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Goals of my talk

1.Motivations
2.Process integration
3.Process system design method
4.Integrating Sustainability in design
5.Multi-objective optimization
6.System analysis
7.Computer aided design framework 

2
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Socio - ecologic - economic 
environment

Energy Conversion Systems
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Conversion systems
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Improving resources productivity by the 
integration of process systems
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Socio - ecologic - economic 
environment

Energy system analysis and design
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Process integration

Process integration is the engineering 
action of assembling process equipments 
to form a process system

•Understanding the interactions between the 
process units
• Mass flows

• Heat exchange

• Coproduction

• Waste management

•Adopt a system (holistic) vision

•Reach the “optimal” design
• the one that makes sense for the engineer
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Industrial processes system driven by energy

Energy bill
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Waste management bill
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1. Reduce : analyse process requirement
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2. Recycling : heat and mass recovery
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Energy conversion Production support

Waste treatment
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3. Reuse : Optimal conversion and waste treatment
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3 R approach for process integration

1. Reduce

2. Recycle

3. Reuse
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•Combined heat and power
•Heat pumping
•Waste conversion/valorisation
•Extend System boundaries

Large scale 
system 
integration

Optimization

•Mass recovery (production support)
•Heat recovery Pinch analysis

Heat transfer & mass 
requirement

•Analyse processing requirements
•Analyse process units requirements
•System boundaries

Simulation/
optimisation

Exergy analysis

Pinchlight.epfl.ch
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Example sugar-ethanol process

‣ Present consumption 138 MW of heat
‣ optimize the process operation
‣ Simulation of the process
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Morandin, Matteo, Andrea Toffolo, Andrea Lazzaretto, François Maréchal, Adriano V. Ensinas, and Silvia a. 
Nebra. “Synthesis and parameter optimization of a combined sugar and ethanol production process 
integrated with a CHP system.” Energy 36, no. 6 (December 8, 2010): 3675-3690.
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Process heat integration

‣ Define the hot streams and cold 
streams

12

Morandin, Matteo, Andrea Toffolo, Andrea Lazzaretto, François Maréchal, Adriano V. Ensinas, and Silvia a. 
Nebra. “Synthesis and parameter optimization of a combined sugar and ethanol production process 
integrated with a CHP system.” Energy 36, no. 6 (December 8, 2010): 3675-3690.
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Maximum heat recovery in the system

‣ Process composite curves
‣ Heat : 138 MW -> 101 MW (73%)
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Base case total site energy requirement
Composite curves



















Heat recoveryCold utility Hot utility

Morandin, Matteo, Andrea Toffolo, Andrea Lazzaretto, François Maréchal, Adriano V. Ensinas, and Silvia a. Nebra. “Synthesis and parameter 
optimization of a combined sugar and ethanol production process integrated with a CHP system.” Energy 36, no. 6 (December 8, 2010): 
3675-3690.

Ethanol 4.19 kg/s (118 MW), sugar 9.21 kg/s (148 MW)

fr
a
n
c
o
is

.m
a
r
e
c
h
a
l@

e
p
fl

.c
h
 ©

L
a
b
o
r
a
t
o
r
y
 f

o
r
 I
n
d
u
s
t
r
ia

l 
E
n
e
r
g
y
 S

y
s
t
e
m

s
 -

 L
E
N

I 
IS

E
-S

T
I-

E
P
F
L
 –

 M
a
r
s
h
 2

0
0
6

Enthalpy temperature profile of the heat requirement
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Base case total site energy requirement
Composite curves














Hot utility : 101 MW

Ethanol 4.19 kg/s (118 MW), sugar 9.21 kg/s (148 MW)
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Optimize the operating conditions of the process

‣ Changing the pressures of the evaporation
‣ Heat : 138 MW -> 101 MW (73%) -> 62 MW (45%)

15

min MER - ethanol 4.19 kg/s, sugar 9.21 kg/s

















 Hot Utility 62378 kW

n� effects 5

b1 17.0%
b2 21.7%
b3 29.7%
b4 44.7%

p2 1.17 bar
p3 0.81 bar
p4 0.53 bar
p5 0.31 bar

Reduction from base case =
38.6%

Morandin, Matteo, Andrea Toffolo, Andrea Lazzaretto, François Maréchal, Adriano V. Ensinas, and Silvia a. Nebra. “Synthesis and parameter 
optimization of a combined sugar and ethanol production process integrated with a CHP system.” Energy 36, no. 6 (December 8, 2010): 
3675-3690.

min MER - ethanol 4.19 kg/s, sugar 9.21 kg/s
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Optimizing the energy conversion

‣ Bagasse conversion (373 MWHHV available)
‣ Full potential ?

