Development of industrial symbiosis

Optimal retrofit and investment planning methodologies for improving energy
and resource efficiency in industry, Hur Butun, PhD Thesis 2019
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Energy in industrial clusters
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Energy in industrial clusters
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Energy in industrial clusters IPESE <
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Energy in industrial clusters
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Energy in industrial clusters
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industrial plants are complex with several
process units operating at different
temperature levels

what are the most profitable heat recovery
options?

which technologies provide the best
integration to the processes?

what is the impact of plant layout?

what are the most promising exchanges
between plants?

what is the optimal pipe size for sharing
energy and resources?

what is the optimal time for retrofit

investments?
challenge: very complex problem

l

retrofit strategies using
optimisation!
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Definition of heat transfer interfaces
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Definition of heat transfer interfaces IPESE J}
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% current utility: 24 bar steam

% representation of the process with its current utility interface
4+ allow the integration of only the current utility, or a higher temperature source

< alternative utilities: candidate interfaces

what is the cost of switching interfaces?
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Cost of switching interfaces IPESE <7
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MILP formulation IPESE ]

objective function: total cost including interface switching cost

. _ _ heat cascade constraints [25]
sizing and scheduling constraints [25]
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MILP formulation
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MILP formulation
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Case study: Site 1 - chemicals
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Figure 1.1 - Case study: small chemical plant from an industrial cluster.
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Case study: Site 1 - chemicals IPESE <7
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Figure 1.2 - Utility flow diagram of Site 1.
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Comparison of energy saving scenarios
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Figure 1.3 - Carnot composite curves (left) and cost comparison (right) of sO and s1.
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Comparison of energy saving scenarios
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Figure 1.3 - Carnot composite curves (left) and cost comparison (right) of sO and s1.

% heat recovery potential is fully utilised

4+ operational benefits of interface change are greater than the investment required

% interface changes outside the heat recovery zone:

4+ due to benefits of turbining steam and cogeneration of heat and electricity

Cost data:

natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m83, electricity selling 60% of purchase
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Comparison of energy saving scenarios IPESE
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Figure 1.4 - Carnot composite curves (left) and cost comparison (right) of s1 and s2.
% interface change in the integration zone of the cogeneration engine % scenario 1:
4+ engine cooling water 4+ allowing heat recovery
% slight improvement in the total cost of the system + reconnection to the utility
+ trade off between operational benefits and investment on the cogeneration engine system
and heat exchanger area % scenario 2:

4+ allowing integration of a

cogeneration engine

Cost data:
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3, electricity selling 60% of purchase
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Comparison of energy saving scenarios IPESE
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Figure 1.5 - Carnot composite curves (left) and cost comparison (right) of s2 and s3.
% cogeneration engine is not used anymore % scenario 2:
4+ competition with the heat pump 4+ allowing integration of a
% interface change in the integration zone of the heat pumps cogeneration engine
/ 1 .
< further decrease in total cost % scenario 3:

4+ lower operating and investment cost, larger interface cost + allowing integration of heat

pumps

Cost data:
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3, electricity selling 60% of purchase
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Retrofit options
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Figure 2.1 - Heat exchanger network retrofit actions.
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Mathematical formulation IPESE "
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Mathematical formulation IPESE <

objective function: HEN retrofit'‘cost [65]

retrofit model [65]

heat flow model [14]

EPFL
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Mathematical formulation IPESE <

objective function: HEN retrofit'‘cost [65]

retrofit model [65]

heat flow model [14]

piece-wise linear cost constraints

LMTD and area estimation
repiping cost constraints

EPFL
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Parametric optimisation IPESE

“* main objective: total cost of HEN retrofit
: move add r nh
min { Z Cig,jg,e T Z Cig,jg,e + Z Cig,eig t Z Cig,jg}
(ig.jg.€)€R! (ig.jg.¢)ER? (ig.jg)€R® (ig.jg)eR*

% secondary objective: the number of additional heat exchangers

4 written as e-constraint
Z Nig.jg <e€
(ig.jg)EAS

% boundaries of €

4+ lower boundary: feasible solution with the smallest number of new heat exchangers

'
v
"1
r
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Large scale industrial problem IPESE
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Figure 2.2 - Industrial case study streams (a) and layout of the initial heat exchangers (b)

% chemical plant with 24 initial heat exchangers

% 3091 kW of electricity requirement
% coordinates based on the real plant layout
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Large scale industrial problem

IPESE <

total cost operating cost utility investment new HEX cost area add cost repipe cost move HEX cost # new HEX # area add # repipe # move HEX
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Large scale industrial problem IPESE

total cost operating cost utility investment new HEX cost area add cost repipe cost move HEX cost # new HEX # area add # repipe # move HEX
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Figure 2.3 - Multiple solutions generated by parametric optimisation; higher total cost moving toward the red side of the colour spectrum.

% savings in total cost:
4+ 5-13% using the existing utilities, 15-17% with heat pump integration, 33-34% with cogeneration engine integration
% solutions with heat pump and cogeneration engine integration rank better than the existing utilities

4+ higher utility investment and HEN retrofit cost

4+ drastic improvements in operating cost

*cost data
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m83, electricity selling 60% of purchase

EPFL
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Large scale industrial problem
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Large scale industrial problem

total cost operating cost utility investment new HEX cost area add cost repipe cost
k€/yr k€/yr k€/ yr k€/yr k€/yr

yr

k€/

0- 0.0-

0_

move HEX cost
k€/yr

0.00-

# new HEX

Figure 2.4 - Parallel coordinates with highlighted selected solutions.

% new heat exchangers (57%) and repiping (41%) are the main contributors to HEN retrofit cost

# area add
14

% heat pump integration requires the highest number (17-22) of new heat exchangers

4+ creation of new pinch points

4+ heat pump evaporation and condensation close to the process =—» low LMTD

% even with business-as-usual utilities 6 new heat exchangers are required

4+ heat recovery

*cost data

natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m83, electricity selling 60% of purchase

EPFL
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Locations and exchanges between them IPESE
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Locations and exchanges between them IPESE

% Closed mass and energy balance within each location

% Interaction only with the grid

“ No interactions between plants

Missed opportunities!

