the drop of hot water temperature
in the pipe decreases, and the water temperature at the user
place increases. According to Eq. (17), with increasing water
temperature at the user place, the water supply flow required
by the user decreases. The water supply flow required by the
user and the heating water temperature at the user place
influence each other; thus, this paper adopts the method of
stepwise correction to determine the water supply flow Q
of the heating network, the flow chart of which is shown in
Figure 3.The specific steps are as follows.

Step 1: Ignore the heat loss of the pipe network. Assume
the water supply temperature of the water tank as the inlet
temperature of the primary network of the secondary heat
exchange station at the user place, then calculate the water
supply flow required by the user by using Eq. (17) combined

Table 3 Heat transfer parameters of the district heating network

Coefficient of heat transfer

Component (W-m™2°C™)
Steel 45
Polyurethane insulation material 0.023
High-density polyethylene sheath 0.3

| Start

@y and Tw are known,
Tsupply.n: Tsa

t=1

v

Calculate On by using
Eq.(17), and then
determine Ok

2 = NO

Calculate Tsupply.n
by using Ts.1, Ok
and Eq.(15)

A

> t=t+1

YES

End

Fig. 3 The flow chart of calculating the water supply flow of each
section of the centralized heating network, in which ¢ represents
the step of the calculation

with the user heating load, and finally calculate the water
supply flow of all pipe sections of the heating network.

Step 2: In combination with the water supply temperature
of the water tank and the water supply flow of each pipe
section obtained from the previous step, Eq. (15) is used
to calculate the inlet temperature of the primary network of
the secondary heat exchange station at the user place, and
then the new water supply flow of all pipe sections of the
heating network are obtained.

Step 3: Repeat the previous step. The water supply flow
in the heating network is modified again.

In the radial grid heating network, the supply and
return water flow of each pipe section is the same. Using
the above method, the supply and return water flow of
each pipe section and the inlet temperature of the primary
network of the secondary heat exchange station at the user
place can be obtained. Combined with Eq. (18), the outlet
temperature of the primary network of the secondary heat
exchange station can be determined. Finally, the return water
temperature of the heating network entering the water tank
can be calculated.

When the user heating load is small, the water supply
flow is also small and results in a high decrease in hot water
temperature of the heating network so that the inlet
temperature of the primary network of the secondary heat
exchange station at the user place is too low to provide the
temperature difference required for heat exchange. Therefore,
a minimum water supply flow is set in the model to meet
the temperature difference required for heat exchange at
the user place. In this study, the minimum water supply
flow is equal to 7 m*/h, which can ensure that the reduced
temperature of water through 10,000 meters heating network
is not more than 15 °C, while the water supply temperature
is 50 °C.
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3 Optimization model

3.1 Objective functions

The traditional district centralized heating system using
fossil energy releases a large amount of carbon dioxide by
burning fossil fuels during the operation of the system, while
the use of district centralized solar heating can effectively
reduce the emission of carbon dioxide. However, the initial
investment cost of solar energy equipment is high at the
present stage. Therefore, there is a negative correlation
between environmental protection and the economy of
the centralized solar heating system. In this paper, a joint
multi-objective optimization model for equipment capacity
and pipe diameters of a centralized solar district heating
system is established with the optimization objective to
minimize life cycle cost and CO, emissions of this heating
system.

3.1.1 Life cycle cost

The life cycle cost of the centralized solar district heating
system can be calculated as follows:
C=C, + CrmM -C

a+iym—1 (19)

where C, denotes the operating cost of the system during
its useful life, Yuan; C; is the initial investment cost of the
system, Yuan; i is the discount rate, which is equal to 8%
(Liu et al. 2021); m is the service life of the system, which is
equal to 15 years; C.. is the net residual value of fixed assets
(generally 3%-5% of their original value (Wang 2017)), Yuan.

1) Initial investment cost of the system

The initial investment cost of the centralized solar district
heating system includes two parts: the cost of the system
heating station and the cost of the heating network. The
calculation equation is as follows:

C. = A G + PG + VG + CP™ (P, + B, )+ CI™L
(20)

where C¢ is the initial investment cost of the solar collector
per unit area (including construction and installation),
Yuan/m? C is the initial investment cost of the gas
boiler set per rated power unit (including construction and
installation), Yuan/kW; C? is the initial investment cost of
the heat storage water tank per volume unit (including
construction and installation), Yuan/m? CP™ denotes the
initial investment cost of the water circulation pump per
rated power unit, Yuan/kW; P, and P, are the rated power
values of the water circulation pumps of the solar collector
and the centralized heating network, respectively, kW;

CP¥ is the initial investment cost of the heating network
per unit length related to the pipe diameter (including
construction and installation), Yuan/m; L denotes the pipe
length, m.

