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Power grid needs to remain balanced

S ma rt g Il d Production=Consumption (limited storage)

* A real-time dynamic network
of electrical demand, supply and contro

(volatile energy sources)

renewables in the grid

ﬂmreasing penetration ch

Y /8

Picture from projects.leitat.org

Demand Side Management refers to
the methods of shaping the energy

curve at the consumers' side
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Industrial Demand Side Management

* Critical for energy intensive industries
— Air separation, cement, pulp & paper, steel

* How to cope with
uncertain electricity prices?

— Diversify electricity purchase options

» On-site generation

* Long-term contracts with electricity provider
— Power curve with on- and off-peak prices
— Harsh penalties for under/overconsumption

 Actively participate in
— Time of use (TOU) contracts

 This work focuses on the day ahead

spot market »epexspot
— Hourly changing prices,

known around 12:00 the day before
» Prefer green and avoid red periods
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Fourth industrial revolution (Industry 4.0)

* Advanced manufacturing and smart industries

— Computer-based decision-making tools that enhance
system performance

— Models that mimic the behavior of a physical system

— Quickly exchange data and information
with the different systems of the enterprise

Mechanization, Mass production,
water power, steam  assembly line,
power electricity

Computer and Cyber Physical

automation Systems
Picture from Wikipedia
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Digitalization in the chemical industry  [C]

Digitalisation Transforms
the Chemical Industry Rapidly

Vivi Filippousi. SusChem Stakeholders Event 2019. November 27, 2019.
Across its Entire Value Chain

with supphersireal-time
supply tracking, digital
tools enabling more
efficient procurement
processes

Platformsz for exchanging

R&D data, platforms to collaborate
and for data exchange, co-creation
within the sector and beyond

analytical taechnology for tighter
closed-loop process monitoring
and control, at rezsonable cost

m ADVAMCED PROCESSES

cybersacurity managemeni

coordination and
management of energy
and material flows across
industries and with
municipalities/cities

Process optimization Scheduling of
. based on physical connected
Dalilye el propertiespm)édels processes
costs, flexibilization —
in feedstock -
ADVANCED PROCESSES ADVANCED PROCESSES . g ADVANCED MATERIALS
and sites

— Management of R&D/ SN Cognitive Predictive Management | Supply chainsina Mew roads-
feedstock supply Laboratary 4.0 plants maintenance of processes circular economy to-market
Big data-driven raw material Machine-learning and artificial PAT-based real-time model Advanced analytics- Scheduling of Increase transparency Digitalisation of customer
analytics to optimize imelligence-driv_en reszarch, predictive control and process based predictive and connectad processes through tracking and exparences, involving
feedstock costs, flexibilisation Sehvanced matecend optimisation based an physical risk-based asset within plantsand sites | tracing of products customers andjor
in feadstock (including wasts, formulaténn s:mulatmn‘:_‘n:.hg ItTI properties models enhanced by maintenance throughaout life-cycles, consumersintothe
biomass and CO4) E;?::S;b:\::t:pn;?;mﬁ; advanced data analytics/Al eg. by bleckchain product development

. Y | technology cycle, providing additional
and high throughput screening services, disruptive new
r business models
Ve \ ? —
o f— | L
i Qp e [553 L 1~
ejﬁ BN H S Eﬁx’q' H11) II@' : :
I('J.'I(“ Al l(__TrIIII i (T ;\‘M‘El r‘"U .
Digital tools enabling ﬂ [ §| | Model-based coordination Digital twins
more efficient (=1 | [ and management of ] for training
procurement processes energy and material flows purposes

Supply chain Newformsfor Process Risk Industrial Operator
integration collaboration analytics [PAT) management symbiosis support
Production data sharing & co-creation Advancad sensing and process- Adwvanced analytics-based Model-based Advanced process

interfaces, augmentad
reality, digital twins for
training purposes
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[2)

Mathematical optlmlzatlon IS key

J

* Mixed-Integer Linear
Programming

 Resource-Task Network

=
&
process representation L:)

Process Info

G

—Modelling of complex production
recipes/environments
» Resources (equipment units,
material states, utilities, etc.)
» Tasks (processing, maintenance,
storage, etc.)