------------------------------------------------------------------
¢¢¢¢¢
- L
o K

x: 50 km y: 60 km
<

= = heat electricity natural gas

= product 1 = product 2 ~» material 1

material 2 = material 3 = material 4

EPFL
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Locations and exchanges between them IPESE

% Closed mass and energy balance within each location

% Interaction only with the grid

“ No interactions between plants

Missed opportunities!

-----------------------------------------------------------------------
.....
* *

< Interactions between plants A RO K- 601k

% Free flow of heat and resources in the system

% Exchanges over long distances

Unrealistic targets!

= = heat electricity natural gas

= product 1 = product 2 ~» material 1

material 2 = material 3 = material 4

EPFL
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Heat losses and temperature drop IPESE
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Heat losses and temperature drop IPESE
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Heat losses and temperature drop IPESE

------------------------------------------------------------------------------
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Heat losses and temperature drop IPESE

-------------------------------------------------------------------------------
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Mathematical formulation

IPESE "

min CoP 4 Cinv
Cpipe <e

Eon.y, < fo, <Em.y  YueUUpeP
Jopi <o, YueUU,peP,teTT,

lef Yupi < Jups SFipt = Yups
Yupt <Vup, YuelUUpeP,reTT,
Jups=1 YuePUpeP,reTT,
f,=1 VuePUpeP

you=1 YuePUpeP,teTT,

Yup=1 YuePUpeP

out out
= ) ¢n, D) egM YueUteTT
es€ES,, es€ES,,

En=eo.f' YueU1eTT

Ejin=em. fut+< > ZEfff)>+< )IDIDY Ef%)

0€O0L,,. seHI, 0€OL,. lyeL s€Z, ,

Y EmM =Y EM VpeP teTT,

ueclU uelU

g fap =M, VIly€L ueU,peP,teTT,

ml;lgpt f;t/,pt = Muoztt v l)’ S L, ue Uly’p S P, re TTp

> oM =Y MM ViyeLpePteTT,

uel, uel,

=PrL

VueUU,peP,t eTT,

< Z C]i,k,p,t ) Si,p,t) - ( Z q] kp,t” ]pt) - Rlc,k,p,t =0

i€HS, 4 JE€CSc.x
Rirps=0 ViceLC,peP, te€TT, k=first(K,) or k =last(K,)
Jopi=5sp, Yu€eUseH,peP,teTT,: s¢HI

Y D byiwp, YucUspeSP,.peP,teTT,

upt
lceL.C treTR
Sspt = Ospicarps Vsp €SP lc € LC,ir e TR, p €P, 1 € TT,
)nax = max(dy, - byso) Vsp €SPt €TT, s €S,,0€OL,tr € TR,

Mo = max(in, - @y, Y1y €L, lc €LC,0 € OLy, u €Uy, t € TT

ly,o,u VUt

. h i = ub h
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Tp — Hymax
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speSP 0€OL,, treTR
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Mathematical formulation IPESE

min  C?+C™ main objective: total cost excluding piping
CPPre < e constrained objective: piping cost

min ’ < de ' . . >
Fup Vup = fup <F, “Yup VueUU,peP ( 2 Qikpr- Si,p,r> . ( 2 Yjrpr- Sj,p,r> . Rlc,k,p,t =0
fupt < fu,,p Yue UU, peP,te TTp i€HS JECS ¢k
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Mathematical formulation IPESE </

min  C?+C™ main objective: total cost excluding piping
CPPre < e constrained objective: piping cost
min < max / . . - _
Fup'  Yup < Jup Fup " Yup Vu€UUpEP ( 2 Qikp.t Si,p,r> - < 2 Qkp.r Sj,p,t> ~Ricsps =0
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u
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Mathematical formulation IPESE <

main objective: total cost excluding piping
constrained objective: piping cost

modified heat cascade
sizing and scheduling constraints [25]

modified electricity balance

modified mass balance
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Mathematical formulation IPESE <

main objective: total cost excluding piping
constrained objective: piping cost

modified heat cascade
sizing and scheduling constraints [25]

modified electricity balance

piping constraints

modified mass balance
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Case study: an industrial cluster

IPESE <

Site 8 - waste incineration

‘L‘l Xx: 2100 m
= y: 5000 m
Rﬂﬂm waste: 4 kg/s

Site 6 - pulp and paper Site 3 - brewery

1600 m
s 3500 |lgq x3100m
y " y: 3500 m
pulp: 2 kg/s iln l
paper: 1.8 kg/s product: 30 kg/s

Site 5 - dairy
A\l X: 2500 m
m y: 2100 m
milk: 5 ka/s
yogurt: 2.75 kg/s

Site 4 - cement

Em y: 1000 m

~ product: 28 kg/s

Site 2 - chemicals Site 7 - refinery

Site 1 - chemicals
\ x: 0 of ‘i X: 2000 m o~ x: 4000 m
:Om lI“ y:100 m y: 200 m
¥ 2 product: 2.9 Kg/s crude oil: 40 kgs

\|
—
I lI1

product: 0.3 kg/s

Figure 3.1 - Layout of the case study: an industrial cluster.
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Interactions within the industrial cluster IPESE <
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Piping Cost [M€/year]

Site 8 - waste incineration

x:2100 m
IiL' y:5000m
W waste: 4 kg/s

Site 6 - pulp and paper Site 3 - brewery

Yo Ilpy x3100m
&g v:3s00m
D™ roguct: 30 kg/s

y:3500m
pulp: 2 kg/s
paper: 1.8 kg/s
Site 5 - dairy
\ X:2500m
m y:2100m
milk: 5 kg/s

yogurt: 2.75 kg/s
Site 4 - cement

~— x:200m

ﬁm y: 1000 m

product: 28 kgls

Site 1 - chemicals Site 2 - chemicals Site 7 - refinery

i x:0m S X: 2000 m ~ X: 4000 m
il y:100m y:200m
y:om
b product: 0.3 kg/s = product: 2.9 kg/s crude oil: 40 kg/s

*cost data
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water:

_ _ o . . _ ) ~0.07 €/ms3, electricity selling 60% of purchase
Figure 3.2 - Parametric optimisation results for an industrial complex (a) pareto frontier; (b) investment cost breakdown and heat sharing.
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Interactions within the industrial cluster IPESE <
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Site 8 - waste incineration

x:2100 m
IiL' y:5000m
W waste: 4 kg/s
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A [rigom Ilpy x3100m
ﬂ Y'ulgs»ozokm/s ] v 3s00m
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3 x:2500m
milk: 5 kg/s
yogurt: 2.75 kg/s
Site 4 - cement
~— X:200m
ﬁm y: 1000 m

product: 28 kgls

Site 1 - chemicals Site 2 - chemicals Site 7 - refinery

i x:0m S X: 2000 m ~ X: 4000 m
il y:100m y:200m
y:om
b product: 0.3 kg/s = product: 2.9 kg/s crude oil: 40 kg/s

*cost data
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water:

_ _ o . . _ ) ~0.07 €/ms3, electricity selling 60% of purchase
Figure 3.2 - Parametric optimisation results for an industrial complex (a) pareto frontier; (b) investment cost breakdown and heat sharing.
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Interactions within the industrial cluster

1331

1321

1311 o

130 o

129

o
@ ®ee,

Operating and Utility Investment Cost [M€/year]
o

4

Piping Cost [M€/year]

—
o

o
T
N

Total Investment Cost [M€/year]
[0))

0.00
0.31
0.61
0.94
1.25
1.55
1.891
2.21
2.51
2.84
3.16
347

Figure 3.2 - Parametric optimisation results for an |ndu

=PrL

2]
—

'5 3.77 1

I’

4.10]

_(Q

4.72

o <

< o

< T}
Cost [M€/y
complex (a) pa

B 5.37;

'_'568
5.96
6.30
6.63
6.89

T 7.23
7.58
7.87
8.05
8.34
8.34
9.16

(on

reto frontier; (b) investment cost

Chapter 3

30

—~ N N
(&) o (&) ]
Heat Load [MW]

R
o

N
w
o

-135

N
w
g

—
w
\I

Total Cost with Piping [M€/year]

—
w
w

reakdown and heat sharing.

IPESE "

% 30 optimal solutions with
different piping

expenditure

Site 8 - waste incineration

x:2100 m
IiL' ¥:5000m
Ll waste: 4 kg/s

Site 6 - pulp and paper Site 3 - brewery
~ x: 1600 m I’__ &
m :;ni:s’ozok';ls @iy y:3s00m
4 (LDl :
paper: 1.8 kg/s product: 30 kg/s
Site 5 - dairy
- X: 2500 m
milk: 5 kg/s
yogurt: 2.75 kg/s

Site 4 - cement
x:200m

ﬁm“mm

product: 28 kgls

Site 1 - chemicals Site 2 - chemicals Site 7 - refinery

i x:0m S X: 2000 m ~ X: 4000 m
\III—I ¥ [I“ y:100m y:200m
b product: 0.3 kg/s product: 2.9 kg/s crude oil: 40 kg/s

*cost data
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water:
0.07 €/m3, electricity selling 60% of purchase
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Interactions within the industrial cluster
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I 30bar piping
I 10bar piping
W 5bar piping M site1 HP W site7 HP I site1 Cogen

2 4 6 8
Piping Cost [M€/year]
site3 MVR I site3 Cogen

site6 MVR I site5 Cogen
site6 Cogen

2bar piping I site2 HP
1bar piping B site5 HP

—_
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Total Investment Cost [M€/year]
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Figure 3.2 - Parametric optimisation results for an industrial complex (a) pareto frontier; (b) investment cost breakdown and heat sharing.
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% 30 optimal solutions with
different piping
expenditure

% different configurations for

investment

4+ piping cost dominates the

Investments

Site 8 - waste incineration

x:2100 m
‘.'L' y:5000m
W waste: 4 kg/s

Site 6 - pulp and paper Site 3 - brewery
A [rigom Ilpy x3100m

: 500
[~ = e &Ry y350m
y [l 5
paper: 1.8 kg/s product: 30 kg/s

Site 5 - dairy

A Xx:2500m
milk: 5 kg/s

yogurt: 2.75 kg/s
Site 4 - cement

AL X200 m
[

product: 28 kgls

Site 2 - chemicals Site 7 - refinery

G X: 2000 m o~ Xx: 4000 m
.']!.Iv_ y:100m y:200m
product: 2.9 kg/s crude oi: 40 kg/s

Site 1 - chemicals

< x0m
TR
. product: 0.3 kg/s

*cost data
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water:
0.07 €/m3, electricity selling 60% of purchase
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Interactions within the industrial cluster

IPESE <
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I 10bar piping I site1 HP

 site7 HP

Il site1 Cogen site6 Cogen —=— 5bar heat

—«— heat losses

% 30 optimal solutions with
different piping
expenditure

% different configurations for

investment

4+ piping cost dominates the

Investments

% steam sharing at multiple

pressure levels

Site 8 - waste incineration

x:2100m
‘.'L' ¥:5000m
L2l waste: 4 kg/s
Site 6 - pulp and paper Site 3 - brewery
{7 : ;x: I’gq x:3100m
. |
ﬂ pulp: 2 kg/s mY 3500.m
o 15 ke product: 30 kg/s
Site 5 - dairy
A Xx:2500m
milk: 5 kg/s
o yogurt: 2.75 kg/s
te 4 - cement
ﬁ’ 9 |ooom
product: 28 kg/s
Site 1 - chemicals Site 2 - chemicals Site 7 - refinery
i x:0m S X: 2000 m ~ X: 4000 m
h :',oducl 03kgis product: 2.9 kg/s crude oil: 40 kg/s
*
cost data

natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water:
0.07 €/m3, electricity selling 60% of purchase
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Figure 3.2 - Parametric optimisation results for an industrial complex (a) pareto frontier; (b) investment cost breakdown and heat sharing.
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Interactions within the industrial cluster
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reakdown and heat sharing.

