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An assessment model for solar energy accommodation capability is proposed to
determine the solar accommodation potential of the district integrated electrical and
heating systems with the consideration of the transmission delay of the district heating
network.

The solar collector plays a crucial role in enhancing the solar energy accommodation
capability.

The transmission delay characteristics of the DHN can be fully utilized by adjusting the
supply temperature of energy stations in a reasonable range to exceed the restriction of
the heat load on a typical summer day.

An appropriate increase in solar collector capacity will cause the phenomenon of solar
curtailment, but it will also help to promote solar energy accommodation.

For the system in which the solar collector plays a dominant role in solar energy
accommodation, the influence of the thermal energy storage on the solar energy
accommodation capability is more significant than that of the electric energy storage.
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Abstract:

With the rapid development of global solar energy applications in recent years, it is crucial to establish
a scientific assessment method for solar energy accommodation capability to formulate a rational solar
energy utilization scheme. With consideration of two typical solar utilization technologies, photovoltaic
and solar thermal collecting technology, and the difference between the energy grades of electricity and
heat, new assessment indicators are proposed to investigate the accommodation capability of solar energy.
Based on the proposed assessment indicators, an assessment model is carried out to determine the solar
accommodation capability of district integrated electrical and heating systems (DIEHSs) considering
transmission delay of district heating network (DHN), which can inform the development of an optimal
solar accommodation scheme. The effectiveness of the assessment model is verified through a DIEHS
consisting of an IEEE 33-bus system and a DHN in China. Finally, specific strategies for enhancing solar
energy accommodation capability are given by analyzing the influences of transmission delay of DHN,
operating temperature range, solar energy curtailment rate, and energy storage on solar energy

accommodation capability.

Keywords: Solar energy accommodation capability, Integrated energy system, Transmission delay of
district heating network, Photovoltaic, Solar collector

1. Introduction

With the rapid development of economy and society and the continuous progress of energy industry
technology, the wave of promoting the development of renewable energy is gradually sweeping across
the world [1]. As a potential renewable energy resource, solar energy will play an important role in the
future global energy structure [2]. From 2015 to 2019, global solar energy consumption increased by
176% from 2.34 EJ to 6.45 EJ [3]. However, as the use of solar energy equipment has increased, most
countries have experienced challenges due to the unreasonable solar energy consumption and the serious
solar energy curtailment, which limits the maximum accommodation and utilization of solar energy [4].
To make full use of solar energy, it is necessary to establish a scientific assessment method for solar
energy accommodation capability to formulate a reasonable accommodation scheme.

For the past few years, considerable efforts have been made to study on the general methodology for
assessment solar potential. Ref. [5-7] analyzed the solar energy resource in selected areas based on
geographic information system (GIS), and then the technological and economic potentials of solar energy
were evaluated with photovoltaic (PV) parameters, which helped to determine the exclusion and

1


mailto:wuj5@cardiff.ac.uk

Electrical Power and Energy Systems

inclusion zones. The solar energy potential evaluated in such studies are relatively optimistic without
considering the influence of other energy supply equipment and the energy networks on the installation
of PV. With comprehensive consideration of specific energy systems including various energy supply
equipment, energy conversion equipment, and energy storage equipment, Ref. [8] conducted the
simulation and evaluation of solar energy accommodation under different penetration points of
renewable energy sources. Ref. [9] took the transient stability constraints of power networks into
consideration in the assessment of solar energy accommodation, and investigated the accommodation
capability constraints of the grid-connected photovoltaic generation system and the recommendations to
improve the solar energy accommodation capability.

The researches mentioned above are restricted to the single accommodation in form of PV. Besides,
the other common solar utilization technologies include solar thermal collecting technology, hybrid
photovoltaic/thermal (PVT) technology, etc. In recent years, solar collector technology has been
disseminated and incentivized in low-carbon heating and large-scale district heating [10-12]. PVT has a
favorable application and development in building energy consumption [13]. Multi-form solar utilization
provides ideas of improving the level of the solar energy accommodation. Ref. [14] pointed out that
integrated solar energy systems of PV and solar water heating facilities is the appropriate approach for
wide-scale solar energy applications. Ref. [15] indicated that it was more conducive to solar potential
exploitation to develop different accommodation modes according to the building types, which was
verified by the proposed evaluation method of solar energy potential based on the PV and solar thermal
collecting system.

Multi-form solar energy accommodation involves multiple energy sources such as electricity and
heat, the dependent system belongs to the category of integrated energy systems (IESs). The IES carries
various energy coupling equipment and energy storage equipment, etc. It can effectively realize the
organic integration of multi-form solar energy accommodation and promote the accommodation
capability through the coordination and complementarity among multi-energy carriers [16,17]. Recently,
a considerable number of studies have been carried out on this topic. Ref. [18] indicated that renewable
energy accommodation could be promoted by improving the operational flexibility of the system through
combined heat and power (CHP) units, electric boilers (EBs), electric energy storage (EES) systems,
thermal energy storage (TES) systems, and spinning reserves. A case study of a specific system including
CHP, heat pumps (HPs) and TES is given in Ref. [19] to demonstrate the potential of integrated electrical
and heating systems in the renewable energy accommodation. Ref. [20] concluded from the evaluation
of the solar energy accommodation capacity of IESs that the comprehensive application of PV and solar
collectors (SCs), combined with the CHP, gas boilers (GBs) and other energy conversion equipment, can
effectively improve the solar energy accommodation capacity of IESs.