16

Introduction Stating the problem Part 1 - Min MER Part 2 - Max Net Power Conclusions

Modeling CHP system

CHP 1: Bagasse combustion

M. Morandin et al. University of Padova - EPFL - University of Campinas

COMBINED SUGAR AND ETHANOL PRODUCTION PROCESS INTEGRATED WITH A CHP SYSTEM - ECOS ’09

Combustion
Drying

Introduction Stating the problem Part 1 - Min MER Part 2 - Max Net Power Conclusions

Modeling CHP system

CHP 2: Bagasse based IGCC

M. Morandin et al. University of Padova - EPFL - University of Campinas

COMBINED SUGAR AND ETHANOL PRODUCTION PROCESS INTEGRATED WITH A CHP SYSTEM - ECOS ’09

IGCC

Steam Cycle
Pressures to be optimized

Introduction Stating the problem Part 1 - Min MER Part 2 - Max Net Power Conclusions

Modeling CHP system

Steam Network

1 pressure level, 1 back pressure turbine + 1 (back pressure or
condensation) turbine.
! The 2� back pressure is a decision variable
Steam mass flow rate evaluated by the heat and power integration.

M. Morandin et al. University of Padova - EPFL - University of Campinas

COMBINED SUGAR AND ETHANOL PRODUCTION PROCESS INTEGRATED WITH A CHP SYSTEM - ECOS ’09

Morandin, Matteo, Andrea Toffolo, Andrea Lazzaretto, François Maréchal, Adriano V. Ensinas, and Silvia a. Nebra. “Synthesis and parameter 
optimization of a combined sugar and ethanol production process integrated with a CHP system.” Energy 36, no. 6 (December 8, 2010): 3675-3690.
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Result : combustion + CHP

‣ 30% of bagasse used
‣ Marginal electricity production efficiency = 82 % 

17
first dried (from 50% to 25% humidity by mass), then is gasified at
high temperature (850 !C) in presence of steam (0.4 steam
to biomass ratio). Bagasse gasification is modeled as a black-box.

The thermodynamic equilibrium of three reactions (C(s) þ 2H2
4 CH4 methanation; C(s) þ CO2 4 2CO Boudouard; CO þ H2O 4
CO2þH2water-gas shift) wasmodeled by specifying a temperature
departure from the gasifier operating temperature for each reac-
tion. The typical composition of the FICFB gasifier, reported in [36],
was obtained in [35] by adjusting the temperature departures of
the three reactions. In addition, the conversion of bagasse into
some other heavy compounds (TAR) is considered. Four TAR
compounds are specified at the gasifier outlet in order to fairly
represent major species at a typical TAR mixture composition in
bagasse derived produced gas: Toluene (65% TAR), Naphthalene
(20% TAR), Phenol (10% TAR), Pyrene (5% TAR). In agreement with
the data found in [37] a total TAR yield of 5 g/Nm3 is imposed for
the fluidized bed gasifier. Steam to biomass ratio is fixed at 0.2. The
gasifier operating temperature is set at 850 !C and steam temper-
ature at gasifier inlet is set at 400 !C. Char is burnt with a fraction of
the produced gas (7% of the total) in order to provide heat to the
gasification process by heating the circulating bed material
according to the FICFB gasifier design concept. According to the
values of the aforementioned parameters, a cold gas efficiency
(before gas processing) of 0.86 is obtained. The produced gas at
gasifier outlet is a mixture of the following species: N2 (1.48% by
mass), CO2 (39.17), CO (3.97), H2O (38.16), CH4 (11.64), H2 (0.88),
Ethane (4.16), Toluene (0.35), Naphthalene (0.10), Phenol (0.05),
Pyrene (0.03).

Hot gas cleaning is used to purify the syngas before the gas
turbine. Since the TAR load in the produced gas is fairly low and the
gas at the gasifier outlet is used to fuel a gas turbine, the gas
cleaning devices considered here are only a cyclone and a candle
filter. Themajor part of particles in the produced gas are considered
to be removed through the cyclone, then the gas is cooled down to
500 !C and is sent to the ceramic filter in which alkali based TAR
condensate in a particle form and are mechanically removed.

Since the gas turbine operatewith syngas combustion at relative
high pressure, the syngas has to be pressurized to be injected in the
gas turbine burners and, therefore, pressurized gasification and gas
cleaning is adopted here. Such advanced gasification and gas
cleaning technologies allow to reach a better performance than the
majority of existing BIGCC plants, inwhich atmospheric gasification
and cold gas cleaning are usually employed because of technical and
economical reasons. According to some studies reported in the

literature [38,39], the pressure of the fluidized bed gasifier for
a BIGCC system is set here at 20 bar as a reasonable value. This
variable could have been included in the decision variable set of the
optimization problem to search for the best thermal coupling
between the topping gas turbine cycle and the bottoming steam
cycle. However, a preliminary analysis of the heat integration
showed that both other streams of the gasification section are hot
enough to deliver heat for steam superheating, and turbine exhaust
gas temperature (547 !C) is still 20 !C hotter than the superheated
steammaximumtemperature,which is set to527 !Cas inSection5.1.

A 2% heat loss from the gasifier and a 4% heat loss from the
cleaning chainwere considered. The auxiliary devices of the drying
and gasification sections were assumed to require 3 MWof electric
power.

In summary, 38.9 kg/s of input bagasse are converted in 30.7 kg/s
of cleaned syngas with an LHV of 8384 kJ/kg entering the gas
turbine combustor at 500 !C. A combustion efficiency of 0.98 is
considered. Compressor and turbine isentropic efficiencies are set
to 0.85. Turbine inlet temperature is set to 1150 !C, resulting in
327 kg/s of exhaust gases at 547 !C at the gas turbine outlet with
the following mass fractions: 8.45% CO2 (27.67 kg/s), 7.24% H2O,
69.71% N2, 14.59% O2.