IPESE <

% 30 optimal solutions with
different piping
expenditure

% different configurations for

investment

4+ piping cost dominates the

Investments

% steam sharing at multiple

pressure levels

Site 8 - waste incineration

x:2100m
‘.'Lu' ¥:5000m
L2l waste: 4 kg/s
Site 6 - pulp and paper Site 3 - brewery
1 :Z ;x: 1y x3100m
ﬁ pulp: 2 kg/s %n ) v 3500.m
o 15 ke product: 30 kg/s
Site 5 - dairy
A x:2500m
m y:2100m
milk: 5 kg/s
yogurt: 2.75 kg/s
Site 4 - cement
~— x:200m
[ @=@ v 100
product: 28 kg/s
Site 1 - chemicals Site 2 - chemicals Site 7 - refinery
i x:0m S X: 2000 m ~ X: 4000 m
h :',oducl 03kgis product: 2.9 kg/s crude oil: 40 kg/s
*
cost data

natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water:
0.07 €/m3, electricity selling 60% of purchase
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Interactions within the industrial cluster

Operating and Utility Investment Cost [M€/year]

—_
o

Total Investment Cost [M€/year]
D

—_
w
w

132

1311

130+

—
N
©

most profitable region

®
o
o
o
[
o
®e
o
o
o0 0 ®
0 2 4 6 8
Piping Cost [M€/year]
I 30bar piping 2bar piping Il site2 HP site3 MVR I site3 Cogen —e— 30bar heat 2bar heat
I 10bar piping 1bar piping I site5 HP site6 MVR 0 site5 Cogen —+— 10bar heat 1bar heat

I 10bar piping I site1 HP

I site7 HP m site1 Cogen

site6 Cogen —=— 5bar heat

—e— heat losses

oo

=PrL

- ‘ ‘ = B
‘ I - | M N O e S
O AN < N 0 O M O M o N
TN Q MO o MmO oA K
< T 0 W0 W0 WO O O M~NMNDM
Cost [M€/year] _ _
ex (a) pareto frontier; (b) investment cost

8.05
8.34
8.34
9.16

(on

Chapter 3

30

— N N
(6] o (&)}
Heat Load [MW]

-
o

-
w
o

N
S
Total Cost with Piping [M€/year]

—_
w
by}

—_
W
w

reakdown and heat sharing.

IPESE <

% 30 optimal solutions with
different piping
expenditure

% different configurations for

investment

4+ piping cost dominates the

Investments

% steam sharing at multiple

pressure levels

Site 8 - waste incineration

x:2100m
‘.'Lu' ¥:5000m
L2l waste: 4 kg/s
Site 6 - pulp and paper Site 3 - brewery
f ; ;x: 1y x3100m
ﬁ pulp: 2 kg/s %n ) v 3500.m
o 15 ke product: 30 kg/s
Site 5 - dairy
A Xx:2500m
m y:2100m
milk: 5 kg/s
yogurt: 2.75 kg/s
Site 4 - cement
~— x:200m
[ @=@ v 100
product: 28 kg/s
Site 1 - chemicals Site 2 - chemicals Site 7 - refinery
i x:0m S X: 2000 m ~ X: 4000 m
h :',oducl 03kgis product: 2.9 kg/s crude oil: 40 kg/s
*
cost data

natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water:
0.07 €/m3, electricity selling 60% of purchase
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Interactions within the industrial cluster

Operating and Utility Investment Cost [M€/year]

—_
o

Total Investment Cost [M€/year]
D

—_
w
w

132

1311

130+

—
N
©

most profitable region low return on piping investment 1375
(]
>
‘
136 =
® 2
a
® a
o 135 =
o E
® %
® ‘ 1134 3
@ ®oee g
® 1335
L X ®
0 2 4 6 8
Piping Cost [M€/year]
I 30bar piping 2bar piping Il site2 HP site3 MVR I site3 Cogen —e— 30bar heat 2bar heat
I 10bar piping 1bar piping I site5 HP site6 MVR 0 site5 Cogen —+— 10bar heat 1bar heat

I 10bar piping I site1 HP

I site7 HP m site1 Cogen

site6 Cogen —=— 5bar heat

—e— heat losses

oo

=PrL

] . ‘

I- | O

o W WO MDD MDD N

LN Q Q@ Mmooy LK

< 0 O B0 © © © NN N
€lyear]

reto frontier; (b) investment cost

8.05
8.34
8.34
9.16

(on

Chapter 3

30

— N N
(6] o (&)}
Heat Load [MW]

-
o

reakdown and heat sharing.

IPESE <

% 30 optimal solutions with
different piping
expenditure

% different configurations for

investment

4+ piping cost dominates the

Investments

% steam sharing at multiple

pressure levels

Site 8 - waste incineration

x:2100m
‘.'L' ¥:5000m
L2l waste: 4 kg/s
Site 6 - pulp and paper Site 3 - brewery
{7 : ;x: I’gq x:3100m
. |
ﬂ pulp: 2 kg/s mY 3500.m
o 15 ke product: 30 kg/s
Site 5 - dairy
A Xx:2500m
milk: 5 kg/s
yogurt: 2.75 kg/s
Site 4 - cement
~— x:200m
[ @=@ v 100
product: 28 kg/s
Site 1 - chemicals Site 2 - chemicals Site 7 - refinery
i x:0m S X: 2000 m ~ X: 4000 m
h :',oducl 03kgis product: 2.9 kg/s crude oil: 40 kg/s
*
cost data

natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water:
0.07 €/m3, electricity selling 60% of purchase
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Involvement of a third party for investment IPESE

1.5{ (@)

—
o

o
o

o
o

© o © 9 © 60 N I O N 1 &6 N
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ost [M€/year]
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©
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iping

o ™ 9 ™ o
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Overall System Profit [M€/year]
S
(6)

-1.0-

Figure 3.4 - Overall profitability (a) and steam price (b) considering the premium charged by a third party.

*cost data
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3, electricity selling 60% of purchase
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Involvement of a third party for investment IPESE

steam price premium
— 0%

15{ (@)

1.0+

0.5- profitable.zone

0.0

Overall System Profit [M€/year]
0.0

-1.01

Figure 3.4 - Overall profitability (a) and steam price (b) considering the premium charged by a third party.