The above-mentioned researches are mostly limited to the integrated solar energy consumption of
buildings, and few of them focusing on the IES including energy networks do not consider the differences
in time-scale characteristics in the research of solar energy accommodation involving multi-energy
carriers [20-22]. In reality, the IES is essentially a complex system with multiple time scales as it involves
different energy carriers such as electricity and heat. Transmission delay of heating networks and gas
networks cannot be ignored especially for operation, analysis, and evaluation of district and above-scale
IESs [23]. Moreover, the accommodation of solar energy could be further improved if the multiple time-
scale characteristics of district IES can be used reasonably to realize operation optimization.

In addition to the specific methods and influencing factors of solar energy accommodation

assessment, indicator establishment of the solar energy accommodation capacity is another emphasis of
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the assessment process. Some researches try to establish representative indicators such as the actual total
output of solar energy equipment [4,6,24], the installed capacity of solar energy equipment that can be
accommodated by the systems [9,20], the ability of a given system to flexibly integrate fluctuating solar
energy output [8,25] and the annual investment cost of solar energy equipment considering economy
[6,8]. However, the researches mentioned above also do not consider the multiple forms of the solar
energy accommodation, which brings about the problem of how to evaluate different energy carriers for
the indicators establishment of the solar energy accommodation capacity. There are two main evaluation
criteria for electric and thermal energy in solar energy accommodation. The first one is energy evaluation,
taking electric and thermal energy as equivalent based on the first law of thermodynamics [26]. It reflects
the quantity of different energy carriers and focuses on the assessment of energy consumption, the
economy, and environmental protection. The second one is exergy evaluation based on the second law
of thermodynamics, which uses the exergy to reveal the difference in the energy grades of energy carriers.
It puts the emphasis on the energy quality and the efficiency evaluation of equipment and IESs [26,27].
Let us take the integrated solar energy systems of the PV and SC as an example. The conversion
efficiency of the SC is higher than that of PV, but it does not mean the SC is a better solar accommodation
equipment than the PV. The electricity produced by the PV belongs to high-quality energy, while the heat
produced by the SC belongs to low-quality energy. Taking into account the difference in the energy grade
between heat and electricity, it is more reasonable to establish indicators of the solar energy
accommodation capacity based on energy quality in IESs.

According to the existing problems mentioned above, this paper focuses on the assessment of the
solar energy accommodation capability of the district integrated electrical and heating systems (DIEHSSs).
New evaluation indicators of solar energy accommodation capability are proposed considering the
energy grade of electrical and thermal carriers of solar energy accommodation. Based on the impacts of
the transmission delay of district heating network (DHN), and the coordinated operation of the DIEHS
including heat-electric coupling equipment and energy storage equipment, an assessment model of solar
energy accommodation capability is developed to provide the optimal utilization pattern of solar energy
for DIEHS:s. In the case study, the influences of operating temperature range, solar curtailment rate and

energy storage equipment on the solar energy accommodation capability are drilled down.

2. Modelling the DIEHSs

A DIEHS, which consists of power distribution networks (PDNs), DHNs, energy stations (ESs), and
distributed energy sources, supplies energy to users within a town or city, a district area, or a community.
A typical structure of a DIEHS is shown as Fig. 1. As the power transmission link, the PDN connects the
grid, ESs, and power users. The DHN is the heating transmission hub of heat users and centralized heat
sources. ESs can accommodate multiple energy supply equipment (such as PV, SC, CHP, EB, EES, and
TES), providing energy supply for users. Distributed energy sources are located at the end users’, whose
influences on the district energy supply system are reflected in load characteristics, not considered in this
paper. Considering the application situation and market of the solar energy equipment, this paper mainly
focuses on PV and SC which are widely used at present, and does not involve PVT.

The mathematical model of each component of the DIES is as follows.
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Fig. 1. Diagram of a typical DIEHS

2.1. Transmission delay model and operation constraints of DHN

Traditional heating regulation modes of the DHN contain the quality regulation mode, the quantity
regulation mode, etc. The quality regulation mode refers to the operation strategy of constant mass flow
and variable temperature supply (CF-VT). The thermal output of ESs is controlled by the supply
temperature of the heat sources [28] and the difference between the supply and return temperature is not
a relative constant even though there exists the electricity backup. Because of its convenient operation
and stable hydraulic regime, CF-VT has become one of the most extensively used regulation modes of
DHN in engineering applications. As the hydraulic dynamic process of the DHN is much faster than the
thermal dynamic process [23], the mass flow in pipelines can be considered constant under CF-VT in
this study. Therefore, the thermal transmission delay characteristic is focused on.

Under the CF-VT mode, the transmission delay model of the DHN can be described as follows.