All the heat streams of the gasification, gas cleaning and gas
turbine, which in fact are fixed in terms of temperatures and
thermal loads, are included in the overall heat integration problem.
In this way, all the possible solutions for heat integration between
the streams generated within the BIGCC system and the streams of
the sugar-cane conversion process are explored through the opti-
mization. A summary of thermal streams of the gasification, gas
cleaning and gas turbine subsystems is shown in Table 4. In order to
explore different steam cycle configurations, steam production

Table 4
Thermal streams of the gasification section.

Subsystem Hot streams Cold streams

Tin [K] Tout [K] Q [kW] Tin [K] Tout [K] Q [kW]

Air-dryer 343 298 39190 309 473 #43440
Gasifier 298 486 #6222
(steam prod.) 486 486 #14740

486 673 #3441
Gas cleaning. 1123 773 13080
Char and gas comb.

(FICFB) flue gases
718 443 6320

Exhaust gas GT 821 443 141130

Fig. 14. Case 1: integrated grand composite curve with CHP system 1 (combustion of 30.2% input bagasse only).

M. Morandin et al. / Energy 36 (2011) 3675e3690 3687

Morandin, Matteo, Andrea Toffolo, Andrea Lazzaretto, François Maréchal, Adriano V. Ensinas, and Silvia a. Nebra. “Synthesis and parameter 
optimization of a combined sugar and ethanol production process integrated with a CHP system.” Energy 36, no. 6 (December 8, 2010): 3675-3690.

Ethanol 4.19 kg/s (118 MW), sugar 9.21 kg/s (148 MW)
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Optimized system

‣ Total power produced : 137.8 MWe
‣ Marginal electricity production efficiency = 59 %

18

means of heat pumps. According to Pinch Analysis rules, thesemust
be placed across the pinch points of the process thermal cascade,
and in Figs. 15 and 16 clearly show that the crystallization thermal
stream (red curve) activates a utility pinch point with the thermal
stream of water preheating at low pressures (blue curve). Since
a large quantity of steam is produced by water evaporation at the
crystallization pans, the heat pump effect can be simply obtained
by vapor recompression. On one hand this increases the power
requirement of the process due to the extra power needed for
steam compression. On the other hand the crystallization thermal
streams would be reduced or even canceled in the process thermal
cascade as the result of the local thermal integration, thus allowing
a higher steam mass flow rate to be expanded to 0.1 bar. The
coefficient of performance (COP) of vapor recompression can be
roughly assessed considering the temperature of the steam exiting
crystallization pans (around 70 !C) and setting the condensation
temperature after steam compression to 80 !C, that is 10 !C hotter
than crystallization operating temperature. Under these assump-
tions the estimated value of the COP is 17. Accordingly, in order to
increase net power generation, the steam mass flow rate under-
going vapor recompression should be counterbalanced at least by
an equivalent steam mass flow rate performing a Rankine cycle
with 6% thermal efficiency (1/COP ¼ 0.059). Indeed, with reference
to the case in Fig. 16, the increase in steam power cycle could be
obtained by expanded a larger amount of steam to 0.1 bar instead of
0.47 bar (corresponding to the temperature level of crystallization),
and as a result the efficiency of the Rankine cycle performed by this
portion of steam cycle would increase of about 10 points. Thus, the
additional steam to be expanded from 101 to 0.1 bar should be
more than 60% of the steam to be recompressed in order to coun-
terbalance the additional power needed by recompression. Actu-
ally, a detailed calculation of steam mass flow rates shows that the
additional steam that can be produced and used for increasing net
power generation with local vapor recompression at crystallization
temperature level is far less than 60% of the steam to be recom-
pressed, hence vapor recompression is apparently a solution to be
dropped for thermodynamic reasons.

6. Conclusions

The paper shows the benefits deriving from applying the
synthesis/design optimization procedure to a system configuration
in which heat exchangers do not exist, being replaced by the only
hot and cold thermal streams involved in the internal heat transfer.

This approach is applied to the analysis of a real combined sugar
and ethanol production process.

Heat and energy requirements of the process alone are first
analyzed showing possible significant improvements with respect
to the base case scenario. A one third reduction of the hot utility
requirement can be achieved mainly by adjusting the synthesis/
design parameters of the multi-effect evaporator, which indeed is
responsible for the largest quota of the heat demand. Moreover, the
synthesis optimization of the multi-effect evaporator shows that
the same reduction can be achieved by different possible configu-
rations. Additional optimization criteria should therefore be
considered for the ultimate choice.

Then, the conceptual design of a CHP system fuelled with
bagasse (the main process by-product) and its integration with the
production process is presented. Different CHP system configura-
tions are considered, the main constraint for thermal integration
being the utility pinch point at the sugar crystallization. In partic-
ular, starting from 138.9 kg/s of sugar-cane, the present analysis
shows that, in addition to the sugar and ethanol production rates
(9.21 kg/s and 4.19 kg/s respectively in the base case condition),
a CHP system fuelled with all the bagasse extracted form the sugar-
cane can cover the entire process heat requirement and still
produce a considerable amount of electrical power that can be sold
to the grid (76 MW (¼153 kWh/tcane) in the case of traditional
combustion and steam cycle power plant, up to 122 MW
(¼245 kWh/tcane) in the case of advanced BIGCC power plant).