% 0% steam price premium: non-profit organisations, shared investment by the industrial cluster

*cost data
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3, electricity selling 60% of purchase
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Involvement of a third party for investment IPESE

steam price premium
15 (@) — 0% 4%
S
g 1.01
w
=,
= 05 profitable.zone
5 O
o
£
L 0.0 — :
2 © M O o 0 o o n oo © @ N 1 9
c%* O © O ~ —~ & A o M o< < <
= Piping Cost [M€/year]
©
3—0.5
>
@)
-1.01

Figure 3.4 - Overall profitability (a) and steam price (b) considering the premium charged by a third party.

% 0% steam price premium: non-profit organisations, shared investment by the industrial cluster

% involvement of a utility company: profiting from installing pipes

*cost data
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3, electricity selling 60% of purchase

m—rpre
=P-L Chapter 3 HEB | 06.12.2019
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Involvement of a third party for investment IPESE

=S steam price premium
15 (@ =TT —— 0% —— 8% —— 16%
§ 1.0
w
=3
= 05 profitable zone
‘Oé .
o
£
L 00 . —— ——
n O M O O M © O M ©
U>)\ SO O O +~ ~ ~ v a A
= Piping
S 05
5 0.
>
@)
-1.01

Figure 3.4 - Overall profitability (a) and steam price (b) considering the premium charged by a third party.
% 0% steam price premium: non-profit organisations, shared investment by the industrial cluster
% involvement of a utility company: profiting from installing pipes

% increasing third party profit — lower overall system profit

*cost data
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3, electricity selling 60% of purchase
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Involvement of a third party for investment IPESE

selected solutions steam price premium
a break even price A
151 @ 0% 89 16% ) reak even pri
— 4% 12% 20%
2
S 8 S
o 1.0 2
) N
= <
& v
= 05 profitable zone W, 6
- 3
o = v
= break even Q.
..G_.‘) 0 O > . ¢ . y . i . i ‘ : \ : D NN : : E
% o M © o N 0 S 4-
U>)‘ o o o e Q
)]
©
S 05
>
@) 2]
-1.01
070 R ® e e e
Figure 3.4 - Overall profitability (a) and steam price (b) considering the premium charged by a third party. S S N g % 08

% 0% steam price premium: non-profit organisations, shared investment by the industrial clus:er
% involvement of a utility company: profiting from installing pipes

% increasing third party profit — lower overall system profit

“ third party profit up to 20%

% 32 - 47% lower steam prices for the industries considering the third party profit

*cost data
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3, electricity selling 60% of purchase
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Long term investment planning IPESE

4 - - ™
process integration
S sited S site 2
: unit x - — . < unit y
operational decisions : operational decisions
€-|.. e : :
: inter-plant exchange ) JUR
..'li , e . "--. ...: "
1 ful,p,t’ Jup ] : subject to: : Treea ., DGR
5160 | .“yu,P,t’ yu,P’,- * heat losses : 5160 I / -“yu,p,t’ Yu,p
9_,14218 : e temperature drop : ;130 .
£100 : : * pressure drop gmg :
g 80 process : : * piping cost : S g0 process :
£ 60 . € 60 v .
O 40— : : o — :
: F oo : . F 40 :
% 01234567 g 0 10 20 30 40 50 g
Heat Load [MW] Heat Load [MW]
\ lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll )
legend:
[ initial unit Bl unit buying B unit re-buying B unit selling unit end of life
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Long term investment planning

IPESE <

t=1 t=2

p1 p2 p3

4 . . N\
process integration
& site1 S site 2
: unit x - — . < : unit y
<. operational decisions . operational decisions
inter-plant exchange ) JYREERL LR
"-.,i , . "'-. T "
: f“,’P»t’ Jup . : subject to: Trreeasy Jupo Jup
1o | -"yu,l),t’ yu,p..- * heat losses 160 I _— " Vupiar Yup
@140 : * temperature drop 2% Rt
2100 . : * pressure drop ‘3108 . :
£ 60 H € 60 V H
O 4O =— . o _ H
1 T 20 : ) :
% 01234567 g 0 10 20 30 40 50 g
., Heat Load [MW] o ., Heat Load [MW] o
\ lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll )
legend:
[ initial unit Bl unit buying B unit re-buying B unit selling unit end of life

EPFL
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Long term investment planning

IPESE <

investment decisions

-
s a
pe -
P 3
. ‘e
-

.

- »
1 b s d .
] w,p’ Ju,p> Jup
- 4

b K d
Zu,p> Zu,p> Zu,p

.

investment planning

unit y
t=1 t=2
p1 p2 p3 p 10
unit a unit a unit b
~ - -
process integration
:' Site 1 .““ :" Site 2 .“‘_
: unit x - — : < unit y
operational decisions : operational decisions
inter-plant exchange : A SUUEPCE
"-.,* , . E "'-. T "
. fu/,p,t, Jup . : subject to: : el Jupe Jup -
o1e0] | " Y Yup ; * heat losses P o160 | _— " up Yup
2140 : * temperature drop : “1;‘0 v aet :
2150 . : * pressure drop o2 : :
g 80 process : e piping cost : S 80 process ; :
g 60 : : £ co v :
S 40| —— : : o — :
2 F oo : 1 P4 :
% 01234567 g 0 10 20 30 40 50 g
., Heat Load [MW] K .. Heat Load [MW] *
[ T
legend:

[ initial unit

B unit buying

=PrL

B unit re-buying

unit selling

unit end of life
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Mathematical formulation: investment planning IPESE<{

o) 2, <1, YuelUpeP
max Z Y , y
qep | (1+1) L,<z¢,-LI" YuelU,peP
— b [ [ ini N d . —
Y -z, ) VueNU.peP = (2l 1) + (L= 11) - (1= 23, - 20,) YuelUpePip=1
ppef{l..p} / / e + <LI It _b ) [$ VuelU cP 7& 1
wp — tup-1" 2%, p— u "Ly —lu u > P - P