(1) Node temperature

For node j shown in Fig. 2, the mixture temperature equations of node ; in the supply and return

pipelines can therefore be described as
st = st
Ziec?s(j) (mij]:)ut,ij ) _(Zke.fs(‘j) my Ty, ; )T] (1)
T, 1t _ .
mloadjTIoad,/‘ + Zkeﬁr(j) (m_/kT:)ut,/‘k) _(Ziezf' ) ml.], )T/ (2)

Let us assume that 7' =7, —T,. Divide both sides of the equation by the total mass flow injected into
nodej in Egs. (1)—~(2), and then Eqs. (1)—~(2) can be written as

T=) oo BTy 3)

T/ =By Ty +Z kes' (j) Vo “
ifs' = mU/Zieﬁs(_/) mij (5)

B = m, / (Mg, + Zkegrmmﬂc) (©)
ﬂlLad,j = mload,j/(mload,j + Zkeo"(j)mjk) (7

The finite difference method is applied to deal with the thermal transmission delay character of

pipelines. Assuming A¢ is the time interval, pipe i/ can be approximatively divided into 7, units with a

length of A/, according to Az, as shown in Fig. 3, where 7, can be calculated by

z,=round 1, /Al | (®)
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Al,=4m At /7D; p ©)
It is known that the thermal process transmits at the speed of the value of the mass flow rates [23].
As a result, the time for the temperature impact of node i on node j is approximatively 7, Az . With

consideration of heat loss, the outlet temperature of pipe ij at time ¢ can be calculated by

T!s,t — T’s,r—r,,At exp(—l_l- /cmij) (10)

out,ij i iy

Ul

By substituting Eq. (10) into Eq. (3) and assuming ¥/, = exp(—4,/; / cmy) , the supply temperature

calculation formula at node j can be obtained:

18t __ s ;s,lfrUAt
T _Zieés(j)ﬂiil//ij]: (11)
Similarly, the return temperature calculation formula at node ; is
nt__ 1 Tt T -7, At
T/" _aload,/'Tl(l)ad,/ +z ked' (j) ﬂ_/kl//jk]—;{' " (12)

In Egs. (11)—(12), ZS’H”” “and T,:’Hf‘m should be replaced by the initial supply temperature at node i
and the initial return temperature at node & , respectively, when ¢ < zAf.
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Fig. 2. Diagram of pipe connection at node j

node 7 pipe ij node j

mi; T A t*“m,-j A > %% Ty A >

Ay, At

—_
lﬁ: T,'ijAf

(-l , t-1; A ) (, 0
Fig. 3. Vertical diagram of supply pipe ij
(2) Heat loss of pipes
For a pipe unit with a temperature of 7 and heat transfer coefficient of 4, the heat loss at time # is [29]
AH, = AT" (13)
Assume that the temperature of every pipe unit is represented by the average temperature at the inlet
and outlet of the pipe unit. According to Eq. (13), the heat loss of pipe i/ with start node of node 7 at time

t can be calculated as follows when the trapezoidal integration method is used:

Hlluss,ij — ﬂ’yAly z:;] (l//;n—l)/rv T;rr—(n—l)Az + !//il;/ri/ T;u—nAt )/2 (14)
Eq. (14) is applicable to both supply and return pipelines.
(3) Heat source and heat load

The heat power of the source and load at node i and time ¢ can be calculated as follows:

source,i (7’1‘_5” - Y;T’t ) (15)

Higas = Mgy (Y;S't — T ) (16)

The heat power of the source at node 7 and time ¢ is equal to the thermal output of all the heating

t
source,i

=cm

equipment:

+H'i‘ES,D,i - H{'ES,C,[ =H, (17

source,i

+H!

EB,i

+H"

CHP,i

Hye,
(4) Temperature constraints
For all nodes in the entire DHN at arbitrarily time ¢, there exists an operating temperature range [30-

32]:

Ts,min < 7;5,! < Ts,max (18)
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T ST LT (19)

For the return temperature, some researches only restrict the lower limit. In order to study the
influence of the variation of the return temperature on the solar energy accommodation capacity, the
constraint of the upper limit is also introduced in the model.

Besides, to avoid the reckless impact of the transmission delay of the DHN on the state of the
following day, the supply temperature of the heat source at the last dispatch time of each day should be
consistent with the temperature at the initial dispatch time:

Zs,end _ ]-;s,init (20)
2.2. Model of power distribution network
A Distflow second-order cone model is used to describe the PDN in this paper. For arbitrary bus j at

time ¢, there exist:

Zieac(/) (F;Jr - y;'jiitj )+ Pjt = Zkeé“ () P;tk 2]
Y )@ -xi)+ 0 =Y O @2)
B 4 Bossy~Fasa.s + By + Bov,y = Finy + Pieso = Fssc, 23)
O+ Oaaj = Qasay + Qe (24)
For arbitrary branch #j, there exist

ul =) =21,y +x5,00) + (5 + X)) (25)
|28;.20; 15 —ui |, <2 +u] (26)
Fosy =iyt (27)

All node voltage and branch current should operate within a safe range:
Uiy SU; Sl (28)
0<iy <i. (29)

No power transmission to the grid is allowed in this study because the research emphasizes on the
solar accommodation capability of the DIEHS itself. As a result, the power from the grid at node j

satisfies the following constraint:

0<P. <P™ (30)

grid,j grid, j
2.3. Equipment models
In accordance with the assessment of solar energy accommodation capability in the DIEHS, the solar

energy equipment, heat-electric coupling equipment, and energy storage equipment are the focus of this
study.