2) Operating cost of the system during its useful life

The operating cost of the centralized solar district
heating system includes the operating costs of the gas boiler,
the water circulation pump, the water supplement, and
equipment maintenance and is calculated as follows:

Co — Z(CSB + Csump + C;vater) + Cf (21)
i=1

where CS® is the annual operating cost of the gas boiler,
Yuan; CP*™ is the annual operating cost of the water
circulation pumps; C** denotes the annual water supplement
cost, Yuan; Cy is the equipment maintenance cost (2% of
the total initial investment cost of the system (KO 2015)),
Yuan.

COGB = VGangas (22)
M
> Qa
Ve = S— (23)
¢ H iﬂgb

where Vi, is the annual volume of natural gas consumed, m’
Cgus s the price of natural gas, Yuan/m? H; is the calorific
value of natural gas, 39 x 10° kJ/m’ M denotes the annual
heating hours in a heating period.

Cgump = WEleDs (24)
M

Wa =>( PEHQ. | pgH,Q, ) (25)
£~<\360000017, 36000007,

where Wge is the annual electricity consumption of the
water circulation pumps, kWh; D; is the local electricity
price, Yuan/kWh; g is the acceleration of gravity, m/s* H.
and H, are the pump heads of the solar collector pump and
the centralized heating network pump, respectively, m; #.
and 7., are the efficiencies of the water circulation pumps
of solar collector and the centralized heating network,
respectively, which is equal to 0.75.

M
C;Nater = Z(ch’bs,c + QL’/Ibs,L )]s (26)
t=1

where #bsc and 7,51, denote the water supplement rate at the
solar collector side and the centralized heating side of the
system, respectively, which is equal to 0.02; J, is the water
price, Yuan/m?®.

Table 4 lists the economic calculation parameters of the
centralized solar district heating system.
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Table 4 Economic inputs for system optimization (Huang et al.
2019b; Liu et al. 2021; State Grid of China 2022)

Item Value Unit
Collector C*© 1000 ¥/m?
Gas boiler C%* 500 ¥/kW
Heat storage water tank C? 500 ¥/m’
Pump CP™ 1000 ¥/kW
Lhasa 0.69
Electricity Ds Xining 043  ¥/kWh
Xi'an 0.65
Gas Cyas 3 ¥/m’
Water J; 3 ¥/t
Steel 4,500
District heating ) . )
Polyurethane insulation material 42,000 ¥/t
network
High-density polyethylene sheath 11,500

Note: The initial cost of the solar collector and relevant pipes is converted into
the cost per effective area of the solar collector (Kubinski and Szabtowski 2020;
Zhang et al. 2021), which is presented in the table.

3.1.2  Life cycle carbon dioxide emission

The CO, emission of the centralized solar district heating
system during its life cycle mainly includes carbon dioxide
produced during equipment production and system
operation.

MC02 = MCOz,e + Mcoz,a (27)
where M, is the life cycle CO, emission of the system;
My, . is the CO, emission during equipment production, t;
M, , denotes the CO, emission during system operation, t.
1) Carbon dioxide emission during equipment production
The equation to calculate the CO, emission generated
by each piece of equipment in the production stage of the
centralized solar district heating system is as follows:
MC02 e = mSC ASC =+ miB PGB + mioz ES

COz 202

+ mC02 ,pump (Pp,c + Pp,L) + mCOZ ,pipe (28)

where m? is the CO, emission from the production of
the solar collector per unit area, kgCO,/m? mffz is the CO,
emission from the production of the gas boiler set per unit
rated power, kgCO»/kW; m’ is the CO, emission from
the production of the water tank per unit surface area,
kgCO,/m? Es is the surface area of the water tank, m%
Mco, pump 18 the CO, emission of the production of a water
circulation pump per unit rated power, kgCO,/kW;
Mco, pipe denotes the CO, emissions from the production of
the centralized heating network, kgCO.,.

