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Self Introduction

O Chongqing Kang (M’01-SM’08-F’17) received the
Ph.D. degree from the Department of Electrical
Engineering in Tsinghua University, Beijing, China,
In 1997. He is currently a Professor at the same
university. His research interests include load
forecasting, electricity market, power system
planning and generation scheduling optimization.

Ning Zhang (S’10-M’12-SM’18) received both a B.S.
and Ph.D. from the Electrical Engineering
Department of Tsinghua University in China in 2007
and 2012, respectively. He is now an Associate
Professor at the same university. His research
interests  include  multiple energy systems
integration, stochastic analysis and simulation of
renewable energy, power system planning and
scheduling with renewable energy.
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OEnergy systems integration in China

COModeling of multiple energy networks

OPlanning of multiple energy systems

[0 Case study of Beljing
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Multiple Energy Systems

® \What is multiple energy system?

® NREL: The process of optimizing energy systems across multiple pathways,
scales and time horizons.
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Energy Systems Integration in China

® \Why is the multiple energy systems integration important in China?

Heating demand distribution in China Percentage of CHP in ® Large-sized Combined
coal-fired units: Heat and Power (CHP)
" _ units have been
W I e National: 18% in st a” e d
d e
Pe =
| == ® The output power of
3 m—sey—| North East: 70% CHP is determined by

heat demand, which
makes the CHP units
Northern China: 50% |eSS ﬂexible

® This leads to huge
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Electric-Heat Coupling

VAVARYLY
Heat Storage
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Multiple Energy System and Energy Hu; S

Generation  Transmission Consumption

*No delay, less loss

- . +Centralized primarily +Real time balance
6 E I ECtI’ICIty *Renewable energy integration uneconomical storage

+|_ong distance transmission

*Clean consumption, intelligence

«Can be transformed into other
energy

*Distributed: Low efficiency *Have delay, more loss
H e at *Centered: Coupling of *Easy to stored
electricity and heat «Local balance

*Heating and industrial use
*Less intelligence

-Central development depending Ve delay, more loss

G aS L *Easy to stored
on the distribution of sources. Lo chETes imErEE

*Used for power generation
Low efficiency
*Pollution

sInteraction: Source-Network-Load, Multi-energy Supplement

I nte r n et *Virtual: From real energy system to virtual information system

E n e rgy eInterconnection: Generation-Transmission-Distribution-Consumption in both power and information.

S

Unlocking more flexibility for renewable energy accommodation
Efficiency improvement through cascade utilization of energy
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Multiple Energy Systems and Energy Hub:

> Switzerland ETH » Canada » Denmark Energy
Vision of Future Energy Government comes together
Networks report on MES IN Denmark

iLﬁeD(r)aEed » Japan New » German » China The
ene? ST national energy =~ Government concept of
IES P?gn 4 ' strategy Draft German Energy Internet

Energy Concept



Multiple Energy Systems
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Multiple Energy Systems Modeling

Electl High accuracy linearized
power grid AC power flow

&

§ Energy hub

= modeling

-g Linearizing the gas

% dynamic equation Standardized

> model for

? energy hub

0 Water flow equation based on
Heat flow equation graph theory

based on water flow



Modeling Power Grid




Linearizing Power Flow Equation

0 Power flow equation
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Linearizing Power Flow Equation

 For the branch flow

1_):'} = Gij {l; - l:‘r} — b:r'j {Hz - 9_,1)

« Similarly for the reactive injection, we have

Qi=—-)Y BiV; - Gy

7=1 j=1

 Matrix form

o=~ [c B 1¥]



Linearizing Power Flow Equation

Ve Ty + J%, PQ
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Power flow equation of two-bus system:

6, (rad)
-04 4

-0.5 4

-0.6 —ACPF

1) The non-linear ACPF has a high degree of linearity
2) Except DCPF, we develop DLPF which is able to consider reactive

power and voltage magnitude

Yang J, Zhang N, Kang C, et al. A state-independent linear power flow model with accurate
estimation of voltage magnitude[J]. IEEE Transactions on Power Systems, 2017, 32(5): 3607-3617.



