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Industrial Process and Energy Systems Engineering
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Computer Aided methods for Energy Systems Engineering

Prof. Francois Marechal, PhD, Chem Eng. 
Ecole Polytechnique Fédérale de Lausanne 

EPFL-STI-IGM-IPESE 
- Speciality Chief Editor :  

- Frontiers in Energy : Process and energy systems engineering section. 

- http://www.frontiersin.org/Process_and_Energy_Systems_Engineering 

- Scientific committee of IFP Energie Nouvelle  

- Board of ECOINVENT

My scientific challenge : 

Develop systemic approaches for the Rational Use and Conversion 
of Energy and Resources in Industrial Process and Energy Systems
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Industrial Process and Energy Systems Engineering

• 15 Researchers developing research in  
Computer aided energy systems engineering  
– Thermo-economic-environomic modeling 
– Process and Energy Systems Integration 

•Modeling the system’s interactions 
•Energy-Water-Waste 
•Renewable Energy Integration 

– Multi-objective optimisation for decision support 
•Thermo-Economic and Environomic Pareto 
•Life Cycle Environmental Impact Assessment 

– Understanding the energetics of complex systems 
•Thermodynamic methods and metrics for system analysis and 

design
3
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3 Domains of application 4
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District
Heat Pump

house fuel cell

Heat pump 
with geothermal

Air -water
heat pump

Gas engines ORC

Combined Cycle 
with fuel cell

Geothermal energy

Solar panels

•District networks : CO2 swiss knife
•Smart grid : Virtual power plants
•Industrial ecology/symbiosis
•Integration of renewable energy resources

•Process integration
•Pinch analysis
•Exergy analysis

•Energy conversion
•Site Scale Integration
•Water & Waste
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Energy 
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Energy and resource efficiency in industrial processes

•Fuel cells systems
•Power plants, Biomass & Biofuels,...
•Water prod., Waste water
•CO2 capture
•Electricity Storage

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

Process system design Urban systems
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What is the Role of Process System Engineering 
for the energy transition ?


– Problem Statement

– Open Questions


Smart Engineers for Smart Systems ?

5

“System Engineering :  
   Treatment of Engineering Design as a decision making process”

Hazelrigg, 2012
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The Energy Transition 6
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The Energy Transition 7

3 EXECUTIVE SUMMARY

step change in the rate of progress and broader engagement of the full range of 
countries, sectors and stakeholders.

ETP scenarios present options rather than forecasts

ETP 2010 analyses and compares various scenarios. This approach does not aim 
to forecast what will happen, but rather to demonstrate the many opportunities to 
create a more secure and sustainable energy future. 

The ETP 2010 Baseline scenario follows the Reference scenario to 2030 outlined 
in the World Energy Outlook 2009, and then extends it to 2050. It assumes 
governments introduce no new energy and climate policies. In contrast, the BLUE 
Map scenario (with several variants) is target-oriented: it sets the goal of halving 
global energy-related CO2 emissions by 2050 (compared to 2005 levels) and 
examines the least-cost means of achieving that goal through the deployment of 
existing and new low-carbon technologies (Figure ES.1). The BLUE scenarios also 
enhance energy security (e.g. by reducing dependence on fossil fuels) and bring 
other benefits that contribute to economic development (e.g. improved health 
due to lower air pollution). A quick comparison of ETP 2010 scenario results 
demonstrates that low-carbon technologies can deliver a dramatically different 
future (Table ES.1).

Figure ES.1 �  Key technologies for reducing CO2 emissions under the BLUE Map scenario
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CCS 19%
Renewables 17%
Nuclear 6%

Power generation efficiency
and fuel switching 5%

End-use fuel switching 15%
End-use fuel and electricity
efficiency 38%

Baseline emissions 57 Gt

BLUE Map emissions 14 Gt

Key point

A wide range of technologies will be necessary to reduce energy-related CO2 emissions substantially.

 Energy Technology Perspective 2010, International Energy Agency , 2010

• Efficient energy and resources use and reuse 
• Efficient energy conversion 
• Integration of renewable energy resources 
• Large Scale and Complex System integration 
• Sustainable processes & Environmental impact

BLUE Map Scenario IEA 
max +2°C 
CO2today/2
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Sustainable Energy System design

8
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Process & 
Energy Systems

System 
integration

Energy Services & Products
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• Actions 
– Sobriety => ask less for the same services  
– Efficiency => do more from the resources 
– Renewables => Integrate the endogenous resources 
– Integrate => Look for synergies 
– Equip => Invest Capital for equipments and infrastructure 
– System => define the right system boundaries

Energy Transition Actions 9
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The Vision : energy transition by system integration 10
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Process system engineering 
  Selection, Integration, Sizing and optimal Operation in industrial system
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• A systematic implementing approach 

1.3. The general methodology

Becker et al. [21] has further presented a methodology based on the pinch analysis to
identify the heat pump opportunities in the industrial processes and Périn-Levasseur et al.
[103] proposed another one to analyze the optimized integration of energy conversion
technologies in existing pulp and paper facilities. Mateos-Espejel et al. [83] has also
proposed a unified methodology for the thermal energy e�ciency improvement of a pro-
cess in a global process perspective. A more detailed review of the recent developments
around the heat integration domains can be found in Klemes and Kravanja [63].