2) Carbon dioxide emission during system operation

The CO, emission from the operation of the centralized

solar district heating system mainly includes the CO, emission
from the operation of the gas boiler and the water circulation
pumps and is calculated as follows:

m

_ Gas Ele
Mg, = § :(mCOszasVGas + mCOZWEle>

i=1

(29)

where mgy is the CO, emission caused by burning natural

gas per unit mass, kgCO./kg; pe.s is the density of natural
gas, kg/m’* m¢ is the CO, emission caused by the operation
of the pumps of per unit electricity, kgCO»/kWh.

Table 5 lists the carbon dioxide emission calculation

parameters of the centralized solar district heating system.

3.2 Decision variables

Decision variables in this study are the equipment capacity
parameters Asc, Vs, and Pgg, as well as the pipe diameter of
the centralized heating network.

3.3 Constraints

1) Solar fraction
The solar fraction of the centralized solar district heating
system is calculated as follows:

QSC

FR =
ststem

(30)

where FR is the solar fraction; Qsc is the total heat of the
solar collector, kJ; Quysem is the total heating load demand
of the system, kJ.

In GB 50495-2019 Technical Standard for Solar Heating
System (MOHURD 2019), the relevant design code in
China, the recommended range of solar fraction is listed
for regions with different levels of solar energy resource

Table 5 Carbon dioxide emission inputs for system optimization
(Ding et al. 2020; Shah et al. 2020)

Item Value Unit
Collector m? 131.74 kgCOs/m?
Gas boiler mZ? 50 kgCO./kW
Heat storage water tank mfoz 243 kgCO,/m?
Pump co, pump 30 kgCO/kW
Electricity mg, 0.70 kgCO2/kWh
Gas m¢y, 2.98 kgCO,/kg
Steel 3.15
District heating . Poly.urethane' 522
network insulation material t/t
High-density 262

polyethylene sheath
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abundance, as shown in Table 6. In the joint multi-
objective optimization model of a centralized solar district
heating system in this paper, the system solar fraction is only
constrained to be greater than the minimum recommended
value.

2) Water supply velocity and specific friction resistance
of the centralized heating network

CJ] 34-2010 Design Code for City Heating Network
(MOHURD 2010), the relevant design code in China,
requires that the flow rate in the heating network with DN >
400 mm (nominal diameter of pipe > 400 mm) should
not exceed 3.5 m/s, and the specific friction resistance of a
heating network with DN < 400 mm should not exceed
300 Pa/m. Thus,

when DN > 400 mm,
4
LZ <3.5m/s (31)
3600md>
when DN < 400 mm,
R,
T <300 Pa/m (32)

k

3.4 Solving method

In contrast to single-objective optimization, a set of optimal
solutions can be obtained via multi-objective optimization,
each of which is called a Pareto-optimal solution or non-
inferior optimal solution. Genetic algorithm is widely used
in district system optimization, and elitist non-dominated
sorting genetic algorithm (NSGA-II) is commonly used in
multi-objective optimization (Evins 2013). Therefore, the
NSGA-II algorithm is used in this study, the flow chart of
which is shown in Figure 4. Selecting one hour as the time
step and the entire heating season as the calculation cycle,
the optimization model is solved in MATLAB.

In this study, the population size and maximum iteration
number are set respectively to 80 and 200, to obtain
sufficiently accurate results at a reasonable calculation time.

Table 6 Recommended range of solar fraction for a centralized
solar district heating system in different areas of China

Recommended value range
of solar fraction

Solar energy

resource zoning Typical city

Lhasa, Golmud

Rich resource area >50%

Abundant resource Xining, Turpan and

30%-50%

area Kashgar
Relatively rich 20%—-40% Xi’an, Lanz.hou,
resource area Urumgi
General resource Chengdu,
10%-30%
area o ° Changsha, Wuhan

The crossover operators are widely used to promote the
optimization to converge, while the mutation operators
are mainly used to maintain the diversity of the genetic
population. The probability of mutation should generally
remain very low to avoid unnecessarily delay in optimization
(Ren et al. 2019). And the variable search ranges are shown
in Table 7.

‘i Start |
—

Initialize

‘ Generation of parent

‘ Calculate objective function value

!