Yang J, Zhang N, Kang C, et al. A state-independent linear power flow model with accurate estimation of

voltage magnitude[J]. IEEE Transactions on Power Systems, 2017, 32(5): 3607-3617.
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Yang Z, Zhong H, Xia Q, et al. A novel network model for optimal power flow with reactive power and network
losses[J]. Electric Power Systems Research, 2017, 144:63-71.
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Modeling gas network




Why is the electric-gas coordination imporfan

Change in US Electric Energy Portfolio

Electric energy generation by fuel, 1990-2040 (trillion kW-hrs)

6 His}ory 2012 Projections

:

I
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:
% I (NETUI IR T 35 %
3 EERENCIIEEE 16%
> Nuclear RISNA
1 Coal EEEA

Oi1l and other lhiquids

0 - — | 9,
1990 2000 2010 2020 2030 2040

— U.S. Gas-fired units in 2014:
-Installed capacity : 42%, largest sector
»«%4 -Electricity generation : 33%, the same as coal-fired units



Electric-Gas Coupling

® Problems to look at

Modelling

[ v

Modelling the natural gas network
Modeling the dynamics of natural gas flow

The uncertainty and security of gas supply system
Coordinated operation of gas-electricity system

Co-planning of electric generation, electric
transmission and natural gas pipeline

Coordination of day-ahead natural gas and
electricity bidding



1400 psig ===

Gas Network

MOP = 1400 psig L

900 MMSCFD
—_—
L

600 psig

Payson
m.p. 0

L~

1~
Williams Snowflake Douglas

m.p. 80 m.p. 160 m.p. 240

MNPS 30 pipeline 240 mi long

Similar to power grid, gas network can be
mashed up to thousands of kilometers.
Using high pressure to keep the gas
moving.

Several pressure adding stations along the
long-distance gas transmission network to
maintain pipeline pressure.



Gas Network Modeling: General Equation:

(1) Nodal balance equation: KCL

Node:
(1) The source and load of > Q= Qinjection
gas network
(2) The junction of different ;
gas pipeline
Branch: woggfo : 70 MMSCFD S
Gas pipeline
(2) Loop equation: KVL
Basic variables : 2A7=0

(1) Node variables: node pressure,
node gas input

(2) Branch variables : gas flow m




Gas Network Modeling: General Equatioﬁ

(A
L7,

h |

% =
1]
A

(3) Branch Equation Bernoulli equation for
Gas movement

| ; drz dx v°
Velocity V ' —
Cromms / prosn vdV+7+ gaH + 15— =0
e F\OW
A v : Flowspeed H: Height

w : Pressure  f : Friction coefficient

L L

Datum for Elevations

Neglecting the change of pipe height,
Assuming adiabatic process
(O o,
or __ Q
) ot , OX Q : Amount of gas flow
< _ _C2Q2 per time period



(0 0
Ct
Dynamic branch equation < 8t , X
T
L - _C.0?
| OX Q

Neglecting the dynamic part
‘ Assuming the pressure is stable

Steady state 2 2 _ 2 L : Length of the pipeline
branch equation T T = (CZ L)Q C,: The feature parameter of the
pipeline

‘ Piecewise linearization

Q= T 710~ Tty Ty

2 2
C, L\/ﬂlo — Ty




Gas Network Modeling: for Operation

From steady-state to transient model

® The time constants of natural gas system is several minutes or hours. A
steady-state model is not capable to depict the dynamics of gas system.

Pressiure and flow 3t the outlet of the system
i : | ® An example: a typical
e e e e i - gas transmission
; \ /f‘ Z pipeline
o | — ‘ /-./ P ® When the gas demand
: \ 3 r changes abruptly, the
| ; L nodal pressure changes
Med b S s : s \i: ceieeen] 4000 SlOWIy
| ]

0.0
o i 4 12.00
Tlmo(houn)
¥ r 4 hours T



Gas Network Modeling: for Operation

A Transient Node-Branch model

Normal node

e ® Step 1. Redefine the
Fictitious node /—M BranCheS and NOdeS
(O)—e ® in gas network
— vy
N
Pipeline
® Step 2: General
branch equations
1, s
on(z,t) _ o (%) m(t) = m(t=3t) _ , Sun®+ S
()f B : ox |:> ot = [(i.j)
Vil S TN B ) [ 2O a0
_—— & D_. _——— or (i.j)
T 1:k 7,

Jingwei Yang, Ning Zhang, Chongging Kang, Qing Xia. Effect of natural
gas flow dynamics in robust generation scheduling under wind uncertainty,
IEEE Transactions on Power Systems. 2018, 33(2) 2087 - 2097.



Modeling Heating Network




® Problems to look at

Modelling

| Flexibility

Dynamic modeling of heat network
Building thermal dynamic modeling

Coordinated operation of electro thermal coupling
system to accommodate renewable energy
Electro-thermal decoupling operation of cogeneration
unit

Co-planning of power and thermal systems

Integrated demand response considering heat
storage and thermal inertia

Electricity thermal coupling consumer providing
flexible operation to participate in energy and
ancillary service market



mHPAEE AN
« Heat network mainly refers to the urban (regional) heat pipe network.
- Generally divided into primary network secondary network, with the
heat exchanger in the middle.
» Both the water supply pipe and the backwater pipe are included.



Heating Network Modeling

The heat network includes water flow network and thermodynamic network

Basic variable of water flow network:

(1) Node variable: node water pressure and node
Injection flow mass rate.