The presented results are obtained considering pure thermo-
dynamic objective functions, but give potential indications for
thermoeconomic improvements. Further studies are needed in this
direction to evaluate alternatives (e.g.,[28,29,40]) to the traditional
solutions for bagasse recovering presented here, and to explore
new techniques for the exploitation of other by-products of juice
treatment, fermentation and distillation processes.
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fr
a
n
c
o
is

.m
a
r
e
c
h
a
l@

e
p
fl

.c
h
 ©

L
a
b
o
r
a
t
o
r
y
 f

o
r
 I
n
d
u
s
t
r
ia

l 
E
n
e
r
g
y
 S

y
s
t
e
m

s
 -

 L
E
N

I 
IS

E
-S

T
I-

E
P
F
L
 –

 M
a
r
s
h
 2

0
0
6

Process integration comparing solutions
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Bagasse 
(MW)

Electricity
(MW)

Marginal 
eff.

Combustion 89.8 22.6 82 %

CHP full 297.4 99 42 %

IGCC full + 
CHP + 
RMV

297.4 137.8 58.7 %

Ethanol 4.19 kg/s (118 MW), sugar 9.21 kg/s (148 MW)
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Process system design : a larger perspective

• A Simple problem ?
Produce Synthetic Natural Gas from Wood

20
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Process system design 

What are the options ?

21

LENI Systems

Biomass conversion
Combustion
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LENI Systems

Biomass conversion
Biomethanation

16 / 87

LENI Systems

Biomass conversion
Ethanol fermentation
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LENI Systems

Biomass conversion
Transesterification

18 / 87

LENI Systems

Biomass conversion
Thermochemical routes
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LENI Systems

Thermochemical biomass conversion
Principle of conventional thermochemical routes

Thermochemical biomass to fuel reforming proceeds typically
in two (or more) reaction steps:

gasification

pyrolysis

non-condensable/
condensable
substances

(H2, CO, CO2, H2O,
CH4, CxHy ,
char, tars)

methanation

FT synthesis

DME synthesis

methanol
synthesis

20 / 87
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Process system design 

What are the processing options ?

28



LENI Systems

Block flow superstructure
Conventional route (gasification & methanation): decomposition

Wood

Air drying

Steam drying

Torrefaction

Pyrolysis

Drying Thermal pretreatment

Indirectly heated,
steam-blown
gasification

Directly heated,
steam/oxygen-
blown gasification

Gasification

Cold gas cleaning
(cyclone, filter,
scrubber, guard bed)

Hot gas cleaning
(cyclone, filter,
catalytic treatment)

Gas cleaning

volatiles
H2O(v) Q+

Q+H2O(v)

residuals and condensates

Q+

O2-import or cryogenic
production on-site

O2 from electrolysis

producer gas
(to synthesis)

CH1.35O0.63 + 0.3475H2O
�H0=�10.5 kJ/molwood� 0.51125CH4 + 0.48875CO2

23 / 87

LENI Systems

Block flow superstructure
Conventional route (gasification & methanation): synthesis

Synthesis preparation

Physical absorption
(Selexol wash)

Pressure swing
absorption

Stepwise fixed bed
methanation

Internally cooled
fluidised bed
methanation

Methane synthesis

Water-gas shift

Stoichiometry adjustment

CO2-removal

Physical absorption
(Selexol wash)

Pressure swing
absorption

Polymeric
membranes

SNG-
upgrading

Compression

Compression

SNG
treatment

CO2 treatment

Electrolysis
CO2

SNG

CO2 and condensates

H2O(v) Q-

condensates

H2O2

H2O(l)

to gasification

producer gas
(from gas
cleaning)

CH1.35O0.63 + 0.3475H2O
�H0=�10.5 kJ/molwood� 0.51125CH4 + 0.48875CO2
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LENI Systems

Methodology
Block flow superstructure

26 / 87
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Process system design 

Process unit models?

Simple models but not too simple ...
Levels of detail
Developed for the design

i.e allow for thermo-economic evaluations
•Flowsheet calculation
•Unit size optimization
•Cost estimation
•Environmental impact assessment

32



LENI Systems

Flowsheet generation (1)
Energy-flow model

Calculation of the thermodynamic transformations in the pro-
cess units

use of

conservation principles

model equations

to determine

power requirements

heat transfer requirements
T-h profile of hot and
cold streams

CGR = f (T , p, size (T , p, ...)) (1)

28 / 87
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Process system design 

Interconnections ?

Mass interactions  -> flow superstructure
Heat interactions -> Heat cascade
Energy balance -> energy conversion integration

34



LENI Systems

Flowsheet generation (1)
Energy-flow model

Calculation of the thermodynamic transformations in the pro-
cess units

use of

conservation principles

model equations

to determine

power requirements

heat transfer requirements
T-h profile of hot and
cold streams

CGR = f (T , p, size (T , p, ...)) (1)

30 / 87

LENI Systems

Flowsheet generation (2)
Energy-integration model

How to satisfy the MER?