Non-inferior sorting for the solution set

v

Select non-dominant solution set individuals }4

v

‘ Cross and mutate to produce new offspring ‘

Combined population

‘ Calculate objective function value t=t+1

‘ Non-inferior sort of solutions ‘

‘ Calculate the individual crowding distance ‘

‘ Produce new parent group ‘

~ Meet the end conditions

] ves

Output the Pareto front set

e

\ End |

Fig.4 The flow chart of NSGA-IJ, in which ¢ represents iterations
(Wang et al. 2019)

Table 7 The upper and lower limits of the optimization variables

Upper  Lower
City Optimization variable limit limit
The area of solar collector (m?) 25,000 2,000
The volume of water tank (m?) 4,000 300
Lhasa
The rated power of the gas boiler (kW) 8,000 800
The diameter of heating network pipe (mm) 400 100
The area of solar collector (m?) 65,000 5,000
The volume of water tank (m?) 15,000 500
Xining
The rated power of the gas boiler(kW) 20,000 2,000
The diameter of heating network pipe (mm) 450 100
The area of solar collector (m?) 65,000 5,000
- The volume of water tank (m?) 20,000 500
i’an
The rated power of the gas boiler(kW) 20,000 3,000
The diameter of heating network pipe (mm) 450 100

Note: The optimization variables of the heating network pipe diameters can
only be selected from the following values: 100, 150, 200, 250, 300, 350, 400 and
450 mm.
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Technique for Order Preference by Similarity to an
Ideal Solution (TOPSIS) is a popular and efficient technique
used for identifying the best design in multi-objective
optimization problems. First, the method determines the
non-ideal solution and ideal solution by considering the best
and the worst designs of every attribute. Then, the values
of every attribute are set as non-dimensional. Finally, the
TOPSIS rank index is calculated by Eq. (33), which is used
to rank the Pareto frontier in decreasing order.

d

D .=—- 33
topsis d_+d+ ( )

where d- is the distance from the alternative to the non-ideal
solution, and d* is the distance from the alternative to the
ideal solution.

4 Case study

The joint multi-objective optimization model formulated
in Section 3 is applied to case studies.

4.1 Centralized solar district heating system

The centralized solar district heating system and the building

— Supply pipe
— Return pipe

distribution in the calculation example of this study are
shown in Figure 5. Users 1 and 4 are residential buildings
with heating areas of 74,800 m* and 46,800 m?, respectively.
User 2 is a commercial building and User 3 is an office
building with heating areas of 51,800 m* and 58,100 m?
respectively.

4.2 Heating load of different buildings

Geometries of residential, commercial, and office buildings
are constructed in SketchUp, as shown in Figure 5.
EnergyPlus is then used to conduct hourly simulations of
the building heating load in winter (Luo et al. 2022a). The
main simulation parameters of the various buildings are
shown in Table 8.

For the winter heating period, the hourly heating load
simulation results of each user in the three cities are shown
in Figure 6.

In Figure 6, Xining has the coldest weather and longest
heating period, and the annual total heating load of local
users is the largest. The Xi’an area has the least solar energy
resources and therefore a large annual total heating load,
while Lhasa has the most abundant solar energy resources
and the lowest annual total heating load of users. In addition,
as the solar energy resources in Lhasa are the most abundant,

Fig. 5 Distribution of the centralized solar district heating system and buildings

Table 8 Building heating load simulation parameters

Heat transfer coefficient of residential building
envelope structures (W-m2K™)

Heat transfer coefficient of commercial and office
building envelope structures (W-m2K™")

City Wall Roof Window Wall Roof Window Heating period
Lhasa 0.407 0.211 1.800 0.407 0.365 1.800 11/15-3/15
Xining 0.358 0.174 1.800 0.358 0.246 1.800 10/15-4/15
Xi’an 0.407 0.246 1.800 0.407 0.365 1.800 11/15-3/15

Note: The parameter values in the table are in line with the relevant design code in China (MOHURD 2015, 2018).
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Fig. 6 Hourly heating load of residential, commercial, and office buildings in three cities during the heating period

the heating load in winter is small in the daytime and even
zero in the afternoon. Compared with Xining and Xi’an,
Lhasa has the largest proportion of time with a low heating
load in the heating period.

5 Results and discussion

5.1 Analysis of the joint multi-objective design optimization
results of the system

Using Lhasa, Xining, and Xi’an as examples, joint multi-
objective design optimization of the centralized solar district
heating system was carried out in the heating areas in this

study. The Pareto frontier of the optimized design results is
shown in Figure 7.

In Figure 7, A and C denote the design schemes of the
centralized solar heating system with optimal economy and
optimal environmental protection, respectively, while B
represents the comprehensive optimal solution obtained
with the TOPSIS decision method. The specific design
parameters of the three schemes in each city are shown in
Figure 8.