(1) Solar energy equipment

Solar energy equipment in the DIEHS consists of typical solar power generation equipment, PV, and
typical solar thermal collection equipment, SC. The installation area of solar energy equipment is usually
limited whether it is the roof or the ground. When the PV and SC are installed in the same area, a

competitive relationship appears:

0< Ay, + Age; <A™ (€28)

The general model of PV at node i and time t is as follows [33]:
By Boi = Aoy Loy, (32)
Py, 20,P, .20 (33)

where B,

is the actual power generated by the PV to the DIEHS at node i and time ¢. P, is the

curtailed actual power of the PV. 7, ; is the conversion efficiency of the PV,

The model of the water heating solar collectors is as follows [34,35]:
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Héc,[ + H&iur,i = Asc,[[[tﬂsc,f (34)
H;C,[ 2 0’ H&iur,i 2 O (35)

where Hg, is the heat power generated by the SC to the DIEHS at node i and time ¢. H,,is the

curtailed heat power of the SC [31,36]. 7 is its conversion efficiency. In the performance study of the

SC, the conversion efficiencies contain the instantaneous efficiency and the daily efficiency [37-39]. The
instantaneous efficiency is related to the difference between average temperature of the SC and the
ambient temperature, greatly influenced by external operating conditions. And there exists a complicated
thermodynamic relationship between the average temperature of the SC and heating conditions, internal
structures and parameters, ambient temperature, solar irradiation, etc. The daily efficiency takes into
account the overall performance of the SC throughout the day and is less affected by the random variation
of the operating conditions. The solar energy accommodation capacity studied in this paper pays more
attention to the synergy between the SC and the DHN and the PDN, rather than the internal design of the
SC, so the daily efficiency is used:

. It - T,
Nsc; =Nsc; ~Viossci v (36)

Na gt
L
=1 "1

.
where %y, U,

loss

are the efficiency and energy loss coefficient of SC at node i when the initial water-
init . . . = Ny .
temperature Tsc,[ is equal to the daily mean ambient-temperature 7, . thl 1 ,.’ is the total solar
irradiation throughout the day.
(2) Heat-electric coupling equipment
Two common heat-electric coupling equipment, the gas turbine CHP and EB, are considered in this

study. The models are as follows:

Hiyp; = Ocup Forp, (37)
0 Plp, < P2, (39)
Heg = s, P, (39)
0<Hpy, < Hyy) (40)

(3) Energy storage equipment
Two forms of energy storage equipment, EES and TES, are taken into account. The general EES

model is as follows [40]:

Stes Capegs; < Wigs, < Sips, Capys, (41)
0< FRisc < Vepsci (1~ €pps ) CaPys; (42)
0< Pisp.i S Verspiers CaPres, (43)
Wiesi =Wensi (1= Ores )+ (Bessc Meesc — Peesp. [Mexs . )AL (44)
Wiits = Wees, 43)
The general TES model is as follows [41,42]:
Stes Caprgs, < Wigs, < Stps, Capags, (46)
0< H'i‘ES,C,iAZ =< Vresca a- e"tFES,i)CapTES,i (47)
0< Hipsp Al < Vs €res,, CaPres, (48)
Wigs: =Wigs, (1= Ores ) + (Higs ¢ Mres.co — Higspa / resn ) (49)
Wrgts =Wrs, (50)
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3. Indicators and assessment model of solar energy accommodation capacity in
DEHIES

3.1. Indicators

The specific indicators of solar energy accommodation capacity are established from the perspective
of the supply side of energy generation in the system on an annual basis considering the variation of solar
irradiation and ambient temperature. In order to take into account the energy grade difference of
electricity and heat, the energy quality coefficient (EQC) proposed in the Ref. [27] is introduced. The
following indicator of annual solar energy accommodation capacity (ASEAC) is established from the
perspective of energy supply:

ASEAC=Y " S 3 e pld 3 et i A (51)
where K‘;’d is the EQC of hot water heated by the SC at node i and time ¢ on day d, which can be
calculated as follows:

Tr,d Ts,t,d

d _ a i

Kit - 1 - Ts,t,d _ Tr,t,d ln(Tr,[,d

Maintaining a reasonable solar curtailment rate can help improve the ASEAC of the DIEHS. A low

) (52)

solar curtailment rate may result in the insufficient installation of solar energy equipment and a waste of
solar energy resources. While a high solar curtailment rate may weaken the utilization rate of solar energy
equipment. To further study the impact of the solar curtailment rate on the ASEAC, an indicator of the
annual solar curtailment rate based on the integrated solar energy accommodation in form of electricity
and heat is developed, namely the proportion of annual curtailed electricity and heat in the annual
maximum energy supplied by the solar energy equipment of the system considering the energy quality:

amn ASEC

“r ~ ASEAC+ASEC
where ASEC is the annual solar energy curtailment of the system:

ASEC=3 " 31y o prad 4 3o gt i g (54)

3.2. Assessment model of solar energy accommodation capacity of DIEHS

x100% (53)

According to the indicators proposed in 3.1, the assessment of solar energy accommodation capability
is aimed at investigating the optimal configuration and operation scheme of solar energy equipment with
comprehensive consideration of characteristics of energy networks and various means of improving the
ASEAC by maximizing the ASEAC of the DIEHS, and providing the model to evaluate the effect of the
typical means like energy storage equipment on the ASEAC improvement. However, a simplistic pursuit
of the ASEAC may lead to high power loss, high heat loss, and high solar curtailment rate. To take the
green energy-saving principle into account and enhance energy utilization efficiency, it is necessary to
consider the suppression of power loss, heat loss, and solar curtailment in the assessment model. As the
assessment of solar energy accommodation does not involve the economic factors in this study, the
impact of costs on the system is not investigated.