(2) Branch variable: branch water flow mass rate:

Basic variable of thermodynamic network:

(1) Node variable : node temperature and Loadl Load?
node injection temperature

(2) Branch variable : branch temperature

Sourcel
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Multiple Energy Systems and Energy Hul -

» EH models the energy conversion as port based unit with
multiple inputs and multiple outputs.

Vin,l “r  Gas Heat VOUt’l
V. Ener m—) SISV — :
In,2 [-)Electricity H Sy Cooling out,2 VOUt CVIn
[ ] u L)
SR,
Vin,m Heat Electricity\{ out,n
Vounee | VARG Vewnee Vio = [ Vi e |
p———\
Vin | Vechp CHP M R n in,F
77 77 VQCHP vV o T
Q w out, _
Viverp . Vout - |:Vout,R Vout,Q Vout,W:|

out, W

C:[UQQRUR Ta@q 77W:|T
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» Complex multiple energy
systems are hard to be
modeled and introduces
nonlinearity to the coupling
matrix.

Hard to be
modeled
automatically

Introduce high
degree nonlinearity

Gianfranco Chicco, Pierluigi Mancarella, Matrix modelling of small-scale trigeneration systems and
application to operational optimization, Energy, Volume 34, Issue 3, 2009, Pages 261-273

42



Questions

OHow to automatically model arbitrary multiple
energy systems?

OHow to linearize the non-linearity in the model?

43



Standard Modeling of Multiple Energy Systeir

€ A MES consists of two basic elements: energy conversion devices
and their connection relationship.

. f Node \
.

D#2
V4
\" O / \l\vout,c
2y #1N m— Port /Gy 8

Input Ving N Ve Branch Output

V3 Y \ 1 Vout,q
#3

Branch, describes the energy flow.
Node, describes the energy convertor, or storage, or input and output terminal.
Port, is defined as the interface of a node that exchange energy with others.

in,e



Basic Matrices

out,R

vowre | ARG v
—V
| Vo] CHP nR

Mo TNw

\Y/
QCHP
Vout,Q

V,
WCHP Vout w

For the g-th node, we define converter characteristic matrix, H, to describe the
characteristics of the node.

7o 1 O
Hl,2><3:|: ° 0 J
Thw

The port-branch incidence matrix A is defined to describe the connection
relation between the ports of a node and the branches.

(1 branch b is connected to input port k of node g
m, =4—1 branch b is connected to output port k of node g
0 branch b is not connected to any port of node g




Basic Model

€ Energy Conversion Matrices

Given the port-branch incidence matrix and the converter characteristic matrix,
we can calculate the branch energy conversion matrix for node g:

Zy=H A,

The system energy conversion matrix Z is the combination of the nodal energy
conversion matrix of all nodes in EH:

z=[2],2],..2} ]|

o, -1 -1 0 O

/.=
1
Voware WARG VrRwaRG | 77W O O _1 O
Vin © Veche C H P ’ 7. i
77Q 77W — Vout,Q

Vivehp . ZZZ[O Nk 0 O 1]

out, W



Standard Modeling of Multiple Energy Sy 7

The system energy conversion matrix Z is the combination of the nodal energy
conversion matrix of all nodes in EH:
T
z=2].2],..2 |

For the MES, the system energy conversion matrix Z is:

e -1 -1 0 0]
Vowarc WA R G VrwaRrG v
v TR

QCHP VOULR Z: 77W O O -1 O
0 7z 0 0 -1

v, | views] CHP

Mo Ny

V
WCHP Vour w

Then, we can obtain the energy conversion equation of the EH:

ZN =0

The vector of energy
flow in branches




Define Input and Output Relationshi

We define can obtain the input incidence matrix and output incidence matrix of
the EH to describe the mapping relationship between energy inputs and outputs of
EH and its branch energy flows:

V. =XV
V=YV
Thus, we form the comprehensive energy flow equations of EH:
_X_ _Vin | _O Y | _Vout_
V.
Y V=V -1 X|| "= 0
" ) {v }
L 0 0 Z| 0

Energy conversion equation acts as a bridge between the input vector V;, and
output vector V. The visible function expressions between v,, and V,,, I.e.
coupling matrix, can be produced through Gauss elimination.



The visible relationship between V;, and V., I.e. coupling matrix, can be
produced through Gaussian elimination.
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—
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Computerized modeling

& Standardized Data Structure

VQW ARG WA R G Vewarc v
R

Vin | Vechp CH P v outR
QCHP
77Q 77W Vout,Q
VWCHP Vout,W
. TABLEI
Node Table: NODE TABLE OF THE EH IN FIG. 2
° node 1D No. Node Type Parameters
-1 -1 0 0
* node type 0 0 0 0
* node parameters 1 : "o "
2 jl?\-\'.-\.I‘l‘.';
TABLEII
Branch Table BRANCH TABLE OF THE EH IN FIG. 2
° branCh 1D No. Branch Type Source Sink Parameters
1 4 -1 1 0
* branch type , | " o
e source node 3 a 1 0 300
- 4 1 1 0 0
* sink node 5 5 5 ) ;

* branch parameters
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What to do next?