MER of crude production

hot utility: combustion

fuel choice?

perspective: CCS at < 15 e/t
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LENI Systems

Flowsheet generation (2)
Energy-integration model

How to satisfy the MER?

MER of crude production

hot utility: combustion

fuel choice?
waste streams
intermediate products

perspective: CCS at < 15 e/t

40 / 87

LENI Systems

Flowsheet generation (2)
Energy-integration model

Integrating heat recovery technologies in the superstructure
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LENI Systems

Flowsheet generation (2)
Energy-integration model

Integrating heat recovery technologies in the superstructure

43 / 87

LENI Systems

Flowsheet generation (2)
Energy-integration model

Math. problem formulation: MILP programming...

min
Ṙr ,ys ,fs

nsX

s=1

L̇s =
nsX

s=1

(fs · (

nfuel,sX

f =1

ṁf ,s�k0
f + ẇ+

s �
nrX

r=1

(ė�q,s,r )�Tmin
� ẇ�s ))

subject to:

1 Existence of subsystem s:

fmins ys ⇥ fs ⇥ fmaxs ys ys ⌅ {0, 1}, ⇧s = 1, ..., ns

2 Heat balance of the temperature intervals r :

nsX

s=1

fs q̇
�
s,r + Ṙr+1 � Ṙr = 0 Rr ⇤ 0 ⇧r = 1, ..., nr

3 Overall heat balance:

R1 = 0, Rnr+1 = 0

46 / 87



LENI Systems

Flowsheet generation (2)
Energy-integration model

Math. problem formulation: MILP programming...

min
Ṙr ,ys ,fs

nsX

s=1

L̇s =
nsX

s=1

(fs · (

nfuel,sX

f =1

ṁf ,s�k0
f + ẇ+

s �
nrX

r=1

(ė�q,s,r )�Tmin
� ẇ�s ))

subject to:

4 Electricity consumption:

nsX

s=1

fs ẇ
�
s + �d Ẇ+ � Ẇc ⇤ 0 Ẇ+ ⇤ 0

5 Electricity exportation:

nsX

s=1

fs ẇ
�
s + �d Ẇ+ �

Ẇ�

�g
� Ẇc = 0 Ẇ+ ⇤ 0, Ẇ� ⇤ 0

6 Superstructure model:

Af = b A : (ns ⇥ ns ), f , b : (ns ⇥ 1)

47 / 87

LENI Systems

Flowsheet generation (2)
Energy-integration model

MILP resolution: from MER ...

48 / 87

Magic heat is required



LENI Systems

Flowsheet generation (2)
Energy-integration model

MILP resolution: ... to an integrated solution

49 / 87

Energy balance closed
CHP optimized
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Process system design 

Process performances ?

Thermodynamic performances 
System balanced

44



LENI Systems

Process performance
conventional SNG

Some (non-optimised) scenarios for conventional SNG
production:

Gasification
Wood Methane

synthesis

Q+ (800-900°C)

SNG
upgrading

fumes

Combustion
depleted streams
(CO2, CH4, H2, ...)

SNG

air

100% 98% 69% 68%

1%

18%

80%

(only the chemical energy flow of the main product conversion is shown)

indirectly heated gasification & PSA

200

300

400

500

600

700

800

900

1000

1100

1200

1300

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

T 
[K

]

Q [MW]

Process streams
Steam network

Mech. power

gasi!cation

producer gas
& fumes

combustion

methanation

steam (meth.)

steam (gas.)
drying

cooling waterpower

process pinch point

input: 20 MWth,wood

FICFB CFB
(base) (torr) (pM) (pM, SA) (pGM) (pGM, hot)

Consumption Wood 100% 100% 100% 100% 100% 100%
Biodiesel 1.8% 1.6% 1.8% 1.8% 0.1% -
Electricity - 0.5% - - 0.9% -

Production SNG 67.7% 72.1% 67.5% 67.8% 74.0% 74.0%
Electricity 2.9% - 2.6% 3.3% - 1.6%

Overall e�ciency 69.4% 70.7& 68.8% 69.8% 73.2% 75.6%
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Process system design 

Process performances ?

Economics :
Investment

Design equipments
Sizes
Cost estimations

Incomes

46



LENI Systems

Equipment sizing and costing

Meeting the thermodynamic design target for the flowsheet

Rate the equipment with

design heuristics

pilot plant data

Assessment of investment cost
considering the specific operating
conditions

CGR = f (T , p, size (T , p, ...)) (1)

51 / 87

LENI Systems

Process performance
conventional SNG

Some (non-optimised) scenarios for conventional SNG
production:

Maintenance
Labour

Oxygen
Biodiesel
Wood
Electricity

Depreciation

0

5

10

15

20

25

30

35
Heat echanger
network 
Steam cycle 
CO2-removal
Methanation
Gas conditioning 
Gasification
Pretreatment

(base) (torr) (pM) (pM,SA) (pGM) (pGM,hot)