» Structural parameters bring process MILP Model
data into mathematical model Ret =Ry +Rppoy + e + X X0 i oNip—g VT, €

* Discrete-time representation
— Easy modelling of | Slott ~ Slot2 ~ Shot3 /\/  Slot T2 Slot T-1 |

hourly-changing electricity prices |1 2 3 4 2ot
» Time slots of size § (min)

RTN Process Model
\_ /

00: 00 24:00
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Case study from the steel supply chain

Focus on most energy intensive step
 Melt Shop

Continuous Casting

Hot Rolling Mills

Central Operation
and Monitoring

Cold Rolling Mills

Logistics and Distribution

Processing Lines

Warehouse .
Picture from ABB
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Electricity costs 50-100 M€/year
& 7w

Continuous Casting:
creates steel slabs

8 2mw
Ladle Furnace:
adjusts the temperature

A 2Mw

Argon Oxygen Decarburization:
adjusts the chemistry

4 75mw

Electric Arc Furnace:

Steelmaking process at an ltalian plant

* 4 stages, 2 units per stage

melts scrap steel

1000 W

1500 W

2.5 kW

CMAFd[e

Typical power consumption of household appliances

- T T
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RTN representation of processing tasks

Stage k=1 Stage k=2 Stage k=3

Stage k=4

« Casting sequence (last stage) must not be interrupted!

Cast_G, CC,
Duration_CC., . =L ., Dum@tion_CC  +Setup_oCC

8, . =0 8, .. =T, B, =T 4T B, =TT 00T 8, =L T |8, =T, .

: @ _______________ ___________________________________________________ 0 Casting task includes

steel heats of a group

=

- o

g @-... ------------------------ CatH,  fr=====mmm=mmeemmeeeeeececcee e ----oc pIUS Setup tlme
S @) e E— <

3 v o

o} i
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Modelling maintenance tasks

Electrode ! —)

Electrode mass consumed during meltmg system

Need to replace one electrode after
a few batches

How many? Depends on modes selected

— Force execution of replacement task E
when electrode mass becomes negative

* Regenerates electrode to allow EAF to resume operatlon

sublimation before replacement

allowed range of system

HKElect, H, EAF, My,0 = —MAy, M
1111 1 1 1 1

| Mettw, eap o, | e o B EAR Mt T
Duration_EAFy, v,
A
1
1 = — =
i |MHEtect,H, EAF, M,,0 may, m, Melt_H,_EAF, M, KH, EH, EAF, Myty, u,

Duration_EAF _
- M2 KH, EHy EAF, M3ty vy =

A
1

1 ) 1 1 .
" I | LN s O | [P ,@
i E Duration_EAF, v,
Pamoss | : ;
i HEAF, Hy EAFy Myty,my ~ 1 HEAF, H) EAF, M3ty vy = 1 i
Heario = -1 :
1
1

! HEAF, Rep EAF,I30/81 = 1

' ¥

! =mass

|PEtectyRep BARSSO/N TR | ReplaceElect_EAF,
Duration=30 min
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EAFs have multiple operating modes

 Flexibility to select power mode for a heat
* Decision not easy due to tradeoff between:

— Production speed (|‘l more tasks in a
— Energy efficiency
— Electrode replacement frequency

low-cost period)

« Energy and maintenance costs are comparable

Power consumption pwy._; ,, (MW)

Duration for steel heats Hq-Hg, Hy3-H47, H24-H24 (min)

Duration for steel heats Hg-H4,, Hqg-H3o (min)

Electrode mass consumption may, ,, for Hy-Hg, H13-Hq7, H24-H24 (kQ)

Electrode mass consumption may, ,, for He-H12, Hig-H2 (kg)

Operating mode m “““

69 49 41
76 54 45
1288 131.4 137.4
iz 144.5 151.2

T Production speed

v

T Energy efficiency

P
<

J Replacement cost

<«
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Problem overview

Energy profile Electrode

efficiency mass left
6:00 7:00 8:00 9:0

0
D Heat Heat | Heat ‘
el ke e
e

Steel Heat Heat
Heat 1 2 3

How to melt
scrap steel in
Electric Arc Furnaces?

& bt s LR
- ¥ t
Medium-power

I‘ b
Steel
D ey | Heat2 | Heat3 I’ i

Total cost = Electricity purchases

+ Electrode replacement cost 3 . t
low-pow

-
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Alternative objective functions

* |Include energy cost

* Option 1: discrete electrode replacement cost
— Accounts for

RE
* min ZTEREN Zh U ZtETh ZLEIRE ZtET Ni ¢
Electricity price in hour hr l
(parameter)
t

Electricity purchased in slot
(continuous variable)

* Option 2: continuous electrode replacement cost

— Also accounts for fraction consumed (+)
or produced (-) with respect to initial condition

e min..+ UerREM
Electrode mass at the end of scheduling

horizon (continuous variable)
Mass of a new electrode
(1180 kg)

<«  Electrode mass at the start of
scheduling horizon (parameter)
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RTN model constraints

Excess resource balances

T
- Ry = R1Q|t=1 + Rr,t—llreRPW + Hr,tlreRPW + Zi29l=o;t—een [ur,i,ONi,t—él vr,t

Resource consumption/production by
processing, transfer and maintenance tasks

Electrical power resource not allowed to accumulate

Replacement tasks executed only when mass becomes negative

= Ry + X ire b Nip < mass vr € REM ¢
» Electrode mass cannot be greater than when in a condition new