The need for a general methodology studying the available methodologies release
that they are mostly applicable for the specific cases or not comprehensively suitable
to be apply for industrial size problems. Therefore, no such a computer-aided method,
systematically integrating utilities to the process analysis, covering both retrofit and
design and considering realistic options for large-scale industrial processes has yet been
developed. The ultimate objective of this dissertation is thus to explore this challenges
with an insight on all implied complexities when it comes to apply it for an industrial
size problem.

1.3 The general methodology
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Data Extraction N Energy Requirement Analysis 

Process Integration N Targeting 

Energy Improvement potentials 

Energy Conversion Units Integration N Optimization 

Economic Evaluation N HEN Design

Final proposal (Profitabilityf

Step 5

Step 4

Step 3

Step 2

Step 1

Step 6

Fig. 1.1 Methodology pyramid

Origins The preliminary sketch of our here-proposed general methodology for the en-
ergy e�ciency improvement of the chemical process has been the fruit of the collaboration
between the IPESE (at the time LENI) at EPFL and the R&D team from Solvay (Rhodia
at the time). We present this general methodology in two stages: first we walk through
the di�erent steps, from the process definition and data extraction, up to the profitability
evaluation for the final proposal. The next stage is our diagnostics practiced by means
of applying this preliminary sketch of the general methodology on a real large-scale
industrial site. Our goal is evaluate the preliminary sketch and to learn the advantages
and the eventual drawbacks encountered at each step. The challenges coming out from
this compact and applied synthesis will shape the main focus of this thesis.

1.3.1 Methodology steps
our proposed methodology is summarized into six consecutive steps illustrated in Fig. 1.1
as a pyramid of and briefly explained as following:

3

Process integration in practice 11

Pouransari, 2014
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Large Scale Process Integation : in practice 12

Chapter 1. Introduction
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(a) Composite Curve (b) Grand Composite Curve

Fig. 1.3 Step (2): Pinch analysis step results

the process unit operations (incremental or step changes). Finally in order to adapt a
more global energy analysis approach, some modifications can also be proposed such as
the reduction of a solvent ratio, distillation modification or other unit operations and
also use of an intermediate heat transfer network. The analysis of the GCC in Fig. 1.3.b
with respect to the the condition of this system (streams phase and temperature range)
shows that there is a large potential for the Mechanical Vapor Recompression (MVR)
or the heat pumping (or both). The compression cycles are added to the appropriate
place with respect to the pinch point. This procedure is however possible until a new
pinch point would be activated. Therefore, in order to increase the MVR potential while
avoiding a quick creation of new pinch points, the heat pumping system is additionally
proposed to be integrated to the Composite Curves. Having those insights, the MVR
and the heat pumping are considered in the following steps throughout the optimization
problem to find the optimum flow rate for their flows. Obviously, we bear in mind that
the implementation of every new solution on the system will modify the target.

Step 4: Energy conversion units integration and optimization

Suitable energy conversion units are now integrated and their optimum flow rate are found
by Mixed Integer Linear Programming (MILP) formulation proposed by Maréchal and
Kalitventze� [82]. This formulation helps define the heat cascade of the Pinch method as
a set of inequality constraints. This method selects the equipments in the superstructure
and determines their optimal operating flowrate in the integrated system. The objective
is then to minimize the operating costs, including the fuel and the electricity. In order
to optimize the mass flow rates of the MVR, a new equality constraint is also added to
the MILP optimization problem. The optimum integration of MVR and heat pumps is
performed simultaneously with the energy conversion units. The Composite Curves of
the system with MVR alone and together with the heat pumps are respectively shown in
Fig. 1.4.a and b. By adding an MVR unit, the mechanical power is calculated and a new
hot stream is implemented. The principle of the calculation for the MVR is also reported
in Fig. 1.5. In order to create a link between the part which is recompressed and the part

6

Heat recovery

1.3. The general methodology

used by the direct heat exchange, the equivalent of the expression ṁtotal ṁmvr ṁdhe

is added to the MILP problem as a new constraint.
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(b) With MVR and HP

Fig. 1.4 Step (4): Process Composite Curves

Fig. 1.5 Principle of the MVR

Adding an MVR unit to transfer the heat from below to above of the pinch, results
in an improvement of the integration ratio by 20 % (from 54 % in case of the process
integration alone to 65 % in case MVR integrated). Considering the newly activated
pinch points in Fig. 1.4.a, additional heat pumps are also added to system in Fig. 1.4.b
in order to further increase the heat recovery potential up to 86 %. With the three ideal
targets shown here, the overall evaluated energy savings could be between 20 % - 75 %
approximately. The above detailed strategy will be a starting point for designing more
realistic options.

Step 5: Economic evaluation and HEN design

In this step, the most promising solutions are evaluated using the total costs analysis.
First of all, for each target all of the existing heat recovery exchangers have been evaluated.
For those heat exchangers which have been well placed, their related streams are removed
from the energy requirement definition and consequently the targets are redefined with
an iteration between step 2 to 5. In contrary, those exchangers who bring the penalty to

7

Heat pumping

3.6. Conclusion
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• Energy consumption profile determination 

• Energy performance evaluation 

• Energy baseline generation 
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1.4. Methodology diagnostics
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Fig. 1.7 Profitability guideline for acceptable investment

1.4 Methodology diagnostics
In the first step of the methodology, a system approach as described by Maréchal and
Favrat [80] is considered taking into account the plant as integrated system including
the energy conversion and distribution, product support and processes subsystems. This
approach provide us the site scale vision of industrial process and lead us towards Total
Site Integration. The di�culty of site scale analysis resides in the di�culty of establishing
a reliable set of data.