Considering the discussion above, the solar energy accommodation capability of a DIEHS is assessed

on an annual basis. The objective function is as follows:
max ASEAC — s, ASEC — D Y T D B+ D HLL 1A (55)
Optimization variable x contains allocation variables and operation variables. Allocation variables
consist of the installation area of PV and SC, namely 4, and 4. . Operation variables contain the

output and the operation state of the equipment and the grid, and the voltage, current, active and reactive
8
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Except for the charge and discharge
state of the energy storage equipment, ey, and el , which are 0-1 integer variables, the other

t
H loss,ij °

optimization variables are all of double. The control variables include P’ ASEAC and ASEC,

loss,ij *
which are both of double.

The constraints of the assessment model contain the operation of the DHN and PDN, solar energy
equipment, heat-electric coupling equipment, and energy storage equipment, namely Eqgs. (11)—(12), Egs.
(14)—(26) , Egs. (28)—(35), Egs. (37)—(50)).

To simplify the calculation, 7' and 7™ in the calculation formula of EQC, Eq. (52), are replaced
with the average temperature of the operating temperature range of supply and return pipelines. The
entire model for the assessment of the solar energy accommodation capability of the DIEHS is then a 0-
1 mixed-integer linear program, which can be solved by existing optimization solvers, such as YALMIP

and CPLEX.
4. Case Study

The assessment model of solar energy accommodation is validated through a case study conducted
on the DIEHS consisting of the IEEE 33-bus system and a DHN of Jilin Province in China [30]. The
assessment is based on three kinds of typical days in winter, the transition season, and summer, and the
numbers of three seasons are assumed to be 120, 153, and 92, respectively. The operation interval is 15
min.

The layout of the DIEHS in the case study is shown in Appendix (Fig. Al). The system contains two
energy stations and both include PVs, SCs, CHP units, and EBs. The parameters of the energy stations,
the main grid, and the penalty coefficients are shown in Appendix (Table A1) [43]. The parameters of
the DHN can be found in [30]. The electrical and heat load are selected for a typical industrial area (Fig.
A2). The typical solar irradiance intensity and ambience temperature curves are given in in Appendix
(Fig. A3). The operating ranges of the supply and return temperatures in the entire DHN are 90—110 °C
and 70-90 °C, respectively. The initial temperature of the tank of SCs on three typical days are set to
100 °C. As the distributed energy supply equipment affects the system operation and analysis by
changing the local energy demand, the case study focuses on the centralized energy supply of the energy
station rather than its distributed energy supply.

4.1. Case 1: Impact of the transmission delay of the DHN

To explore the influence of a transmission delay of the DHN on solar energy accommodation, the
model proposed above is used to assess the solar energy accommodation capability of a DIEHS in cases
where the transmission delay of the DHN is ignored and considered. To stress the influence of the
transmission delay of the DHN, solar curtailment is not allowed to occur and the capacities of storage

equipment are set to 0. The optimal results of the two cases are shown in Table 1.

Table 1 Optimal result when ignoring/considering the transmission delay

Case Case 1.1: Ignoring transmission delay ~ Case 1.2: Considering transmission delay
Area of PV (m?) 16731.11 14943.47
Area of SC (m?) 3268.89 5056.53
ASEAC (kWh) 12614745.42 14053500.35
Power loss (kWh) 7912.61 8309.05
Heat loss (kWh) 11202.56 11243.03

A comparison of the optimal result when considering the transmission delay of the DHN to the result

when the transmission delay is ignored revealed that the installation area of SC increased by 54.7% and
9



Electrical Power and Energy Systems

the area of the PV reduced by 10.7%. The ASEAC increased by 11.4%. The change mentioned above
occurs because the efficiency of the SC is larger than that of PV, and the ASEAC of the system is greater
by installing SCs in the same area. This result reveals that the solar energy accommodation capability
can be improved without sacrificing operation safety by increasing the installation area of the SC. Fig. 4
shows the thermal scheduling strategy of energy stations on three typical days when ignoring (a) and
considering (b) the transmission delay. When the transmission delay is not considered (a), the balance of
heat load, heat loss, and heat supply is maintained at all times. At this point, the key restriction of more
SC installations is the heat load at noon. When considering the transmission delay of the DHN, the output
of the heat sources can exceed the heat load restriction and ensures operation safety at the same time,
which results in an increase in SC installations. And the thermal output of the ESs increases during the
noon period when the solar irradiation is strongest but not the time before peak demand to accommodate
more solar energy. The exceeded amount of thermal output just causes a little increase of 40.47 kWh in
the annual heat loss thanks to the heat loss penalty term, and the increased ASEAC of 1438754.93 kWh

is much more.
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Fig. 4. Thermal scheduling strategy of energy stations when ignoring/considering transmission delay
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ignoring/considering transmission delay
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Fig. 6. Return temperature on a typical summer when considering transmission delay
The reason for the output of heat source exceeding the heat load restriction when considering
transmission delay of the DHN can be summarized as two:
(1) The appearance time of the peak thermal output can be controlled to match the peak time of the solar

irradiance intensity is highest (shown as the blue arrows in Fig. 5 (b)) by adjusting the supply
10
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temperatures of the energy stations, owing to a certain time delay for return temperatures compared
to the supply temperatures, which leaves more room for the energy supply of the SCs.

