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Digital Twins

Hype Cycle for Emerging Technologies, 2021
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What is a Digital Twin?

A digital representation that
looks-like, behaviours-like, Physical Asset Digital Twin

and connects-to a physical « lookslke
System B Behaves-like N Ha|‘

A

Connects-to

<
<

With the goal to optimise
decision-making across all time
horizons I

systems

PID

optimization scheduling Retrofit design

Years Multi Year Multi Decade
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Digital Twin Classification

Digital Model
 Non-automatic data flow

Digital Shadow
« One-way automatic data flow

Digital Twin / Digital Manager
« Two-way automatic data flow
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Industrial Plant

Industrial Plant

o -

Industrial Plant

(). u0)

Industrial Plant

Textbook Model

&= f(r,u)

Offline validated Model

&= f(x,u,0)
y = g(x.0)

Digital shadow

&= f(x,u,0)

y=g(x,0)
0 + h(0)

Digital Twin

&= f(z,u,0)

v =g(x,t)
0+ h(0)

u* = C(x)

Pr— Production requirements
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Digital Twin Classification

Renewable and Sustainable Energy Reviews 161 (2022) 112407

Contents lists available at ScienceDirect

Renewable and Sustainable Energy Reviews

ELSEVIER journal homepage: www.elsevier.com/locate/rser

Energy digital twin technology for industrial energy management: e
Classification, challenges and future

Wei Yu?, Panos Patros ", Brent Young®, Elsa Klinac °, Timothy Gordon Walmsley ©

# Industrial Information and Control Centre, Department of Chemical & Materials Engineering, The University of Auckland, Auckland, 1010, New Zealand

> ORKA — Cloud and Adaptive Systems Lab & Ahuora — Centre for Smart Energy Systems, Department of Software Engineering, University of Waikato, Hamilton, 3240,
New Zealand

© Ahuora — Centre for Smart Energy Systems, School of Engineering, University of Waikato, Hamilton, 3240, New Zealand

B UNIVERSITY OF
VAvl_JCI$LANRD
A ENGINEERING




Digital Twin Classification

3_D .. .. .
Looks-like
h .. .. .

Single-state Multiple Steady-states Dynamic Fidelity
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Energy Digital Twins

Advanced Energy Technology

@ Platform

Govt funded, industry support

AHUORA $12.5 Million / 7 years
\ 12 initial industry partners
CENTRE FOR SMART ENERGY SYSTEMS rep >500/0 Of NZ process Industry

Started October 2020

11 Academics
3 Post Docs

XTBEEEE'I\WS ‘ 12 PG students
@ e ENGINEERING 15 UG students
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Ahuora Research

 Energy Digital Twins for Process Heat Decarbonisation

 Re-engineer the way we use, convert, and provision energy

for process heat using/a/smart syst\e\ms approach \

Plant efficiency Boilers & Heat pumps Renewable energy
* Produce open-access software tools for NZ industry
« Develop the next generation of Digital Twin technology called a

Adaptive Digital Twin \

S UNIVERSITY OF Smart design and operation
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How will Digital Twins help?

Real time optimisation & control

Evolve Energy Assets for efficiency
« Retrofit, Replace, Retire (R3)

« Integration and optimisation of

energy

« Energy storage

 Energy procurement

 Emissions management

Example

UNIVERSITY OF 1
AUCKLAND ‘ | Industrial I-!eat Pumps .
T ENGINEERING Design, Integration & Operation
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DTs & Improvement Cycles

INDUSTRIAL SITE EDGE

PROCESSES & SITE = \

BIG SYSTEM
MEASUREMENT &
BUSINESS CASE, DATA RECONCILIATION
RISK ANALYSIS & OPERATIONAL
IMPLEMENTATION OPTIMISATION
CYCLE
HYBRID MODELS
& LEARNING
DIGITAL SHADOW CONTROL & SCHEDULING
OPTIMISATION DIGITAL SHADOW
OF RETROFITTED SYSTEM OPTIVISATION

ASSET OPTIMISATION DISCRETE

CASES
CYCLE
AUTOMATED
SIIE] UNIVERSITY OF RY ANALYSIS T s,
AUCKLAND —-_—__
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DTs & Improvement Cycles