The reliable data labyrinth in large scale industry, it is di�cult to have access to
the existing data documents and to collect all the original specification sheet of the
process, the exciting process flowsheet, plant reports, etc, that are distributed through
di�erent organization. The next di�culty with respect to data gathering might come
while collaboration with plant engineer and operators. In order to have a set of data that
well describes the behavior of the real process, it is necessary to work closely with plant
operators and engineers to validate data or simulated process flowsheet. Other influent
factor is the measurement in the plant. The required measurements for some data are
simply not performed has to be done upon request, which is costly and sometimes one
has to hardly argue that these missing measurements are essential and have to be taken.
The measuring instrument in their turn might sometimes not functioning at all or give
incorrect value, which requires to be further validated by the plant experts. Furthermore
the Process modification might occur over time. The plant may have been modified
several times and some of the required documents and resources are now out of date.
Even when all required data is in hand, they might come from di�erent source of data or
correspond to a asynchronous measurement time, di�erent period of time or di�erent
production rate. All these ingredients cause inconsistency and require further data
reconciliation. Not all the data will be available. Knowing the inherent "cost" of data
collection it is thus important to identify the necessary data that need to be collected
prior to the data extraction task. Another issue raised with respect to the data collection
and energy requirement definition is di�erent data collection subsystem sources (utility,

9

Profitability analysis
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• How to organise heat transfer between processes 
– Third Party : ESCO ? 

•Process interfaces 
–contract + confidentiality 

– Restricted matches & HEN design 

• How to realise a holistic system design ? 
– Energy conversion 

•Combined Heat - Cold and power production 
•Waste management integration 
•Combined Water/Solvent/Hydrogen integration 

– Industrial Ecology 
– Multi processes and stakeholders 

– Multiperiod 
•Processes operating scenarios 

– Robustness & flexibility 
•Operation 
•Robust design / backup equipment

Total site integration : Open questions 13
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Process system design 14
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  Selection, Integration, Sizing and optimal Operation in industrial system
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The energy system engineering methodology

15
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System performances indicators
•Economic
•Thermodynamic
• Life cycle environmental impact

Results analysis
•Exergy analysis
•Composite curves
•Sensitivity analysis
•Multi-criteria
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System interfaces models
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OSMOSE : Computer Aided Platform

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

•CAPE-OPEN ?
•PROSIM
•UNISIM ?

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

Modeling tools integration

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

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

Sizing/costing data base 
LCIA database (ECOINVENT)

Process integration

Grid computing

Multi-objective optimisation 
Evolutionary - Hybrid
Problem decomposition
Uncertainty

Decision support

GIS data base 
Industrial ecology
Urban systems

GUI : Spreadsheets, Matlab

Data Structuring

Technology models data base 
Energy conversion
Sharing knowledge

GUI interface 
•User interaction 
• Web interface + workflow organisation 
• Reporting



IPESE

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

Process synthesis of a fuel cell hybrid system 17

Facchinetti, Emanuele, Daniel Favrat, and François Marechal.  Fuel Cells, no. 0 (2011): 1-8.

⌘d =
E�

CH4+LHV

= 80%
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12- 10%100%

Facchinetti, M, Daniel Favrat, and Francois Marechal. 
“Sub-atmospheric Hybrid Cycle SOFC-Gas Turbine 
with CO2 Separation.” PCT/IB2010/052558, 2011.

Facchinetti et al.: Innovative Hybrid Cycle Solid Oxide Fuel Cell-Inverted Gas Turbine with CO2 Separation

fuel cell and thus reduced fuel cell cooling requirement.
Indeed, the optimal HCP fuel cell air excess decreases with
the pressure ratio (Figure 4). HCox and HCair are character-
ized by a nearly constant steam to carbon ratio and fuel cell
air excess.

The cathodic turbine pressure ratio remains nearly con-
stant for HCox while decreases slightly for HCair with
respect to the anodic pressure ratio (Figure 5).

Figure 6 displays the relation between the pressure ratio
and the anodic and cathodic compressor inlet temperatures.
Anodic and cathodic compressor inlet temperatures of HCair

are minimized in order to reduce the compression work.
The compressor inlet temperatures of HCox are slightly
higher than the lower limit of the range. This is due to the
low temperature heat load required by the system energy
integration.

Corrected composite curves of optimal solutions, charac-
terized by the same pressure ratio, are compared in
Figures 7–9. The decision variables describing those solutions
are presented in Table 2. The corrected composite curves
represent the relation between corrected temperature
!T±!DT min!2"" and the heat load specific to the power output.

/ -

/ -
Fig. 3 Pressure ratio vs. steam to carbon ratio with max TIT = 1,573 K.

/ -

/ -

Fig. 4 Pressure ratio vs. fuel cell air excess with max TIT = 1,573 K.

/ -

/ -

Fig. 5 Pressure ratio vs. cathodic turbine pressure ratio with max
TIT = 1,573 K.

/ K

Fig. 6 Pressure ratio vs. compressor inlet temperature with max
TIT = 1,573 K.

/ K

Fig. 7 HCox composite curves of optimal solution with p = 3 and max
TIT = 1,573 K.

Table 2 Decision variables for optimal solutions p = 3 and max
TIT = 1,573 K.