In
ve

st
m

en
t 

co
st

 [M
io

. E
U

R
]

32.6 33.1

23.3
24.1

17.0 17.6

FICFB CFB

0

20

40

60

80

100

P
ro

d
u

ct
io

n
 c

o
st

s 
[E

U
R

/M
W

h
SN

G
]

102.9 105.4

(base) (torr) (pM) (pM,SA) (pGM) (pGM,hot)

FICFB CFB

90.3 89.3

80.6
75.7

pressurised methanation & gasification

Investment cost Total production costs
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LENI Systems

Technology integration example
Gas upgrading by membrane

Membrane system upgrading superstructure

feed

to grid

stage 2 stage 1stage 3stage 4

to combustion/
methanation

to combustion/
methanation

to oxygen
combustion & CCS

to combustion

”isolated”: separation only

Q
~850°C

indirectly heated
FICFB-gasification

wood
producer
gas

Q
~350°C

methane
synthesis

raw SNG SNG
conditioning

combustion
(hot utility)

depleted
stream/
(CO2-rich)

SNG

CO2

fumes

”integrated”: total system

Q
~850°C

indirectly heated
FICFB-gasification

wood
producer
gas

Q
~350°C

methane
synthesis

raw SNG SNG
conditioning

combustion
(hot utility)

depleted
stream/
(CO2-rich)

SNG

CO2

fumes

Maximise SNG recovery

Permeate stream is lost

Permeate stream valorised

Overall system performance
63 / 87

CH4/CO2 
separation

LENI Systems

Technology integration example
Gas upgrading by membrane

Results : Isolated vs integrated design

isolated integrated overshoot
system 3-stage CC 3-stage, 1 rec
rSNG % 93.2 84.1 + 10.8%
esep
spec kWel/MWth,in 76.9 55.9 + 37.6%

c̃CO2,p % 86.6 79.9 + 8.4%
c̃H2,p % 10.3 9.4 + 9.6%
c̃CH4,p % 3.0 10.4 – 71.2%
A m2 4675 2928 + 59.7%
Csep

I Me 5.7 4.1 + 39.0%
�sep % 86.6 80.7 + 8.8%
�cg % 69.0 63.5 + 8.7%
� % 66.0 66.2 – 0.3%
CI Me 30.7 29.9 + 2.7%
CP e/MWh 105.6 102.9 + 2.6%
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LENI Systems

Thermo-economic optimisation
Trade-o�s: e⇥ciency and scale vs. investment

E⇥ciency vs. investment:

62 63 64 65 66 67 68
900

1000

1100

1200

1300

1400

1500

1600

energy e!ciency [%]

sp
ec

i"
c 

in
ve

st
m

en
t 

co
st

 [€
/k

W
]

trade-o$: e!ciency vs.
investment (& complexity)

TECHNOLOGY: 
drying:  air, T & humidity optimised
gasi"cation:  indirectly heated dual %uid. bed (1 bar, 850°C)
methanation:  once through %uid. bed, 
      T, p optimised (p = [1 15] bar)
SNG-upgrade:  TSA drying (act. alumina)
    3-stage membrane: p, cuts optimised
   quality: 96% CH4, 50 bar
heat recovery: steam Rankine cycle
   T, p & utilisation levels optimised

input: 20 MW wood at 50% humidity (~4t/h dry)
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LENI Systems

Thermo-economic optimisation
Trade-o�s: e⇥ciency and scale vs. investment

E⇥ciency vs. investment and optimal scale-up:

62 63 64 65 66 67 68
900

1000

1100

1200

1300

1400

1500

1600

energy e!ciency [%]

sp
ec

i"
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in
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st
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co
st

 [€
/k

W
]

trade-o$: e!ciency vs.
investment (& complexity)

TECHNOLOGY: 
drying:  air, T & humidity optimised
gasi"cation:  indirectly heated dual %uid. bed (1 bar, 850°C)
methanation:  once through %uid. bed, 
      T, p optimised (p = [1 15] bar)
SNG-upgrade:  TSA drying (act. alumina)
    3-stage membrane: p, cuts optimised
   quality: 96% CH4, 50 bar
heat recovery: steam Rankine cycle
   T, p & utilisation levels optimised

input: 20 MW wood at 50% humidity (~4t/h dry)

0 20 40 60 80 100 120 140 160 180
800

1000

1200

1400

1600

1800

2000

2200

2400

input capacity [MW]
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i!
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/k

W
]

scale-up objective: minimisation of production costs
(incl. investment by depreciation)ε ~ 62%

ε ~ 66%

ε ~ 64%

ε ~ 68%

optimal con!gurations:
increasing e#ciency

discontinuities due to
capacity limitations of

equipment (diameter < 4 m)

     1
nb. of
gasi!ers:     2                  3                  4              5         ...
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LENI Systems

Some results
Cmparing technologies and processes

Thermo-economic Pareto front
(cost vs e�ciency):

LENI Systems

Quelques résultats
Comparaison des technologies

Optimisation de toutes les combinaisions technologiques
(coût et é�cacité):

� gaz. préssurisé à chau�age direct est la meilleure option� The best solution is the pressurised directly heated gasifier

69 / 87

comprehensive way of comparing design options in an uncertain world
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Sustainability and process integration

• Process integration of supply chains
– What is the size of the process wrt to 

biomass availability ?
– How to minimize the environmental 

impact ?