(2) The peak value of the thermal outputs can be further increased (shown as “Thermal Output
Adjustment” in Fig. 5 (b)) by raising the supply temperature within a reasonable range (shown as
“Supply Temperature Raise” in Fig. 5 (a)), which can help to accommodate more SC heating.
However, the increase in the thermal outputs of the energy stations is limited by the operating range

of the return temperatures in the DHN. Fig. 6 shows the return temperatures of all nodes on a typical

summer day when considering the transmission delay. Owing to the low heat load and the small
temperature difference between supply and return pipelines in the summer period, the increase in the

supply temperatures of the energy stations results in the return temperatures of nodes 33, 50, and 51

reaching the upper limit of 90 °C sometimes, and the peak thermal outputs of the energy stations reach

their limits.

4.2. Case 2: Impact of the operating temperature range on solar energy accommodation
It can be known from Case 1 that the solar energy accommodation capability is limited by the

operating temperature range of return pipelines, especially the upper limit of the return temperature,

T™ . In Case 2, the upper limit of the return temperature is adjusted to within 85-100 °C to study the

influence of the operating temperature range on the ASEAC of the system. To stress the influence of the

operating temperature range, solar curtailment is not allowed to occur and the capacities of storage

equipment are set to 0.

The optimal results with different 7,"* are shown as Fig. 7. With an increase in 7", the installed
area of SC and ASEAC increase gradually, and the growth slows down gradually when 7™ exceeds

94 °C. While the installation of PV changes with an opposite tendency. Besides, the system cannot

operate normally when 7™ is lower than 87 °C.
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Fig. 7. Optimal results of the total capacity of SC/PV (a) and annual accommodated solar energy (b)
with variation in the upper limit of the return temperature
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The reasons for the results above are further analyzed through Fig. 8, the supply and return
temperature curves of energy stations on a typical summer day with 7™ controlled at 87 °C, 90 °C,
94 °C, 100 °C, respectively. With an increase in ™ , the supply and return temperatures of the energy
stations increase in the daytime. From 94 °C, the temperature difference between the supply and return
pipelines decreases such that the two temperature curves overlap (shown as the red points in Fig. 8),
which causes a slow growth of the SC installation. With a further increase in ™, the time period
during which the supply and return temperature curves of the energy stations coincide continuously
increases (shown as the temperature curve with 7™ of 100 °C in Fig. 8), which leads to a more obvious
slowing growth of the SC installation and ASEAC.

Due to the heat load and the lower limit of the supply temperature, 7.™* has a minimum value, which
is 87 °C in this case. Fig. 9 shows the temperature curves with 7™ of 87 °C. It can be seen that there
are always some nodes whose supply temperatures reach the lower limit of 90 °C at every time point. If
T™ further decreases, the supply temperature of some nodes will be lower than the allowable lower

limit of 90 °C, which indicates that the operating temperature constraints of the system are exceeded.

o ° ©
—~ o N o
o= DL W
—
2

Supply Temperature on a
Typycal Summer Day (°C)
Nel

O o 2 o
S

e
w

Time (15 min)
Fig. 9. Supply temperature on a typical summer day
4.3. Case 3: Impact of solar curtailment on solar energy accommodation

In both academia and industry, there has been a lack of consensus on suitable approaches for
maintaining a reasonable solar curtailment rate in solar energy accommodation. In Case 3, the solar
curtailment penalty coefficient is adjusted within 0.0001-1000 to study the variation in the installation
of solar energy equipment and ASEAC under different solar curtailment rates, R, . To put aside the
influence of energy storage equipment, the capacities of storage equipment are set to 0 in Case 3.

Fig. 10 shows the optimal results under different R, . With an increase in R, the installation area
of SC and ASEAC increase gradually and approach a saturated value (shown as the yellow dotted line
in Fig. 10 (b)). The results reveal that an appropriate increase in SC installation will cause the
phenomenon of solar curtailment, but it will also help to increase the ASEAC of the system. However,
the excessive installation area of SC may lead to excessive curtailment of solar energy, resulting in an
unnecessary waste of resources. In this case, the improvement of ASEAC begins to slow down

significantly when R_." exceeds 11.03%. Therefore, it is more reasonable to control R below 11.03%.