Steel heat h is processed/transferred once in/from every stage
- ZiEIh’k ZtETi Ni,t =1 Vhlk — 11 ;3
- Zie,g ter; Niy = 1Vg,k =4 (member of group g in stage 4)

- Zielijl"k ZtETi Ni,t - 1 Vh,k S 3
Maximum transfer time between stages
= Ycqi TeRre < |(erfid —trf/8|vh1 <k <4
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Results for discrete electrode cost

 Direct solution of MILP

—Poor performance (up to 3600 CPUs)
» Large optimality gap
* No solution for §= 5 min

m EAF modes | MILP (€) | LP relaxation (€) | Optimality gap

(M4,M2,M3) 87,001 75,377 13.3%
“ (Mi,Mp,M3) g6 827 73.718 15.1%
BE (M Mo M3)  no solution 73,671 ;

» Two-stage heuristic procedure
— Better performance
» Optimality gap reduced by one order of magnitude
* 1.4% lower cost for 6= 10 min

m EAF modes | MILP (€) | LP relaxation (€) | Optimality gap

(M4,M2,M3) 87,086 86,297 0.83%
“ (M,M2,M3) 85593 85.210 0.42%
BE (M MyMs)  no solution 85.153 :

Solve LP model
min eq. (9)
s.t. egs. (3)-(8)
N;. € [0,1]

y

Fix number of electrode
replacement tasks ner
through eq. (10)

|

Solve MILP model
min eq. (1)
s.t.egs. (3)-(8), (10)
N;, € {0,1}

September 10, 2020 CMAF :10 Pedro Castro - Towards Smart Grids and Industry 4.0 15




Optimal schedule for §=10 min (€85,593)

o o R

AOD1

- o

» Optimization takes full
advantage of flexible
operating modes

AOD2

LF1

i) U BEw

U L ~(12,9,3) heats in (M;,M,,Ms)
B
ez || BN

i = mmean | © EAFS dO NOt operate in

" o high-cost periods and

©® follow different strategies
. L\_\_ —=aiw|  —EAF2 goes for shorter tasks
AE\—\ ‘\—\_ » 1 electrode replacement
“\:__\L \ — EAF1 prefers low power
N — mode (10 batches)
200 » Depleted electrode at the end

0:00 2:00 4:00 6:00 8:00 10:00 12:00 14.00 16:00 18:00 20:00 22:00
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Continuous replacement cost (€118,143)

LF2

cc

cc2

100 4200
80
60
40

20

1200

1000

# heats in
(M4,M,M5)

MILP (€) | Optimality
gap

BEE (2130 119,88  0.23%

ol NNl

(22,2,0)
(21,3,0)

118,143 0.18%
118,260 0.33%

Ll NTE

L

N N .

 Similar strategies

_ Bl |

for EAFs

® Power (MW) B Energy (MWh)

—1 replacement task

—Ready for next horizon
High-power mode

e Flectl (kg)

completely avoided

e Elect2 (kg)

—Larger contribution of

\

electrode mass in objective

| S,

—Longer tasks = more heats

\

0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00

in medium cost periods

18:00 20:00 22:00
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Flexible operation vs. single mode

1200

1000

800

600

400

200

0

-200

» Low-power mode
e | Is the best

— Negligible cost increase

| Mode | Cost (€) | Increase |
B 118146  0.00%
BT 122089 3.34%
126,675  7.22%

PR
LWL

!
J

* What if we double the
average electricity price?
—(13,6,5) heats in (M;,M,,M,)

— M, preferred for
single mode operation

| Mode | Cost (€) | Increase |
B 180,646 3.76%
B 172417 0.18%
186,436  7.08%

H Power (MW) B Energy (MWh)
1l

e Electl (kg)
»—‘ == E|ect2 (kg)

0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
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Influence of initial electrode mass

o ol B
BT T T R
= NN R
oo | om0
S TR 1T e L

* Electrodes not need to
be new at the start
—Rolling horizon scheme

T m Al e
100 ZZ N miN e ——— ?;y(:;v'h) —rPartIy cor?su:ed at 0:00
ol | « Replacement tasks now
0% in green region

- - -

o [ N . » Schedule very similar

- . ) to before

0 \

0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
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Conclusions

* New scheduling formulation for Italian steel plant
purchasing electricity from day-ahead market

— Flexible operating modes for EAFs together
with the maintenance of their electrode systems

« Optimal results for a typical price profile show
majority of tasks processed in low-power mode
— Most energy efficient, consumes the least electrode mass
— Benefits can reach 7.2% compared to operating in single mode

* Model almost ready for everyday decision-making!
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