In Figure 8, the obtained optimized design schemes of
centralized solar district heating systems in the three cities
reveal that with the decrease in system economy and the
increase in environmental protection, the pipe diameter of

Life cycle cost (10° Yuan)

Life cycle cost (10° Yuan)
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Fig.7 Pareto frontier of joint multi-objective design optimization of centralized solar district heating systems in Lhasa, Xining, and
Xian. A, B and C denote the economic optimal, the comprehensive optimal and the environmental optimal design schemes of system,

respectively
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Fig. 8 Results of joint multi-objective design optimization of centralized solar district heating systems in Lhasa, Xining, and Xi'an

the centralized heating network in Lhasa tends to decrease
while that in Xining and Xi'an tends to increase. As an
explanation, the annual total heating load of users is the
smallest in Lhasa, and the time of users requiring a low
heating load in the heating period accounts for the largest
proportion, which results in the lowest CO, emission from
the operation of the water circulation pumps of the system,
which is less than the CO, emission caused by the construction
of the heating network. Therefore, to improve the
environmental protection by the system, the diameter of
the pipe network should be decreased to reduce the CO,
emission from the construction of the heating network. For
the systems in Xining and Xi’an, the CO, emission from
the operation of the water circulation pumps is always
greater than that caused by the construction of the heating
network. Therefore, the network pipe diameter needs to be
increased to reduce the CO, emission from the operation of
the water circulation pumps and improve the environmental
protection by the system.

With the decrease in system economy and the increase
in environmental protection, the solar fraction increases
because of the increase in solar equipment capacity. The
design value of the solar fraction in the Lhasa area should
be between 50% and 99%, and the optimal value is 90%. In
Xining, the solar fraction is between 30% and 93% with an
optimal value of 70%. In Xi’an, the solar fraction lies between
20% and 66%, and the optimal value is 31%. Since the Lhasa
area has the most abundant solar energy resources among
the three cities, it also features the largest solar fraction of
the optimal comprehensively designed heating system.

5.2 Analysis of operation results of the systems designed
by joint multi-objective optimization

According to the meteorological data of each city, the day
closest to the average temperature of the coldest month was
selected as the typical design day. The typical days for Lhasa,
Xining, and Xi’an are January 17, January 3, and January 19,
respectively. Taking a typical heating design day in winter
as an example, the system operation of the comprehensive
optimal design of the centralized solar district heating system

is analyzed. The results are shown in Figure 9.

In Figure 9, on a typical design day in winter, the heat
storage water tank temperature of the centralized solar
district heating system in Lhasa is relatively higher, and the
natural gas boiler does not need to provide auxiliary heating.
Since the temperature of the heat storage water tank in
Xining and Xi’an is lower, the natural gas boiler has to be
used to ensure that the water supply temperature of the
system is not lower than the design value of the minimum
water supply temperature of the system. In addition, as the
user heating load in Lhasa is small or even zero between
15:00 and 18:00, the minimum water supply flow is set for
most pipe sections to avoid that the water supply flow is
too small to meet the temperature difference required for
heat exchange of the secondary heat exchange station at the
user place and the return temperature of the heating network
has a large fluctuation, which causes great disturbance to the
lower layer temperature of the heat storage water tank.

5.3 Comparative analysis of design optimization results
with different methods

A comparative method for the design optimization of a
centralized solar district heating system is used to verify
the superiority of the method proposed in this study.
Method 1 is the method proposed in this paper, which is to
simultaneously optimize the design of the solar heating
station and the centralized heating network. Method 2 is
the control method, which is to optimize the design of the
solar heating station and the centralized heating network.

In method 2, system operating parameters are assumed
according to the average values in the coldest month of the
system obtained in method 1, that is, the heat loss of the
pipe network per unit length in Lhasa, Xining, and Xi’an is
set to be 18 W/m, 21 W/m, and 19 W/m, respectively, and
the supply and return water temperatures of the centralized
heating network are 50 °C and 30 °C, respectively. The
system design results of the two optimization methods are
shown in Table 9.