Variables HCox HCair HCP

nsc 1.35 1.30 1.65
Tsr [K] 1,065 1,073 1,071
Tfc [K] 1,072 1,073 1,073
k 3.3 2.6 2.6
l 0.8 0.8 0.8
p 3 3 3
pcathode 2.9 3.0 –
Tic cathode [K] 299 298 –
Tic anode [K] 304 298 –
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• 3D designs for 3D printing ?

Smart system design ? 18
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fuel cell and thus reduced fuel cell cooling requirement.
Indeed, the optimal HCP fuel cell air excess decreases with
the pressure ratio (Figure 4). HCox and HCair are character-
ized by a nearly constant steam to carbon ratio and fuel cell
air excess.
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p 3 3 3
pcathode 2.9 3.0 –
Tic cathode [K] 299 298 –
Tic anode [K] 304 298 –
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6 © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim FUEL CELLS 00, 0000, No. 0, 1–8www.fuelcells.wiley-vch.de

Fuel Cell

Fuel processing

Gas turbine
Power 
Cond

Air

Natural gas

Water

Air

Water

CO2

3D Design 
3D Modeling 
3D System control 
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• Replace centralised power plants 
– 1 unit of 750 MWe / 61% elec

A paradigme for the energy system ?

• by … 
– 75000  units of 10 kWe / 80% elec 
– Distributed production 
– 13% heat for poly-generation (heating or cooling) 
– Cost scaling factor near 1



IPESE

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

Motivation : for a typical Swiss household 20

Heat pump 
COP=5

72 We

361 W

SOFC  
effe= 82%

113 W

873 W

Env. : 290 W 475 W

456 We
188 We

Heating
Electricity
Mobility

528 W

760 W
1200 W

2450 W

Savings : 65 % 
Factor 3, without changing the demand !

70 kWh/100 km 
Natural Gas Vehicle

11 kWhe/100 km 
Electrical Vehicle

Natural Gas

W means Wyear/year/cap

Natural Gas716 We

Fue

Fuel 

Gas Po

A

Natu
W

A

W
C

90%

60%
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• Smart engineers:  
Renewable energy integration 

Producing Natural gas from Wood

21
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Renewable natural gas : Synthetic natural gas from biomass 22

Gassner, M., and F. Maréchal. “Thermo-economic optimisation of the integration of electrolysis in synthetic 
natural gas production from wood.” Energy 33, no. 2 (February 2008): 189-198.

WOOD Natural Gas (SNG) CO2 (pure)
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LENI Systems

Flowsheet generation (2)
Energy-integration model

Integrating heat recovery technologies in the superstructure

43 / 87

Closing the energy balance 23
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LENI Systems

Flowsheet generation (2)
Energy-integration model

MILP resolution: ... to an integrated solution

49 / 87

Energy balance closed
CHP optimized

• The Heat Cascade is the HEN model

Process integration of the energy usage 24



IPESE

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

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

• Each point of the Pareto is a process design

Comparing options 25

Gassner, Martin, and François Maréchal.  Energy & Environmental Science 5, no. 2 (2012): 5768 – 5789. 

Note : 1.5 years of calculation time !
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20 MWth: •  51.4 Mio. CHF 

•  29.5 Mio. CHF 

•  35.4 Mio. CHF

20 MWth

(1) 

(2) 

(3)

Transport = 10 % of the energy

Area = 40 km2

Efficiency : 5000 Wyear/year/ha

Plant location 

a model of the conversion of wood to SNG, electricity, and heat, and
(E) a model of the final use of SNG and substitution of non-
renewable energy services (Fig. 1). The availability model (A)
determines the spatial availability of energy wood, which is defined
in this study as residual wood from roundwood harvests and
thinning operations [7]. The other models (B to E) were used to
calculate the environmental impacts and the costs related to each
part of the SNG value chain. The individual models were combined
in the SNG value chain model, which additionally uses an optimi-
zation strategy to choose optimal technology configurations for any
given plant size and location based on a user-defined weighting
between environmental and economic performance. The SNG value

chain model therefore enables the analysis of the influence of
choices (technology configuration, plant size, wood-based energy
products, replacement of non-renewable energy) and geographical
context (wood availability and supply) on the environmental and
economic performance of SNG value chains.

11 plant locations were selected with the aim of representing
different regions of Switzerland (Fig. 2). All locations are close to
populated areas, allowing a potential use of the by-product heat in
a district heating system. Plant sizes from 5 to 200 MW were
considered.

Environmental impacts were assessed on the basis of the global
warming potential (GWP) [8], as well as two impact assessment

A) Availability

model (ESA)
B) Harvest model

C) Transportation 

model

D) SNG, electricity, 

and heat production

model

Spatial wood

potential 

model

Spatial wood

demand

model

SNG value chain model

Links all models and permits the calculation of environmental impacts and profits for plant sizes from 5 to 200 MW

Uses an optimization strategy to ensure the optimal technology configuration for all plant sizes based on a user
defined weighting between profits and environmental impacts

E) SNG, electricity, 

and heat use and

substitution model

SUBMODELS

not site-specific

VALUE CHAIN 

MODEL

site-specific

Fig. 1. Modeling approach (ESA ¼ effective spatial availability).

Fig. 2. Plant locations, energy wood availability (base and maximum scenarios), and harvest method distribution (relief source: K606-01 ! 2004 swisstopo).