INDUSTRIAL SITE EDGE
PROCESSES & SITE

BIG SYSTEM
BUSINESS CASE, AT RECONGILATION
RISK ANALYSIS & Overational
IMPLEMENTATION P .
Digital Twins
HYBRID MODELS
& LEARNING
DIGITAL SHADOW CONTROL & SCHEDULING
OPTIMISATION DIGITAL SHADOW
OF RETROFITTED SYSTEM OPTIVISATION
Engineering/Design DISCRETE
Digital Twins CASES
AUTOMATED
3 TECHNOLOGY OPTIONS,
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Tool Development

« Tool development necessary
« Existing ones are rebranding
« e.g. process simulation
« New methods to exploit
industry 4.0, IoT, big data,
machine learning
« Integration between DTs

* e.g., energy DT & business DT
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Open Source Platform

e Modeli
S— |_Sumogte Makling

Toals

o !:f)rgt?ssTod Smlatlon
Core

Process Snulation

Institute for Design of
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Deta Analytics

Fuel Switching

“I.D.A.E.S.” " {rmuityintegato
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Open Source Platform

Process Integration Process Hectrification
Todls Todls

Pinch Analysis Todls Heat Punp Design Steady ﬁtte
Bridge Analysis Todls

Spatial Analysis

Process Smulation

>
(=
0
)
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UOA Ahuora Research

INDUSTRIAL SITE EDGE :
/ pRoﬁ& SITE «_ i )
) BIG SYSTEM ) ,
Michael Kalpage MEASUREMENT &  Bryan Li Wei Yu
BUSINESS CASE, DATA RECONCILIATION
RISK ANALYSIS & 0 tional
IMPLEMENTATION perationa
S Digital Twins
3 o
! \ HYBRID MODELS
& LEARNING
Lily Jun Isaac Tonn
Pen Chang Severinsen  Aeowjaroenla
& Dggﬁ;éﬁ%ﬁw CONTROL & SCHEDULING ) P
DIGITAL SHADOW
OF RETROFITTED SYSTEM OPTIVISATION
Engineering/Design DISCRETE
Digital Twins CASES
Brent
Young
AUTOMATED
TECHNOLOGY OPTIONS,
B UNIVERSITY OF RYANALYSIS MODELS & COSTS
AUCKLAND —
Waipapa Taumata Rau E N G I N E E RI N G
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Process Safety DTs

«  Hierarchy of Controls

effective

Physically remove
the hazard

Replace
the hazard

Isolate people
from the hazard

Change the way
people work

Protect the worker with
Personal Protective Equipment

Image by MOSIH
hetpswwve.cde. gev/moshrceics Nerarchydefoulte hamy

Least
\eﬁeﬂive
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Process Safety DTs

N
Large language modelling of legislations & policies @
la r szl E= ‘I < Business models: Refrigeration as a
Al regenerated national B= =S service, utility networks in industrial
g & international standards DTs at the networks level symbiosis, smart grid, hydrogen economy )
(i 0O N[ N
i Modifications & retrofits for system % Smart mechanical Smart flowsheet
Dynami risk updating integration or intensification drawings simulation
for risk-based /%Q\ Q'I Knowledge graph- e a 3 'I
inspection, testing, and © based safety expert —— Sxt2
maintenance DTs at the systems level opinions I]Eﬁ
@ Smart documentation:
Ciﬂ] E E | O @ Q ﬂ% . @IE site layouts & P&IDs
DTs at the components level: Multi- physucs models of equipment JL DTs at the assets & processes level

UNIVERSITY OF ‘ A Case Study: Process Safety Digital Twins
) il ENGINEERING  for Ammonia Refrigeration System




Digital Modelling

- Efficient, dynamic, digital twin models of

unit operations using modern regression Isaac Severinsen
“
. . . | PY/& 3
«  First Principles: Rk
UM \ -
& =y (Teue = Texe TT —> Power
7;F / A 4
: \ >
T ;
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. \ NS
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Digital Modelling

- Demand Response
« Residential
 Hot water

« Industrial
« Hydrogen
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2100 ....
1400
700 °

0.0

03:00pm  09:00pm  03:00am  09:00 am
@ current power price: 94.4 $/MWh
threshold power price: 14.7 $/MWh

Clean Hydrogen Ladder

Unavoidable

n‘ ‘ ‘ [Ferliliser ] [Hydrogenation ] [Me!hanol] [Hydrocracking ] [Desulphurisalion ]
E “ [ Shipping'] [ Non-Road Mobile Machinery ] [Chemical feedstock] [Long-term storage ]