16000 1.85
14000 -
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12000 Z 17917551 kWh
£ 10000 'é 165 11.03%
S 8000 Zss |
< 6000 —e—Area of SC % ’
4000 Area of PV 2 1.45
2000 1.35
0 5 10 15 20 0 5 10 15 20
Solar Curtailment Rate ( % ) Solar Curtailment Rate ( % )
(a) (b)

Fig. 10. Optimal results of SC/PV installation (a) and annual accommodated solar energy (b)
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The saturated value of ASEAC is mainly affected by the return temperature. Fig. 11 shows the supply
temperature curves of the two energy stations under different R, . Fig. 12 shows the return temperature
curves of all nodes with R>"of 0, 4.89%, 11.03%, 18.96%, respectively. To further improve the solar
energy accommodation capability of the system, the supply temperature of the energy stations will be
raised continuously to provide more accommodation space for the SC (Fig. 11). However, restricted by
the upper limit of the return temperatures, the supply temperatures of the energy stations cannot be raised
infinitely, which further limits the thermal output of the SC. Therefore, the improvement in ASEAC
needs to be realized by an appropriate amount of solar energy curtailment of the SC to meet the operating
temperature constraints. The larger the area of installed SCs, the greater the nodes whose return
temperatures reach the upper limit, and the longer the temperatures are maintained at the return
temperature upper limit (Fig. 12). At the same time, the time for the supply temperatures of the energy

nn

stations reaching “the ceiling” (Fig. 11) is longer, and R’ increases, resulting in ASEAC approaching

the saturated value.
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Fig. 11. Supply temperatures of the energy stations on three typical days (The color becomes darker
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To use solar energy more reasonably, the economic factor of solar energy accommodation needs to
be considered. Therefore, the variation in the annual net revenue under different R is analyzed next.
The annual net revenue refers to the difference between the income from the sale of energy to users and
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the sum of the energy purchase cost and the annual investment costs of the PV and SC. Let us assume
that the investment costs of the PV and SC are 2609 RMB/m?. 1400 RMB/m?, respectively, and the
purchase price of gas is 2.66 RMB/m? and the purchase price of electricity from the grid is 0.5 RMB/kWh.
Furthermore, the discount rate is 0.06, and the service lives of the PV and SC are both 10 years.

Fig. 13 shows increases in annual net revenue under different R from the baseline situation with
no solar curtailment. The increase in annual net revenue is largest when R." is 2.72% (shown as the red
point marked in Fig. 13). The annual net revenue of the situation with R’ of 8.04% is equal to the
situation with no solar curtailment (shown as the yellow point in Fig. 13), but ASEAC increased by
17.87%, which can be calculated from Fig. 10 (b). A further increase in R, will decrease the annual
net revenue compared to the situation of no solar curtailment. Therefore, considering the economy and
solar energy accommodation capability of the system comprehensively, R should be controlled

between 2.72%~8.04% in this case.

Case ( x10° RMB )
o U & L AL L LE o -0
T

Increased Annual Net Revenue
Compared to No Solar Curtailment

Solar Curtailment Rate ( % )

Fig. 13. Increases in annual net revenue compared to the no solar curtailment case

4.4. Case 4: Impact of the energy storage on solar energy accommodation

To study the impact of the EES and TES on the solar energy accommodation capability of the system,
four subcases are set up and the setting of each can be found in Table 2. The parameters of the energy
storage equipment are shown in Appendix (Table A2). Solar curtailment is not allowed to occur in
Subcases as it would have impacted the analysis.

The optimal results of the four subcases are shown in Table 3. Comparing the optimal result of Case
4.1 with that of Case 4.2 and the optimal result of Case 4.3 with that of Case 4.4, it can be found that the
EES has almost no effect on the solar energy accommodation capability of the system because the SC
plays a dominant role in solar energy accommodation and the EES does not interfere with the operation
of DHN directly. Furthermore, comparisons of the optimal results of Case 4.1 with that of Case 4.3 and
the optimal result of Case 4.2 with that of Case 4.4 reveal that installing the TES of 4000 kW can increase

the annual solar energy accommodated by 3.69%.
Table 2 Subcase setting of Case 4

Case Case 4.1 Case 4.2 Case 4.3 Case 4.4
Capacity of EES (kW) 0 10000 0 10000
Capacity of TES (kW) 0 0 4000 4000
Table 3 Optimal results of Case 4.1-Case 4.4
Case 4.1 Case 4.2 Case 4.3 Case 4.4
Area of PV (m?) 14943.47 14943.47 14298.77 14298.73
Area of SC (m?) 5056.53 5056.53 5701.23 5701.26
ASEAC (kWh) 14053500.35 14053500.28 14572676.02 14572649.83
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To further analyze the effect of TES on the solar energy accommodation capability of the system, the
optimal results of different TES capacities without considering the solar energy curtailment and EES are
obtained (Fig. 14). With an increase in TES capacity, the installation of SC and ASEAC increase
gradually. Fig. 15 shows the thermal scheduling strategy of energy stations with TES capacities of 0,
4000 kW, 10000 kW, and 20000 kW on a typical summer day. With an increase in TES capacity, the heat
charged by the TES increases during the noon period to improve the thermal output of the SC and thereby

the solar energy accommodation capability.
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Fig. 14. Optimal result of the total capacity of SC/PV (a) and annual accommodated solar energy of (b)

with an increase in TES capacity with no solar energy curtailment
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Fig. 15. Thermal scheduling strategy of energy stations on a summer typical day with the TES capacity
of 0, 4000 kW, 10000 kW, and 20000 kW with no solar energy curtailment