B. Steubing et al. / Renewable Energy xxx (2012) 1e122

Please cite this article in press as: Steubing B, et al., Identifying environmentally and economically optimal bioenergy plant sizes and locations: A
spatial model of wood-based SNG value chains, Renewable Energy (2012), http://dx.doi.org/10.1016/j.renene.2012.08.018

weighted performance score bSi;s of each technology configuration
at a given plant size was calculated by Eq. (14), where bEI

net
i;s;norm is

the normalized environmental performance, bPi;s;norm is the
normalized economic performance, and xei and xp are the weights
given to the environmental and economic dimensions, respectively
(the sum of xei and xp must add up to 1). Finally, the technology
configuration with the highest overall score was selected. It
corresponds to the optimal configuration at a specific plant size for
the specified weighting of environmental and economic
performances.

bSi;s ¼ bEI
net
i;s;normxei þ bPi;s;normxp (14)

This procedure was repeated (4) for all plant sizes, locations,
and scenarios. The outcomes (5) for each location are environ-
mental impact and profit curves for the defined plant size range.
The optimal plant size is the plant size with the maximal value of
bSi;s. Similarly, the optimal plant location can be determined by
identifying the location with the maximal value of bSi;s across all
locations.

2.4. Scenario and sensitivity analysis

Two scenarios were analyzed, representing the current
conditions (baseline scenario) and the conditions in a green
future scenario (Table 2). The baseline scenario refers to the
assumptions described above regarding environmental impacts,
costs and sales prices, as well as the “ready” technologies and the
ESA base wood availability scenario (1.2 million m3). The green

future scenario is a hypothetical scenario, which is characterized
by an increased scarcity of fossil energy resources on the one
hand, and policy incentives for the increased use of renewable
resources on the other hand. Due to the scarcity of fossil energy,
the oil price is assumed to be 50% higher. As a consequence, the
cost of forest maintenance and wood harvest is also higher,
which is why foresters raise the sales price of energy wood by
50%. Similarly, wood transportation is assumed to be 50% more
costly. Policy makers have reacted to that by guaranteeing feed-in
tariffs to support the development of more efficient bioenergy
conversion technologies. To foster advanced SNG conversion
technologies, which are used in the green future scenario, the
feed-in tariffs are doubled. Finally, in order to increase the
availability of renewable energy resources a temporary reduction
of the forest stock has been permitted. Therefore the ESA
maximum scenario determines the energy wood availability (3.3
million m3) in the green future scenario (even though the actual
availability of additional energy wood would in practice also
depend strongly on other factors, such as the demand for
roundwood [35]).

Additionally, sensitivity analyses were performed with regards
to weighting criteria and transport costs.

3. Results

3.1. Transport distances

Fig. 6 shows the average transport distances to supply SNG
plants with wood for all plant locations and plant sizes in the
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Fig. 6. Transport distances according to plant sizes, locations, and wood availability scenario (left: ESA base, right: ESA maximum).
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Fig. 7. CO2 emissions (left), profits (center) and weighted performance (right) for 5e200 MW plants at the location of Zurich (baseline scenario, weighting: 0.5 environment, 0.5
profit).

B. Steubing et al. / Renewable Energy xxx (2012) 1e126

Please cite this article in press as: Steubing B, et al., Identifying environmentally and economically optimal bioenergy plant sizes and locations: A
spatial model of wood-based SNG value chains, Renewable Energy (2012), http://dx.doi.org/10.1016/j.renene.2012.08.018

Process Size => Investment
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• Process superstructure, extended with LCI 

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

Environmental Process performance indicators 27

(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
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• Optimal configurations

LCA based design 28
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directly heated 
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directly heated 
gasification (CFB)

 

 

directly heated gasification 
and hot gas cleaning (CFB,hcl)

 

  

directly heated gasification 
and hot gas cleaning (CFB,hcl)

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

Land & supply chain are constraints
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• Selecting the process in the Pareto set

Decision-making 29

Pareto optimal front  
for given economic  
scenario

 Obj1

Obj2 Select which optimal  
process configuration 
under which conditions ?

Solutions ranking  
based on probability  
→Decision-making support

Impact on 
decision criteria

Distribution  
functions

Economic 
parameters

Ranking 
# of times 
in top 5

Obj1

3
2

1

Obj1

Decision 
criteria
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• Uncertainty of the economical conditions 
– Economic assumptions probability distribution functions 

•Normal, uniform, beta distribution

Decision-making 30

[IEA, EU, ZEP,…]
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• Relative competitiveness of Pareto solutions 
– Ranking with regard to most economically competitive solution 

– CO2 capture is economically competitive for 

 capture rates between 70 and 85%!

Decision-making 31

x

Laurence Tock, Thesis, 2013



IPESE

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

What is the best process design ? 32

Pareto optimal configurations => new process model for the energy system design
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• Resource productivity

Large scale integration : multi-grids
33

Gas grid

CO2 grid

District heating Electricity

Supply chain

• SNG = 75 % 

• Elec = 2% 

• Heat = 13 %
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Smart Energy Systems : Problem statement 34Mo4va4on'

14th"February"2013"" PhD"Thesis"Defense"" "S."Fazlollahi "10"

Buildings 

Building Building 

Buildings 

Decentralized boiler 

Central 
power plant 

Industrial plant 

City 

• Type?'
• Size'?'
• Loca4on'?'
• Centralized?'
• Decentralized?'
 

• Layout?"
• Size?"
• Local/global?"

Environm
ental'effects''

Economical'analysis''

• Demand"profiles?"
• Connec.on?"