[Long-haul aviation'] [Coaslal and river vessels] [Remo!e tralns] [Vintage vehicles* ] [Local CO2 remediation]

[Medium-haul aviation* ] [Long distance trucks and coaches ][High-tempera(ure industrial heat ][Generators]

F’Short-haul aviation] [Local fenies] [Commercial heating ][Island grids][clean power imports]

_ ‘ ‘ [Ligh( aviation ] [Rural lrains] [Regional trucks] [Mid/Low-(emperature industrial heat ] [Domestic heating ]
_“ [Metro trains and buses][HZFC cars][Urban delivery][Z and 3-wheelers ][Bulk e»fuels][Power system balancing]

L * 22
Uncompetitive




Time Series Forecasting

Machine Learning for Time Series Forecasting Tonn
Aeowjaroenlap
 Machine Learning Approach: Trends, Patterns, Fluctuation, Outliers

* Time Series Modelling: e.g., Naive, ARIMA, ANN

e Applications: Process and Energy Optimization in the Dairy Industry
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Refigeration Control

Process heat

RECEIVER
Jun Chang
Condenser Water 5 °C—-
High tem perature Superheated
liquid vapour
____________ |
1
1
H
1
Expansion Electricity N i
valve mecenes |
i Compressor O Heat Pump Unit (2)
i ! I
S N . ! <t
Low temperature Low temperature ;
liquid/vapour B vapour i
: 4
G—Thami\ﬂud:-ﬁ:$—®17ﬁsmi\ﬂud-43:0— Liun
i ----------------- VAPOUR
Refrigeration C02/NH3 Cascade Refrigeration(1) s = TWOPHASE
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Refrigeration Control

[Cost-functions H Constraints ‘ Disturbances

Optimiser Controllers

Process QOutputs (States)

System ID
model
Dynamic Model Advanced Control
« Identifying operational issues and « Stable operation closer to design
potential improvements « Economic benefit
» Developing advanced control
methods
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Industrial energy flexibility

—_—

1
1
----------- Fommmmmme - Material flows
1
1
1

—_—

Energy flows

Electric boiler
(EB)

Grid energy
supply

Michael
......... A S —— A
i Thermal . Kalpage
! : Site steam
. energy -

needs

storage

E Biomass

Boiler feed
water
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boiler (BB)
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Industrial energy flexibility

Simulation approach

« 30-minute time intervals
Determining best use of cheap
energy

Next steps:
« Stochasticity
« Multi-criteria assessment
« Reinforcement learning(?)
» Forecasting revisit

B UNIVERSITY OF
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/
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riaenergy | | [f ] Site steam N
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Multi Plant Clusters

Dynamic Large Scale Digital Twin for Optimization of Multi-plant BryanLi

Industrial Clusters
« To develop a novel digital twin to dynamically simulate and optimize the

use of energy and product streams for large-scale multi-plant industrial

clusters.
« To ultimately identify the types of new businesses which could join the

cluster to bring about mutual benefits.
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Energy and Business DTs

Digital twin

[
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Energy and Business DTs

In this talk and in our research
we have so far focused on
company level DTs

For decarbonization & demand

response, DTs need to include:

The ‘Big System’, i.e., the
company, the grid, and the

community DTs

‘ ENGINEERING
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Company
Strategic Decisions

[,

Decisions

Company Operational

A

Physical

Assets

L.

" Digital Twin(s) '

|

¢

L]

HH.J«%

Big System

' Customers &

Markets

MJ )

-

Logistics &

Supply Chain )

30




New research proposed

Energy Demand Response Dynamic Digital Twins

b A System and a framework Of W. Yuetal Renewable and Sustainable Energy Reviews 161 (2022) 112407

dynamic digital models and twins Y

/_ Digital Manager

Goals: e.g., minimise lifecycle cost, 100% reneg
energy, minimise energy demand

« That will integrate energy digital

twins and business digital twins

Digital Shadow

Digital Model

Looks-like attribute
Behaves-like
attribute A
It
NS o )

i n d u st ry’ b u s i n e SS a n d re S i d e n ti a I Fig. 8. A framework for the application of Energy Digital Twin technology (including Digital Model, Digital Shadow, and Digital Manager) to the process and

energy industries.

« To provide optimal demand

response and flexibilization for

BIEYE] UNIVERSITY OF
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