_1+ Z (Zupp upp Mpp) YVueBU peP D p—1 7 Ly p-1 » »

prett-r) . —z;:p_<1—z )-LIM”+1 VuelUpeP:p+1

4 +z5,=0 YueNU,peP:p=1
hpt1 < (1-28,) LI+ 1 VuelUpePip#1

+Zup—Z;,p—] VuelUpeP:p#1 4,
2 +2 <1 YueBU,peP:p=1I (1=2g,0) - Lin+(1-25, ) Ll +1, <2 VuelUpeP:p#1
; -Fmingfb <z, -F"* VuelU,peP uleup_l—Zj’p_l—<l—zlj’p_1>-LIu” VueNUpeP:p#l
=F"+f0,—(fi,+fl) YuelUpeP:p=1 by <lyp1—2,, YUENUpeP:p#]
u’pzfip_l+f5,p—(f;’p+flip) VuelUpeP:p+#1 Ly<z,_ LI YueNUpeP:p#l

Yup<2z;, Yuell,peP
Jup<Jup YuelUpeP
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Mathematical formulation: investment planning IPESE<{

objective function: net present value

“* net present value: cumulative cash flow discounted with interest rate
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Mathematical formulation: investment planning IPESE<{

objective function: net present value

unit existence constraints

sizing constraints

connection to Pl

“* net present value: cumulative cash flow discounted with interest rate

% a units existence and size are dependent on the commissioning / decommissioning actions
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Mathematical formulation: investment planning IPESE<{

objective function: net present value

unit existence constraints

unit life constraints

sizing constraints

connection to Pl

% net present value: cumulative cash flow discounted with interest rate
% a units existence and size are dependent on the commissioning / decommissioning actions

% units age after each period

4+ unit life triggers commissioning / decommissioning actions
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Mathematical formulation: economic model IPESE <}

. bb __ . —
Cpcfz<Cps+cpsc_cpmv)+<C0Pcur_cp0p> VpeP Zu,p—o VueNU,peP:p=1
< Y zb, YVueNUpeP:p#l
ppef{l.p—1}
cor = (copl.y +co.f >~At0p VueU peP
’ EJLZT;,, oo t >z, YueNUpePppe{lp—1}:p#1

. LI/t
cim=y (Cu’fp+Cu’f},’+CJ,;CL{;+C£1’;+C£Z>+Cpph+Cppr VpeP c=ch (1—2.rgep) VueBUpeP:p=1
uelU

b _ .invl b inv2 | rb
Cu,p =Cy ) Zu,p + Cu “Ju,p

rv:O V P: :1
VuellU,peP Cup ueNU,peP:p

v _ b sV dv rv de,
Cip=(Ch=Cor =G )+ Cly = C

u,p—1 u,p—1 wp—1 VuelUpeP:p#l1

_ b bb
cu'fg_cu’p.Fumr.<1—zu,p> VueNU,peP !

Cup=Cup Fi" Yuell,peP Gl = l(qu - G- Gl + Cuiz‘é] Tl Yuell,peP

Clh=Cl,-F]" YuelU,peP
i , , Cp,=Cz, YuelUpeP
Cr=0C., F YuelUpeP

Ch=Clr-zl, YuelUpeP
— b bb
Con=Cly Ry (1-28) YueNUpeP Ct=cil -zl Vuell,peP

C,, = max <CSV csal> VuelU,peP

u,p’ ~u
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Mathematical formulation: economic model IPESE <}

cash flow calculation

% operating cost and investment cost are the major contributors to the annual cash flow
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Mathematical formulation: economic model IPESE <}

cash flow calculation

operating cost calculation

% operating cost and investment cost are the major contributors to the annual cash flow

% operating cost: natural gas, electricity and water consumption
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Mathematical formulation: economic model

cash flow calculation

operating cost calculation

investment cost calculation

% operating cost and investment cost are the major contributors to the annual cash flow
% operating cost: natural gas, electricity and water consumption

% investment cost: purchase of equipment, material, labour, freight, overhead and engineering

I

PFL

IPESE <
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Mathematical formulation: economic model IPESE <}

cash flow calculation

operating cost calculation

investment cost calculation depreciation and remaining value calculation

% operating cost and investment cost are the major contributors to the annual cash flow
% operating cost: natural gas, electricity and water consumption
% investment cost: purchase of equipment, material, labour, freight, overhead and engineering

% double declining depreciation

=P-L Chapter 4 HEB | 06.12.2019
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Solution strategy

Definition of the problem:
processes, base case and
new units

l

Simplified problem:

no piping
l il Torine
Investment planning W WP
optimisation E-n g
wal W
[
] m
i i Eaed..,
Problem with the
possibility of piping
Investment planning ra W
optimisation A, 1o :
| - B
Baes : §
R B
P T = Bl

=PrL

mm invested units

mm invested units

- - - - invested pipelines

% large problem size:

IPESE <

4+ full problem with 20 years horizon: ~25k binary variables

% difficult problem to solve

4+ 8h without an integer solution

% bottleneck: connections between the plants

% solution strategy:

4+ solve the problem without installing pipes between the plants

find an integer solution
terminate the first step
additional constraints for piping

feed the initial solution to the solver

+ 4+ 4+ + 4+

solve the full problem with piping

Chapter 4
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Case study

IPESE <

=PrL

Site 9 - district
x: 2100 m

A\
population: 50000

i 5000 m

Site 8 - waste incineration

‘L‘L“ x: 2100 m
= y: 5000 m
!‘!m waste: 4 kg/s

Site 6 - pulp and paper Site 3 - brewery

: 1600
g . " I (gmy x:3100m
2 y: 3500 m . @
el ooz o W
; ([l .
paper: 1.8 kg/s product: 30 kg/s
Site 5 - dairy

A\ x: 2500 m
M y: 2100 m
milk: 5 ka/s
yogurt: 2.75 kg/s

Site 4 - cement

Em y: 1000 m

~ product: 28 kg/s

Site 2 - chemicals Site 7 - refinery

Site 1 - chemicals
\ N X: 2000 m o~ x: 4000 m
\ x:0m —
i o g, Eadd..
/ n . ".