10"

• Integra.on"of""
• Local"resources"
• Renewable"

N
et
w
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k'

14th"February"2013"" PhD"Thesis"Defense"" "S."Fazlollahi "61"
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•  Total"annual"costs"
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CO2;eq:"subsystem"s*
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•  Overall"system"efficiency"
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• Definition of the energy needs 
– Heating 
– Air renewal 
– Hot water 
– Waste Water 
– Air renewal

Process integration in buildings 35

Text

Tw Twmin

TrTs

Do not forget Carnot (Exergy demand) : 
	 * Heat with the lower possible temperature  
	 * Cool with the highest possible temperature
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Local heat recovery 36
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Local Heat pumping on waste water 37

-20
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AirWaste Water

Heating Hot water

recovery
Recoverable

Heat requirement

20 kWe

Heat pumping on water supply ?

COP = 5 to 6

Heat pumping on waste water 
- Heat exchange 
- Heat storage 
- Water storage
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• Characterizing the services

Define the demands of a district 38

For one building

for all the building in the city

Seasonal temperature 
variation

Heating signature Heating  
temperature
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Energy system design : problem definition 39

Given a set of energy conversion technologies : 
Where to locate the energy conversion technologies ? 
How to connect the buildings ? 
How to operate the energy conversion technologies ?

1 Symbols

Roman letters
An Annuities of a given investment [-]
Ai,j,p Surface of the pipe of network p between nodes i and j [m2]
B Arbitrarily big value
Caw Investment costs for air/water heat pump(s) [CHF]
Cboiler Annual investment costs of the boiler(s) [CHF/year]
Cfix Fix part of investment costs for a given device [CHF]
Cgas Total gas costs [CHF]
cgas Gas costs [CHF/kWh]
Cgrid Total grid costs [CHF]
cgrid Grid costs [CHF/kWh]
C inv Investment costs of a given device [CHF]
C inv

an Annual investment costs of a given device [CHF]
Cpipes Total costs for the piping [CHF]
Cprop Fix part of investment costs for a given device [CHF/kW]
Cref Investment costs of a device chosen as reference [CHF]
Cww Investment costs for water/water heat pump(s) [CHF]
CO2

gas Total CO2 emissions for one year due to the combustion of gas [kg]
co2

gas CO2 emissions due to the combustion of gas per kWh [kg/kWh]
CO2

grid Total CO2 emissions for one year due to the consumption of electricity from the grid [kg]
co2

grid CO2 emissions due to the consumption of electricity from the grid [kg/kWh]
COP aw

t,k Coe⇤cient of performance for the air/water heat pump during period t at node k [-]
COPww

t,k Coe⇤cient of performance for a water/water heat pump during period t at node k [-]
cp Isobaric specific heat [kJ/(K· kg)]
Disti,j Distance between nodes i and j [m]
Ht Number of hours in period t [hour]
Econs

t,k Electricity consumption during period t at node k [kW]
Eexp

t,k Eletricity exported to the grid during period t by device e [kW]
Egrid

t,k Electricity bought from the grid during period t [kW]
Eaw

t,k Electricity consumed by the air/water heat pump during period t at node k [kW]
Eww

t,k Electricity consumed by the water/water heat pump during period t at node k [kW]
Eloss

t,k Electricity losses during period t [kW]
Epump

t Pumping power for the network during period t [kW]
Etech

t,k,e Electricity produced or consumed during period t at node k by device e [kW]
Fm Maintenance factor [-]
Gast Overall gas consumption during period t [kg]
Lmin

e Minimum allowable part-load of device e [-]

Mbuild
t,k

Mass flow of water from the network, circulating during period t through the
building at node k to heat up the building [kg/s]

Mpipe
t,i,j,p

Mass flow of water flowing during period t, in network p, from node i to node
j [kg/s]

Mmax
t,p,i,j

Maximum mass flow of water flowing in network p, from node i to node j, over
all periods of time [kg/s]

M tech
t,k

Mass flow from the network being heated up by the device(s) at node k during
period t [kW]

MT build
t,k

Mass flow from the network flowing through a device at node k during period
t, to be re-heated, times its temperature [(kg/s)K]

2

MT pipe
t,i,j,p

Mass flow flowing during period t from node i to node j in the network p, times
its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump to the consumer at node k during period t [kW]
Qboiler

t,k Heat delivered by the boiler at node k during period t [kW]
Qcons

t,k Heat consumption at node k during period t [kW]
Qnet

t,k Heat delivered by the network to the consumer at node k during period t [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump at node k during period t [kW]
Qtech

t,k,e Heat produced by device e located at node k during period k [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Size of a given device [kW]
Saw

k Nominal size of the air/water heat pump located at node k [kW]
Sboiler

k Nominal size of the boiler at node k [kW]
Snom

e Nominal power of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Nominal power of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cons

t,k Temperature at which the heat is required by the consumer at node k during period t [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs gas to operate, 0 otherwise
Xnode

k = 1 if a device e is implemented at node k, 0 otherwise
Xtech

k,e = 1 if a device can be implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�Theat Pinch at the heat-exchangers [K]
�Tnet ww Temperature di⇥erence of the water in the network when it serves as heat source for water/water heat pump(s) [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e technologies
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Network superstructure