Fig. 16 shows the supply temperature curves of energy stations on a typical summer day with TES
capacity of 0, 4000 kW, 10000 kW, and 20000 kW, respectively, which reveals the relationship between
the effect of the TES and solar energy curtailment on the solar energy accommodation capability. With
an increase in TES capacity, the supply temperature curves of the energy stations are more similar to
those of Case 3. Furthermore, “the temperature ceiling” appears in both Fig. 11 and Fig. 16. This is
because the TES can store the solar energy that needs to be curtailed to improve the solar energy
accommodation capability. Therefore, the TES is generally regarded as an important means for

improving the solar energy accommodation capability and solving the problem of solar curtailment.
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Fig. 16. Supply temperatures of the energy stations on a typical summer day with TES capacity of 0,
4000 kW, 10000 kW, and 20000 kW when considering the solar energy curtailment
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5. Conclusions

Considering the solar accommodation forms of electric and thermal energy, indicators and an
assessment model for the solar energy accommodation capability in a DIEHS is developed based on the
energy grades of electricity and heat, and the transmission delay of the DHN and operation security are
taken into account. The model can help to determine the maximum solar energy accommodation potential
of the target system and provide a corresponding optimal solar energy accommodation scheme. Effective
approaches to improving the solar energy accommodation capacity are investigated through a case of a
DIEHS consisting of an IEEE 33-bus system and a DHN of China, which can provide reference for
further improvement of solar energy accommodation. The conclusions are as follows:

(1) SCs plays a crucial role in enhancing the solar energy accommodation capability. The transmission
delay characteristics of the DHN can be fully utilized by adjusting the supply temperature of energy
stations in a reasonable range to exceed the restriction of the heat load on a typical summer day. The
peak thermal output of the energy stations can be further increased owing to the match of the
appearance time of the peak thermal output with the time when the solar irradiance intensity is highest,
which leads to further improvement of the ASEAC.

(2) An increase in the upper limit of return temperature within a reasonable range can promote the
ASEAC ofthe DIEHS. Meanwhile, the minimum upper limit of the return temperature can be limited
by the heat load and the lower limit of supply temperature.

(3) An appropriate increase in SC capacity will cause the phenomenon of solar curtailment, but it will
also help to promote solar energy accommodation. Maintaining a reasonable solar curtailment rate
contributes to a larger annual net revenue while the ASEAC is improved.

(4) For the system in which the SC plays a dominant role in solar energy accommodation, the influence
of the TES on the ASEAC is more significant than that of the EES. Besides, the TES is regarded as
an important method for improving solar energy accommodation capability and dealing with solar
energy curtailment.

Our future research will explore the influence of integrated demand response and the interaction
between sources and users on solar energy accommodation capability. In addition, the uncertainty of

solar energy will be considered in the assessment of solar energy accommodation
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Fig. A3. Solar irradiance intensity (a) and ambience temperature (b) on three typical days

Table A1 Parameters of the energy stations, the main grid, and the penalty coefficients [43]

Parameters Value Parameters Value Parameters Value Parameters Value
A™ (m? 10000 ey 0.175 Nec 0.726 U, (°C'm*/W) 4.86

Newp 0.35 A 1.43 Men 0.9 Phq (kW) 8000

Pip kW) 5000 Hip* (kW) 5000 Holar 100 Mo ,uf;ss 1

Table A2 Parameters of the energy storage equipment in Case 4

Parameters Value Parameters Value Parameters Value  Parameters Value

Meesc ! Meesp 0.95 S}(E)ES,C 0.5 Nresc ! Mesp 0.99 S‘?ES,C 0.5

Yeesc ! Vepsp 0.2 Sers.c 09  Vmsc/Vmsp 0.5 Stesc 0.9
Crrs 0.04 Siie ¢ 0.2 Ores 0.0001 Spie e 0.2
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Nomenclature
Nomenclature K EQC (-)
Symbols and Sets S Storage rate of EES or TES (-)
P/O Active power (kW) / reactive power y Charging or discharging rate of
(kVar) EES or TES (-)
ilu Square of current (A?) / voltage (V?) u Penalty coefficient (-)
T Temperature (°C) N Numbers of branches / pipes / days
H Heat power (kW) Superscript
w Stored energy of EES or TES (kWh) ¢ Time
e Storage state of EES or TES (0/1) init / end Initial / last dispatch time of a day
A Installation area (m?) ann Annual
E Energy (kWh) s/t Supply / return pipelines
R Solar energy curtailment rate (-) e/h Electrical / heat
0 Set of upstream pipes or branches max /min  maximum / minimum
¢ Set of downstream pipes or branches  Subscript
Parameters grid The grid
m Mass flow (kg/s) PV Photovoltaic
i Mass flow distribution coefficient (-) SC Solar collector
T The number of time interval (-) CHP Combined power and heat
At Time interval (15 min) EB Electric boiler
l Pipe length (m) TES/EES  Thermal / electric energy storage
Al Length interval (-) D/C Discharge / charge
Diameter (m) cur Curtailment
p Density of hot water source Heat source
A Heat transfer coefficient (W/(m-K))  load Electrical or heat load
rix Impedance (Q) out Outlet of pipes
Solar irradiance intensity (kW/m?) loss Electrical or heat loss
Cap Capacity of equipment (kW) a Ambiance
n Efficiency of equipment (-) solar Solar energy
U Energy loss coefficient of the SC (-) i/j/k Node orbusi/j/k
o Heat-to-power ratio (-) ij / jk Pipe ij or branch ij / jk
o Loss rate of EES / TES (-) d Typical day d
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