"" product: 0.3 kg/s sl LIS crude oil: 40 kg/s

Figure 4.1 - Layout of the case study: an industrial cluster with a neighbouring district
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No budget limitation, 20 years horizon IPESE

! L NPV: 463 M€, savings: 7748 kt
W mvr Site 9 - district o ooz 9
B hp =
o2
[ | cogen /\ /\ g =.| «——— Axis titles of the bar plots
boiler /\ 4 g $
turbine 2o
: = Year
cooling tower
m== 30 bar steam t 5000 m
=== 10 bar steam
=== 5 bar steam Site 8 - waste incineration
w2 bar steam - =
1 bar §team i =
=== chemicals waste ILHM
=== gbove ground " HH

under ground

Site 6 - pulp and paper Site 3 - brewery

: 17
== =

Site 5 - dairy

N

Site 4 - cement
"~

)

Site 2 - chemicals

\

~__
1T 8 *cost data

natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3,
Figure 4.2 - Optimal investment planning without budget constraints. electricity selling 60% of purchase
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No budget limitation, 20 years horizon IPESE

EE mvr Site 9 - district NPV: 463 M€, CO2 savings: 7748 kt
B hp g
B cogen AN —

boiler m C clp

turbine q.) E

ling t o . : :

cooling tower _§ < Axis titles of the bar plots
=== 30 bar steam 5000 m ) -
=== 10 bar steam (D
=== 5 bar steam Site 8 - waste incineration o @)
w2 bar steam ans > O

1 bar steam Ll = Y r
=== chemicals waste == -
=== gbove ground .F.HHH ea

under ground

Site 6 - pulp and paper Site 3 - brewery

"

: 17
== =

Site 5 - dairy

N

Site 4 - cement
~_

)

Site 1 - chemicals Site 2 - chemicals

\ X ~_
il & iI as Site 7 - refinery
ll_| llss, *cost data

natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3,
Figure 4.2 - Optimal investment planning without budget constraints. electricity selling 60% of purchase
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No budget limitation, 20 years horizon IPESE

mvr

hp
cogen
boiler

turbine
cooling tower

30 bar steam

10 bar steam

5 bar steam

2 bar steam

1 bar steam
chemicals waste
above ground
under ground

o = N
—

Site 4 - cement
"~

)

Site 1 - chemicals
\ 2
i .
F
Pr-L

I

15

10

Figure 4.2 - Optimal investment planning without budget constraints.

Site 9 - district

NPV: 463 M€, CO2 savings: 7748 kt

. D ' i i '
A A = P o Cogeneratlon engine mtegratlon
g0 Vear 4+ site 1,3,5,and 6
i 5000 m 4+ low temperature processes
Site 8 - waste incineration < heat pump integratiOn

- -

i
RARAHD

Site 6 - pulp and paper

20

15

"

:
==

20

4+ site1,2and 7
4+ heat transfer across the pinch with small

temperature lift

Site 3 - brewery

Site 5 - dairy

N

Site 2 - chemicals

\

2 I
an
III 5
[ 1 & 1

——

/oy 2
amgy |
T ng i 5 10 15 20
4
|
03 5 10 15 20
4
ol |
03

5 10 15 20

~__
I Site 7 - refinery
5 10 15 20 *cost data

natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3,
electricity selling 60% of purchase
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No budget limitation, 20 years horizon

o = N
—

mvr

hp

cogen

boiler

turbine
cooling tower 68.6 M€
29.7 MW

year: 1

30 bar steam
10 bar steam
5 bar steam
2 bar steam
1 bar steam

Site 9 - district

A\

Aaf
I 5000 m

Site 8 - waste incineration

- -

NPV: 463 M€, CO2 savings: 7748 kt

chemicals waste
above ground
under ground

4.6 M€
5.6 MW
year: 1

Site 6 - pulp and paper
&

15 20

Site 4 - cement
~_—

= )

Site 1 - chemicals

i . |
1

‘l 0 5

-.]

10 15 20

AR

Site 3 - brewery

IF

|-| °I

Site 5 - dairy

Site 2 - chemicals

1
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HED ]
_J...
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53
==
+ —'| «— Auxis titles of the bar plots
2q
23 ’
= Year
10.4 M€
19 MW
year: 1
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10

20

15 20

Site 7 - refinery

Figure 4.2 - Optimal investment planning without budget constraints.

I

PFL

IPESE "

% cogeneration engine integration
4+ site 1,3,5,and 6
4+ Low temperature processes

% heat pump integration
4+ site1,2and 7

4+ heat transfer across the pinch with small

temperature lift

% high pressure heat sharing between
Site 8 and 7
% low pressure steam sharing with the

district

4+ due to high energy prices for non-industrial

users

*cost data
natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3,
electricity selling 60% of purchase
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No budget limitation, 20 years horizon

IPESE "

mvr
hp

cogen

boiler

turbine
cooling tower

30 bar steam

10 bar steam

5 bar steam

2 bar steam

1 bar steam
chemicals waste
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—
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Haiol 5
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10

'NnDyY- hyrp— A
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Eg % cogeneration engine integration
/\A/\ %§<_
ﬂ.ﬁ.ﬂ £3 2 + site 1,3,5, and 6
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29.7 MW I 5000 m 4+ Low temperature processes
year: 1
Site 8 - waste incineration .:. heat pump integration
=
st + site1,2and 7
104 1 4+ heat transfer across the pinch with small
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5.6 MW yoar: 1 temperature lift
year: 1
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S R T % low pressure steam sharing with the
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X I 4+ due to high energy prices for non-industrial
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< 107 M£ investment

4+ mostly in the first year

4+ only replacing ageing equipment afterwards
S|te 2 - chemicals

1

Figure 4.2 - Optimal investment planning without budget constraints.