1 Symbols

Roman letters
An Annuities for a given investment [-]
Ai,j,p Area of the pipe between nodes i and j of network p [m2]
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Cgas Total annual natural gas costs [CHF/year]
cgas Natural gas costs [CHF/kWh]
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Cpipes Total annual costs for the piping [CHF/year]
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Cref Investment costs of a device chosen as reference [CHF]
Cww Investment costs for water/water heat pump(s) [CHF]
CO2

gas Total annual CO2 emissions due to the combustion of natural gas [kg/year]
co2

gas CO2 emissions due to the combustion of natural gas [kg/kWh]
CO2

grid Total annual CO2 emissions due to the consumption of electricity from the grid [kg/year]
co2

grid CO2 emissions due to the consumption of electricity from the grid [kg/kWh]
COPhp Coe⇤cient of performance of the central heat pump
COP aw

t,k Coe⇤cient of performance for the air/water heat pump during period t at node k [-]
COPww

t,k Coe⇤cient of performance for a water/water heat pump during period t at node k [-]
cp Isobaric specific heat [kJ/(K· kg)]
Disti,j Distance between nodes i and j [m]
Ht Number of hours in period t [hour]
Econs

t,k Electricity consumption during period t at node k [kW]
Eexp

t,e Eletricity exported to the grid during period t by device e [kW]
Egrid

t,k Electricity bought from the grid during period t by node k [kW]
Eaw

t,k Electricity consumed by the air/water heat pump during period t at node k [kW]
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t,k Electricity consumed by the water/water heat pump during period t at node k [kW]
Eloss

t Electricity losses during period t [kW]
Epump

t Pumping power for the network during period t [kW]
Etech

t,k,e Electricity produced or consumed during period t at node k by device e [kW]
Fs Scaling factor [-]
Fm Maintenance factor [-]
Gast Natural gas consumption during period t [kg]
Lmin

e Minimum allowable part-load of device e [-]
Mbuild

t,k Water circulating during period t through the building at node k, to heat it up [kg/s]
Mpipe

t,i,j,p Water flowing during period t, from node i to node j, in network p [kg/s]
Mmax

i,j,p Maximum flow of water between nodes i and j, in network p, over all periods [kg/s]
M tech

t,k Water being heated up by the device(s) during period t, at node k [kg/s]
MT tech

t,k Water flowing through a device during period t at node k to be re-heated, times its temperature [(kg/s)K]
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2

1 Symbols

Roman letters
An Annuities for a given investment [-]
Ai,j,p Area of the pipe between nodes i and j of network p [m2]
B Arbitrarily big value
Caw Investment costs for air/water heat pump(s) [CHF]
Cboiler Annual investment costs for the boiler(s) [CHF/year]
Cfix Fix part of the investment costs for a given device [CHF]
Cgas Total annual natural gas costs [CHF/year]
cgas Natural gas costs [CHF/kWh]
Cgrid Total annual grid costs [CHF/year]
cgrid Grid costs [CHF/kWh]
C inv Investment costs of a given device [CHF]
C inv

an Annual investment costs of a given device [CHF/year]
Cpipes Total annual costs for the piping [CHF/year]
Cprop Fix part of the investment costs for a given device [CHF/kW]
Cref Investment costs of a device chosen as reference [CHF]
Cww Investment costs for water/water heat pump(s) [CHF]
CO2

gas Total annual CO2 emissions due to the combustion of natural gas [kg/year]
co2

gas CO2 emissions due to the combustion of natural gas [kg/kWh]
CO2

grid Total annual CO2 emissions due to the consumption of electricity from the grid [kg/year]
co2

grid CO2 emissions due to the consumption of electricity from the grid [kg/kWh]
COPhp Coe⇤cient of performance of the central heat pump
COP aw

t,k Coe⇤cient of performance for the air/water heat pump during period t at node k [-]
COPww

t,k Coe⇤cient of performance for a water/water heat pump during period t at node k [-]
cp Isobaric specific heat [kJ/(K· kg)]
Disti,j Distance between nodes i and j [m]
Ht Number of hours in period t [hour]
Econs

t,k Electricity consumption during period t at node k [kW]
Eexp

t,e Eletricity exported to the grid during period t by device e [kW]
Egrid

t,k Electricity bought from the grid during period t by node k [kW]
Eaw

t,k Electricity consumed by the air/water heat pump during period t at node k [kW]
Eww

t,k Electricity consumed by the water/water heat pump during period t at node k [kW]
Eloss

t Electricity losses during period t [kW]
Epump

t Pumping power for the network during period t [kW]
Etech

t,k,e Electricity produced or consumed during period t at node k by device e [kW]
Fs Scaling factor [-]
Fm Maintenance factor [-]
Gast Natural gas consumption during period t [kg]
Lmin

e Minimum allowable part-load of device e [-]
Mbuild

t,k Water circulating during period t through the building at node k, to heat it up [kg/s]
Mpipe

t,i,j,p Water flowing during period t, from node i to node j, in network p [kg/s]
Mmax

i,j,p Maximum flow of water between nodes i and j, in network p, over all periods [kg/s]
M tech

t,k Water being heated up by the device(s) during period t, at node k [kg/s]
MT tech

t,k Water flowing through a device during period t at node k to be re-heated, times its temperature [(kg/s)K]