54
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Environmental Process performance indicators

• Process superstructure, extended with LCI

➡ use of ecoinvent emission database (1) for each LCI element, 
to take into account off-site emissions

(1) http://www.ecoinvent.org

wastewater

cradle-to-gate LCA system limits

hard wood 
chips

soft wood 
chips

transport to 
SNG plant

empty 
transport

wood chips 
production wood chips

thermo-economic model flows
LCA model  flows,  added
LCA model  flows,  value 
directly taken from t-e model

NOx PM CO2 (biogenic 
+ fossil)

gypsum ZnO CO2 (fossil)

polymeric 
membranes

SNG
Functional 
Unit: 1MJout  

FNG (substituted)

purification
CO2 (biogenic)

compression

compression

flue gas 
drying

indirectly heated, steam 
blown gasification 

directly heated, oxygen 
blown gasification 

H2O (v)

Q

H2O (v)

air

air
O2

olivine
charcoal

combustion

Q

cold gas 
clean-up (filter, 
scrubber, guard 

beds)

internally 
cooled, fluidised 

bed reactor

 water
CaCO3

CaCO3
ZnO 

oil (starting)

drying

gasification 
gas 
clean-up

methane 
synthesis

heat recovery system

Q
Q

Q
H2O (v)

Ni, Al2O3 
(catalyst)

Ni, Al2O3 

electricity 
(mix substituted if produced)

air separation

Q

ion transfer membranes

boiler, steam network 
and turbines

Identification of Life Cycle Inventory elements

Gerber, L. et al., 2010 Comp & Chem Eng., 1405-1410

LENI Systems

Integration of LCIA in the methodology
Perspective: plant scale-up vs. biomass logistics

The biomass Logistics has an influence on the plant impact

* LCI data taken from 

Felder et al, and adapted 
to system limits

Effect of process integration and design!

0 2 4 6 8 10

x 10
4

!0.062

!0.06

!0.058

!0.056

!0.054

!0.052

!0.05

Wood input thermal capacity [kWth]

G
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b
a

l W
a
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g
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o
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n
tia

l [
kg

C
O

2
!

e
q

,1
0

0
a

/M
Jo

u
t]

 

 

A: H2O, no steam cycle (1G)

B: H2O (1G)

C: H2O, press. meth. (2G)

D: O2, press. meth. (2G)

E: O2, press. meth. & gas. (2G)

F: H2O, press. meth. & gas. (2G)

Conventional LCA*

biomass logistics 
impact model}

� Optimal plant size with respect to biomass logistics
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LENI Systems

Site integration: process couplings
EtOH & SNG

Ethanol production from lignocellulosic biomass:

input: 58 MWth,wood

steam cycle
Input wood 100 %

ethanol 32.3 %
Output SNG -

electricity 17.1 %
chem. e⇤ciency (��NGCC =55%) 62.3 %
total e⇤ciency 49.4 %
Energy balance for di⇥erent process integration options (without seed train, non-optimised).
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Site integration: process couplings
EtOH & SNG

Ethanol production from lignocellulosic biomass:

input: 58 MWth,wood

steam cycle
Input wood 100 %

ethanol 32.3 %
Output SNG -

electricity 17.1 %
chem. e⇤ciency (��NGCC =55%) 62.3 %
total e⇤ciency 49.4 %
Energy balance for di⇥erent process integration options (without seed train, non-optimised).
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LENI Systems

Site integration: process couplings
EtOH & SNG

Ethanol production from lignocellulosic biomass:

input: 58 MWth,wood

steam cycle IGCC
Input wood 100 % 100 %

ethanol 32.3 % 32.3 %
Output SNG - -

electricity 17.1 % 21.5 %
chem. e⇤ciency (��NGCC =55%) 62.3 % 70.0 %
total e⇤ciency 49.4 % 53.8 %
Energy balance for di⇥erent process integration options (without seed train, non-optimised).
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LENI Systems

Site integration: process couplings
EtOH & SNG

Ethanol production from lignocellulosic biomass:

input: 58 MWth,wood

steam cycle IGCC SNG
Input wood 100 % 100 % 100 %

ethanol 32.3 % 32.3 % 32.3 %
Output SNG - - 40.3 %

electricity 17.1 % 21.5 % -3.0 %
chem. e⇤ciency (��NGCC =55%) 62.3 % 70.0 % 67.3 %
total e⇤ciency 49.4 % 53.8 % 70.5 %
Energy balance for di⇥erent process integration options (without seed train, non-optimised).
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LENI Systems

Site integration: process couplings
EtOH & SNG

Ethanol production from lignocellulosic biomass:

input: 58 MWth,wood

steam cycle IGCC SNG + steam
Input wood 100 % 100 % 100 % 100 %

ethanol 32.3 % 32.3 % 32.3 % 32.2 %
Output SNG - - 40.3 % 30.5 %

electricity 17.1 % 21.5 % -3.0 % 1.5 %
chem. e⇤ciency (��NGCC =55%) 62.3 % 70.0 % 67.3 % 65.3 %
total e⇤ciency 49.4 % 53.8 % 70.5 % 64.2 %
Energy balance for di⇥erent process integration options (without seed train, non-optimised).