In Table 9, compared with method 2, the equipment
capacities and pipe network diameters of the centralized



Liu et al. / Building Simulation / Vol. 16, No. 1

63

_* Upper layer Middle layer Lower layer X Solar collector is turning on
& 1 g .
=~ ~ Xinin ~ Xi'an
< 6ol Lhasa 2 60 g =~ 60 a
= =1 =1
e Xoanaaas, S &
5 501 X 5 50 5 50
< < <
= X X s XKaaaa =
B 40t R KX xx s a0 XXX e
E 30t £ 30f g 30 a2
(53 L L
£ 0 ® _® Q Q g @ [\ @ ;3“ N ‘QQ £ @ ® @ @ O .®
S @Y @ 0 W™ ™ 5 @ @ W W g ST @ T W g
Time Time Time
(a) The temperature of the working fluid in the water tank
=—Pointa —— Pointb Pointc —» Pointd Pointe —— Pointf —— Pointg
. Point h Point i Pointj _« Pointk <« Pointl <« Pointm —=_Pointn
&) 1S .. O .
IS P 0 Lhasa ..... < Xining < Xi'an
e caaas . s "y
§5 sses ii' nrt‘f‘» ';‘:50 R S S S2 aasi] f50 A A a A s S S ]
3 2 SEEEY S i
Z Y3 2 g
g M g g
4 4 4 ,
I iy B A B0
5 | 1 5 ] 5
§SO='|||¢¢1“111” ¥ ?)301!!44“"“"“*-/‘ i\}iii‘l §30¢|1<44¢1-11-4—¢:¢;13|11111
(=% o o
g . . . . . g g . .
N Q Q Q Q Q KNI . K\ K\ N 0 0 0 0 0
S o @ 0P 4P G oo S o @ o o @ S P @ o (O o o
Time Time Time
(b) The temperature of the working fluid in the network
Pipe 1 +—Pipe2 —+—Pipe3 —+—Piped ——Pipe5 Pipe 6
Lhasa Xining Xi'an

»

S
Ataggps, g3sse
0 "4%“, ‘0;,;% b ¥

Flow rate of network (m*-h!)
Flow rate of network (m*-h’!

S
3

® ® _® O _®
o @® o (i G® o

Time

Flow rate of network (m*-h’!

(c) The flow rate of the working fluid in the network

Fig. 9 Operation of the comprehensive optimal design of the centralized solar district heating system on a typical design day in winter

Table 9 Design results of two optimization design methods for centralized solar district heating systems

City Lhasa Xining Xi’an
Method 1 2 1 2 1 2

Area of the solar collector (m?) 10,629 12,559 30,383 33,879 21,778 21,157

Volume of the water tank (m?) 1,795 2,020 5,163 4,112 2,842 2,010

Rated power of the gas boiler (kW) 3,240 3,356 9,678 10,109 9,465 9,695
Pipes 1,2 150, 200 150, 200 200, 200 200, 200 200, 200 200, 200

Diameter of district heating .
. Pipes 3, 4 200, 150 200, 150 200, 200 200, 200 200, 200 200, 200
network pipes(mm)

Pipes 5, 6 250, 250 250, 250 350, 350 350, 350 350, 350 300, 350

Life cycle cost (10°¥) 29.26 33.35 89.36 96.70 84.64 87.45

Life cycle CO; emission (10° t) 445 5.08 18.47 20.78 24.83 27.92

solar district heating system designed by method 1 are more
reasonable, the economic costs of the systems are lower,
and the environmental performances of the cases are better
in the three cities. The life cycle costs of the systems in

Lhasa, Xining, and Xi’an are reduced by 12.26%, 7.59%,
and 3.21%, respectively, and the life cycle CO, emissions of
the systems have decreased by 12.40%, 11.12%, and 11.07%,
respectively.
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5.4 Sensitivity analysis of joint multi-objective system
optimization results

In the joint multi-objective optimization of the centralized
solar district heating systems, the value of the input
parameters exhibits a great influence on the system
optimization results. The value of the minimum water
supply temperature of the system directly affects the
required system equipment capacity and the diameter of
the heating network pipes. Equipment price fluctuations
also directly affect the economy of the system. Therefore,
the sensitivity analysis of joint multi-objective system
optimization results is conducted for the variables minimum
water supply temperature and equipment unit price.

5.4.1 Minimum water supply temperature

Using the joint multi-objective optimization model developed
in this study, the centralized solar district heating system is
simulated for different minimum water supply temperatures
to analyze its effect on the results of system optimization.
Since the heating supply temperature of the fourth generation
centralized heating system (low-temperature heating system)
is between 30 and 70 °C (Lund et al. 2014) and to ensure
stable heating of the system, the simulated minimum water
supply temperatures are 45 °C, 50 °C, 55 °C, 60 °C, and 65 °C,
respectively. The results are shown in Figure 10.