15 20
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HED ]

Site 7 - refinery

nup
-

10 15 20 *cost data

natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3,
electricity selling 60% of purchase
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80M<€ budget, 5 years of investment IPESE

N mvr Site 9 - district NPV: 439 M€, CO2 savings: 7041 kt . . o
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natural gas: 0.0303 €/kWh, electricity: 0.0916 €/kWh, water: 0.07 €/m3,
Figure 4.3 - Optimal investment decisions with 5 years of investment and 16 M€ annual budget. electricity selling 60% of purchase
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80M<£ budget, 5 years of investment IPESE <

. mvr Site 9 - district NPV: 439 M€, CO2 savings: 7041 kt . o . o
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Figure 4.3 - Optimal investment decisions with 5 years of investment and 16 M€ annual budget. electricity selling 60% of purchase
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80M<€ budget, 5 years of investment IPESE
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Figure 4.3 - Optimal investment decisions with 5 years of investment and 16 M€ annual budget. electricity selling 60% of purchase
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80M<€ budget, 10 years of investment IPESE
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Figure 4.4 - Optimal investment decisions with 5 years of investment and 8 M€ annual budget. electricity selling 60% of purchase
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80M<€ budget, 10 years of investment IPESE
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Figure 4.4 - Optimal investment decisions with 5 years of investment and 8 M€ annual budget. electricity selling 60% of purchase
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Parametric optimisation solution strategy

IPESE <

Definition of the problem:
processes, base case
and new units

l

Parametric optimisation:

— varying piping investment <
budget

}

Pl without investment
planning [74]

|

Generate an optimal
solution: ¢ € @

!

modify €

cPiren < ¢

ment Cost [Mé/year]
@ @

8 <
Piping [Mé/year]

°
®e
(a) ..‘
Ve

Operating and Utility Invest
N 3 @

0 e [
8

p3
Piping Cost [Me/y<ar]

:;nnns sl """ A Decision variables for the next step:
* Piping decisions
invested 2 : * Unit buying decisions

lines

L bh Cﬂint’h b
“l,sp.tr,o,p’ “sp,o,tr’ “U.p

Fixing piping and
investment decisions

}

Investment planning
optimisation

L

Vo € O

.ﬁﬁl """" Multi-criteria evaluation:
' o « Investment decisions
- ' * Investment timing
< 1 \ « Environmental impact
alafw =0 ' + Economic analysis
'
N '
Vel :
/i '
[ ' 3
'
= '
i llig= Eald

=PrL

% large problem size:

4

full problem with 20 years horizon: ~25k binary variables

“ difficult problem to solve

+

8h to reach 5% optimality gap with the solution strategy

% parametric optimisation solution strategy:

4
4

solve the problem without investment planning (chapter 3)
generate multiple solutions with different piping cost
allowance

fix the investment decisions for investment planning except
for investment time

solve the full problem to get optimal investment planning
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Parametric optimisation

IPESE <

NPV
M€

400+
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320+

=PrL
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Figure 4.5 - Multiple solutions generated by parametric optimisation; the higher the NPV, the colder the line colour.
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Parametric optimisation

IPESE <

NPV CO2 savings
M€ kt
~6;800"
400- \
] ] 60-
solution from the single
optimisation $ffdteqy
380-
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360-
6,200
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340-
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Figure 4.5 - Multiple solutions generated by parametric optimisation; the higher the NPV, the colder the line colour.
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Parametric optimisation IPESE

NPV CO2 savings Piping investment Utility investment Operating cost Heat to district Heat to industries Solution time
M€ kt M€ M€ M€ GWh GWh s
— 30,000
//
400 7
4,000+
6,600
380
3,000+
6,400
360
, 2,000+
6,200
//
3404 L
B
~ N \ \\ \\
0 L g— ——

Figure 4.5 - Multiple solutions generated by parametric optimisation; the higher the NPV, the colder the line colour.

% low piping allowance — low NPV and CO2 savings
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Parametric optimisation IPESE

NPV CO2 savings Piping investment Utility investment Operating cost Heat to district Heat to industries Solution time
M kt M€ M€ M€ GWh GWh s
————— 3,400 80,000
— oo i:ﬂé}a} — :ﬁ<77’ ‘\,\‘
~— 25/ 1\ /
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\ 3,000
6,400
360
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6,200
340 ~_
\
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- ~ \ \\ ~‘
s&20{ ——
— A S———

Figure 4.5 - Multiple solutions generated by parametric optimisation; the higher the NPV, the colder the line colour.

% low piping allowance — low NPV and CO2 savings

% Increasing piping investment does not always bring operational benefits
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Parametric optimisation IPESE

NPV CO2 savings Piping investment Utility investment Operating cost Heat to district Heat to industries Solution time
M kt M€ M€ M€ GWh GWh s
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Figure 4.5 - Multiple solutions generated by parametric optimisation; the higher the NPV, the colder the line colour.

% low piping allowance — low NPV and CO2 savings
% increasing piping investment does not always bring operational benefits

% inverse relationship between heat to district and industries

4+ sharing industrial excess heat with district is more beneficial
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Parametric optimisation

IPESE <

CO2 savings
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Figure 4.5 - Multiple solutions generated by parametric optimisation; the higher the NPV, the colder the line colour.

% low piping allowance — low NPV and CO2 savings

% increasing piping investment does not always bring operational benefits

% inverse relationship between heat to district and industries

4+ sharing industrial excess heat with district is more beneficial

% parametric optimisation strategy performs better in NPV, CO2 savings and solution time
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Comparison with baseline IPESE

= NPV: 0 [M€], CO, savings: 0% —
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Comparison with baseline IPESE

= NPV: 0 [M€], CO, savings: 0% —
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% baseline: investment only at the end of lifetime of the equipment, operations business as usual
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Comparison with baseline IPESE <7

Baseline No budget limit

= 0 NPV: 0 [M€], CO, savings: 0% — = - NPV: 463 [M€], CO, savings: 40% —
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Figure 4.6 - Comparison of operating and investment costs of the optimal solutions with the baseline.

% baseline: investment only at the end of lifetime of the equipment, operations business as usual
% no budget limit: 27% reduction in operating cost, ~90 M€ investment in the first year
% budget limit: 16-26% reduction in operating cost, maximum investment < 25 M€

% applying investment planning strategy with / without budget constraints:

4+ investments totalling up to 107 M€
4+ operating cost savings > 50 M€, CO2 savings > 35%
4+ payback time ~ 2 years
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