81 / 87

LENI Systems

Site integration: process couplings
EtOH & SNG

Ethanol production from lignocellulosic biomass:

input: 58 MWth,wood

steam cycle IGCC SNG + steam + HP
Input wood 100 % 100 % 100 % 100 % 100 %

ethanol 32.3 % 32.3 % 32.3 % 32.2 % 32.2 %
Output SNG - - 40.3 % 30.5 % 41.9 %

electricity 17.1 % 21.5 % -3.0 % 1.5 % -1.0 %
chem. e⇤ciency (��NGCC =55%) 62.3 % 70.0 % 67.3 % 65.3 % 72.3 %
total e⇤ciency 49.4 % 53.8 % 70.5 % 64.2 % 73.1 %
Energy balance for di⇥erent process integration options (without seed train, non-optimised).
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Gassner, M. and Maréchal F.  ECOS2010 proceedings, Suping Zang et al.  Energy and fuels 23, no. 3 (2009): 1759-1765
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Motivations

6. Overall System analysis
Extending system boundaries
Locate the plant for CHP

63

Heating & 
Hot water production, 
Power [MW] at -6°C

5.36 - 11.11 [MW]

2.87 - 5.35

1.08 - 2.86

0.00 - 1.07

Heating requirement in the Canton of Geneva

Girardin,  et al.,  Energy, (2010)

LENI Systems

The System vision of the bio SNG plant

1 Swiss familly of 4 person with hybrid SNG car and SIA standard
house require 2 Ha of forest and ... sucks CO2 from the
environment.

Cogeneration

Wood
gasification

Methanation

Purification

CO2
0.73 kg/s

CH4 14.3 MW

HEAT 2.0 MW

ELEC.
0.3 MWe

WOOD 20 MW

EMISSIONS

Wood : 1.2 kg/s
Water : 1.2 kg/s

Heat 
pump

HEAT
1.2 MW

Overall CO2 balance : - 1.88 kg/s

CO2 : 2.31 kg/s
CO2 : 0.79 kg/s
Water : 0.75 kg/s

Avoided Fossil fuel
17.9 MW
-1.15 kg/s CO2 fossil

CO2
0.79 kg/s

71 / 87



fr
a
n
c
o
is

.m
a
r
e
c
h
a
l@

e
p
fl

.c
h
 ©

L
a
b
o
r
a
t
o
r
y
 f

o
r
 I
n
d
u
s
t
r
ia

l 
E
n
e
r
g
y
 S

y
s
t
e
m

s
 -

 L
E
N

I 
IS

E
-S

T
I-

E
P
F
L
 –

 M
a
r
s
h
 2

0
0
6

STI   ISE
 LENI

Cogeneration

Towards Industrial ecology

Wood
gasification

Methanation

Purification

CO2
0.73 kg/s

CH4 14.3 MW

HEAT 2.0 MW

ELEC.
0.3 MWe

WOOD 20 MW

EMISSIONS

Wood : 1.2 kg/s
Water : 1.2 kg/s HEAT 1.2 MW

CO2 underground : + 1.88 kg/s

CO2 : 2.31 kg/s CO2 : 0.79 kg/s
Water : 0.75 kg/s

Avoided Fossil fuel
17.9 MW
-1.15 kg/s CO2 fossil

CO2
0.79 kg/s

Heat 
pump

Sludge

Waste water treatment
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Motivations

7. Computer aided design framework

OSMOSE
developed by the LENISYSTEM group 
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OSMOSE : A process system design platform

Multi-objective optimization
Evolutionary - Hybrid
Optimization problem decomposition
Optimization under uncertainty

MILP/MINLP models
AMPL
Heat/mass integration
Sub systems analysis
BonMin
HEN synthesis models

Optimal control models
(MILP/ AMPL or GLPK)
Multi-period problems

Sizing/costing data base
LCIA database (ECOINVENT)

Grid computing

GIS data base
Industrial ecology
Urban systems

GUI : Spreadsheets, Matlab

PinchLIght interface
•Web service tool to access models via the web
• Web interface + workflow
• Reporting

Flowsheeting tools
•BELSIM-VALI
•gPROMS
•ASPEN plus
•HYSYS
•Matlab
•Simulink
•(CITYSIM)
•Others possible

•CAPE-OPEN ?
•PROSIM
•MODELICA ?
•UNISIM ?

Energy technology data base
•Data/models interfaces
•Simulation
•Process integration interface
•Costing/LCIA performances
•Reporting/documentation
•Certified dev procedure
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Conclusions

‣ Process integration and design methods for 
sustainable biofuel systems
‣ Energy system analysis
‣ Thermo-economic models
‣ Process integration techniques

‣ Life cycle assessment methods
‣Multi-objective optimization techniques
‣ Systems “thinking”

‣ from multi-disciplinarity to inter-disciplinarity
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More information on
http://leni.epfl.ch

Contact : francois.marechal@epfl.ch
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