In Figure 10, with the increase in the minimum water
supply temperature, the life cycle cost and CO, emission of

Life cycle cost

+— Life cycle CO, emissions

the centralized solar district heating system in Lhasa both
first decrease and then increase, and the optimal minimum
water supply temperature is 55 °C. The life cycle cost of
the system in Xining decreases first and then increases,
while the life cycle CO, emissions increase over the selected
minimum water supply temperature range. For optimal
economy or optimal environmental protection, the minimum
water supply temperatures are 50 °C and 45 °C, respectively.
With increasing minimum water supply temperature in
the Xi’an area, the life cycle cost of the system decreases
and CO, emissions increase. The minimum water supply
temperature is determined as 65 °C for optimal economy
and 45 °C for optimal environmental protection.

5.4.2 Equipment price

In the initial investment cost of all equipment in the
centralized solar district heating systems, the contributions
of the solar collector and the gas boiler are larger. Therefore,
the joint multi-objective optimization model developed in
this paper was used to simulate the centralized solar district
heating system under the condition that the original price
of solar collector and gas boiler fluctuated by about 20%.
As the pipe diameter design of the centralized heating
network is mainly affected by the minimum water supply
temperature of the system, only the influence of the price
of solar collector and gas boiler on the equipment capacity
of the solar heating station is analyzed, as shown in
Figure 11.
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In Figure 11, with the increase in solar collector price,
solar collector area and water tank volume decrease in the
comprehensive optimal design of the three cities, and the
rated power of the gas boiler increases. With the increase in
gas boiler price, collector area and water tank volume of the
comprehensive optimal design increase in Lhasa and Xining
area, while the rated power of the gas boiler decreases.
However, Xi’an exhibits lower sensitivity for gas boiler
price and no clear trend of equipment capacity change.
Compared with the gas boiler price, the solar collector
price has a greater impact on the optimization results of the
system. When the unit price of the solar collector increases
by 20%, the solar collector areas in Lhasa, Xining, and
Xi’an decrease on average by 4.36%, 5.70%, and 4.44%,
respectively, the water tank volumes decrease by 3.45%,
15.52%, and 9.74%, respectively, and the rated power of
the gas boilers increases on average by 5.34%, 3.91%, and
0.13%, respectively.

6 Conclusions

In this paper, a joint multi-objective optimization model of
equipment capacity and pipe diameter of a centralized solar
district heating system is developed, and a case analysis
is conducted for Lhasa, Xining, and Xi’an with different
levels of solar energy resource abundance. The following
conclusions are drawn.

(1) Compared with the respective optimization design of
the solar heating station and the centralized heating
network, the system designed by adopting the joint
multi-objective optimization model of a centralized
solar district heating system developed in this paper is
more reasonable and can achieve higher environmental
protection at a lower economic cost. In Lhasa, Xining,
and Xi’an, the system life cycle costs decrease by 12.26%,
7.59%, and 3.21%, respectively, and the system life cycle
CO, emissions decrease by 12.40%, 11.12%, and 11.07%,
respectively.

(2) Considering the economy and environmental protection
of the centralized solar district heating system, the design
value of the solar fraction of the system in Lhasa should
be between 50% and 99%, and the optimal value is 90%.
In Xining, the solar fraction is between 30% and 93%,
and the optimal value is 70%. In Xi’an, the solar fraction
lies between 20% and 66%, and its optimal value is
determined as 31%.

(3) The minimum water supply temperatures of the
centralized solar district heating system optimized for
economy or environmental protection are both 55 °C in
Lhasa, 50 °C and 45 °C in Xining, and 65 °C and 45 °C
in Xi’an.

(4) Compared with the price of the gas boiler, the unit price
of the solar collector has a greater impact on the
equipment capacity of the solar heating station in the
joint multi-objective optimization results of the system.
When the unit price of the solar collector increases
by 20%, the solar collector area and water tank volume
of the system in the Xining area decrease the most, by
5.70% and 15.52%, respectively. The increase in the rated
power of the gas boiler of 5.34% in Lhasa is the largest
among the three investigated cities.

In this study, the configuration of the solar collector
array and dynamic price of solar collectors were not taken
into full consideration in the optimization of the centralized
solar district heating system. These would be considered in
future studies.
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