» Energy Storage ?

» Demand Response ?

» Multiple Energy Networks ?

> Non-linearity of Energy Conversion ?
» General Optimal Energy Flow Model ?



y V
Vin,1 ) Gas Heat out,1

v b —) What kinds of m— 3\
in,2 Electricity energy converters | Cooling :
should be selected?

V - | Y .‘

in,m Heat Electricity 3

Planning of Multiple Energy Systems




Multiple Energy System
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EH Planning: Starting from Scratch

& Problem Statement

ar 1@ 0] @&

Combined heat Gas boiler Electric boiler Heat Pump Transformer
and power plant
8- = 10
Absorption Air conditioner/ Power to Gas
chiller refrigerator
|
g B
Heat storage Electricity Storage
0.4 >
>
Bh Gas Heat o0 1
3 o Optimization
S @ —
& Electricity Cooling "=
~— J . =
= : ¢ : B )
Q \ J Nt
= — Y B
- icity &
Heat Electricity
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® Output port © Input port
B EHinput B EH output

Input
#1
#2

#N-1

#N

Input
#1
#2

#N-1

#N

Input and output ports incidence matrix

#N

Xl,n—2

X2 n-2

X3n-2

Output
Xl,n—l Xl,n
X2,n—1 X2,n
X3n-1 X3n

X4n-2

X401 X3

Xm—2,n—2

Xm—l,n—z

Xm—2,n—1 Xm—Z,n
X

X

m,n—2

Energy flow matrix

m-1,n-1 m-1,n
Xm,n—l Xm,n
Output
Xl,n—l Xl,n
X2,n—1 X2,n
X3n-1 X3n

X401 X3

Xm—Z,n—l Xm—Z,n

X X

m-1,n-1 m-1,n

Xm,n—l Xm,n




MES Planning optimization problem

min TC :C| +CO C|: . r(1+ r)K C.l Co :iiiws fm,t,sVr:Ir,]t,s

S+ -1 77 s=1 t=1 m=1
S.t. Constraints
X V. Operation constraints under
v Iv=lv vl t s different operation scenario
— | Yout |’ 1 h
Z 0 | |

- - - - The coupling constraints
between binary variable and
o<V < x.M \v/| t s energy flow variable for each

— Ylts — ™ML 1 branch

The coupling constraints
0< Z X < Ig M, Vi, g X;j € {0,1} between binary variables of
leg branch and components

Large scale MILP problem



Planning subsidiary administrative center of

0 The Beijing government is planning to build a subsidiary
administrative center in the undeveloped district of Tongzhou in the
southeast of Beijing, containing Beijing municipal government and
consist of offices, commercial buildings and residential buildings.

[0 Total area:

— 155 square kilometers
[0 Core district area:

— 6 square kilometers
[0 Planned building area

— 3.8 million square
meters.

/ | BEREEAAR



Optimal Planning

Electricity Electricity




administrative center of Beijino

@ Potential planning for Tongzhou

Case 1: Case 2:
Planning results from the model Wind power heating case

v Vi
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- ‘ CERG [ Vi ¥ v G J\}m vy
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v N ¢ Lo
nottw | 1 Vin s Cooling
4 Vg CERG Vi
" N
Cooling Vis
WARG | | S e "
Ui A —— e ..
C Electricity
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Case 3 Case 4 Case 5
Import city heat Combine cooling and Gas boiler plan
network plan heating plan
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V2 GSHP Vg Heat v, GSHP v, L v GsHp vy Heat
L1 e Electricity e
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Planning scheme comparison for Subsidiar

[0 Comparison of the costs and emissions

—zpaemmns | N [ —kachnan | | M I
i ‘ﬁ\\"' 28 hﬁ

g 1t 1 T, Y
wla\‘ VA}N\ | S| g 5’ ! 24 u‘
25 N‘H~ Mt\ ! \\ 1"‘/ 4 22 i

W ' v . )
1 ‘ﬂ IS A'Aw A 18 N\

Plan 1 2 3 4 5
Total ‘2‘1’8[6‘;';’” Cost | g5049 88673 88622 87677 | 126582
- ¥ .

TOta'fé“ggg)r‘ (10 220.97 238.92 241.82 231.22 241.27




Concluding Remarks

0 The presentation provides methodologies of standardized
modeling for MES

— Linear model of power grid, gas network and heat network
— A standardized matrix modeling method of Energy Hub
[0 Standardized modeling can:

— Automated modeling of MES
— Planning of MES

— Optimal/stochastic energy flow of MES
— Reliability/ Resilience of MES
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