2

Maintenance

Gas

Electricity

Electricity

Emissions

1 Symbols

Roman letters
An Annuities for a given investment [-]
Ai,j,p Area of the pipe between nodes i and j of network p [m2]
B Arbitrarily big value
Caw Investment costs for air/water heat pump(s) [CHF]
Cboiler Annual investment costs for the boiler(s) [CHF/year]
Cfix Fix part of the investment costs for a given device [CHF]
Cgas Total annual natural gas costs [CHF/year]
cgas Natural gas costs [CHF/kWh]
Cgrid Total annual grid costs [CHF/year]
cgrid Grid costs [CHF/kWh]
C inv Investment costs of a given device [CHF]
C inv

an Annual investment costs of a given device [CHF/year]
Cpipes Total annual costs for the piping [CHF/year]
Cprop Fix part of the investment costs for a given device [CHF/kW]
Cref Investment costs of a device chosen as reference [CHF]
Cww Investment costs for water/water heat pump(s) [CHF]
CO2

gas Total annual CO2 emissions due to the combustion of natural gas [kg/year]
co2

gas CO2 emissions due to the combustion of natural gas [kg/kWh]
CO2

grid Total annual CO2 emissions due to the consumption of electricity from the grid [kg/year]
co2

grid CO2 emissions due to the consumption of electricity from the grid [kg/kWh]
COPhp Coe⇤cient of performance of the central heat pump
COP aw

t,k Coe⇤cient of performance for the air/water heat pump during period t at node k [-]
COPww

t,k Coe⇤cient of performance for a water/water heat pump during period t at node k [-]
cp Isobaric specific heat [kJ/(K· kg)]
Disti,j Distance between nodes i and j [m]
Ht Number of hours in period t [hour]
Econs

t,k Electricity consumption during period t at node k [kW]
Eexp

t,e Eletricity exported to the grid during period t by device e [kW]
Egrid

t,k Electricity bought from the grid during period t by node k [kW]
Eaw

t,k Electricity consumed by the air/water heat pump during period t at node k [kW]
Eww

t,k Electricity consumed by the water/water heat pump during period t at node k [kW]
Eloss

t Electricity losses during period t [kW]
Epump

t Pumping power for the network during period t [kW]
Etech

t,k,e Electricity produced or consumed during period t at node k by device e [kW]
Fs Scaling factor [-]
Fm Maintenance factor [-]
Gast Natural gas consumption during period t [kg]
Lmin

e Minimum allowable part-load of device e [-]
Mbuild

t,k Water circulating during period t through the building at node k, to heat it up [kg/s]
Mpipe

t,i,j,p Water flowing during period t, from node i to node j, in network p [kg/s]
Mmax

i,j,p Maximum flow of water between nodes i and j, in network p, over all periods [kg/s]
M tech

t,k Water being heated up by the device(s) during period t, at node k [kg/s]
MT tech

t,k Water flowing through a device during period t at node k to be re-heated, times its temperature [(kg/s)K]

2

1 Symbols

Roman letters
An Annuities for a given investment [-]
Ai,j,p Area of the pipe between nodes i and j of network p [m2]
B Arbitrarily big value
Caw Investment costs for air/water heat pump(s) [CHF]
Cboiler Annual investment costs for the boiler(s) [CHF/year]
Cfix Fix part of the investment costs for a given device [CHF]
Cgas Total annual natural gas costs [CHF/year]
cgas Natural gas costs [CHF/kWh]
Cgrid Total annual grid costs [CHF/year]
cgrid Grid costs [CHF/kWh]
C inv Investment costs of a given device [CHF]
C inv

an Annual investment costs of a given device [CHF/year]
Cpipes Total annual costs for the piping [CHF/year]
Cprop Fix part of the investment costs for a given device [CHF/kW]
Cref Investment costs of a device chosen as reference [CHF]
Cww Investment costs for water/water heat pump(s) [CHF]
CO2

gas Total annual CO2 emissions due to the combustion of natural gas [kg/year]
co2

gas CO2 emissions due to the combustion of natural gas [kg/kWh]
CO2

grid Total annual CO2 emissions due to the consumption of electricity from the grid [kg/year]
co2

grid CO2 emissions due to the consumption of electricity from the grid [kg/kWh]
COPhp Coe⇤cient of performance of the central heat pump
COP aw

t,k Coe⇤cient of performance for the air/water heat pump during period t at node k [-]
COPww

t,k Coe⇤cient of performance for a water/water heat pump during period t at node k [-]
cp Isobaric specific heat [kJ/(K· kg)]
Disti,j Distance between nodes i and j [m]
Ht Number of hours in period t [hour]
Econs

t,k Electricity consumption during period t at node k [kW]
Eexp

t,e Eletricity exported to the grid during period t by device e [kW]
Egrid

t,k Electricity bought from the grid during period t by node k [kW]
Eaw

t,k Electricity consumed by the air/water heat pump during period t at node k [kW]
Eww

t,k Electricity consumed by the water/water heat pump during period t at node k [kW]
Eloss

t Electricity losses during period t [kW]
Epump

t Pumping power for the network during period t [kW]
Etech

t,k,e Electricity produced or consumed during period t at node k by device e [kW]
Fs Scaling factor [-]
Fm Maintenance factor [-]
Gast Natural gas consumption during period t [kg]
Lmin

e Minimum allowable part-load of device e [-]
Mbuild

t,k Water circulating during period t through the building at node k, to heat it up [kg/s]
Mpipe

t,i,j,p Water flowing during period t, from node i to node j, in network p [kg/s]
Mmax

i,j,p Maximum flow of water between nodes i and j, in network p, over all periods [kg/s]
M tech

t,k Water being heated up by the device(s) during period t, at node k [kg/s]
MT tech

t,k Water flowing through a device during period t at node k to be re-heated, times its temperature [(kg/s)K]

2

Industry

Power
plant

Waste
treat.

Fuel plant.

 . [5]  Francois Marechal, Celine Weber, and Daniel Favrat. Multi-Objective Design and Optimisation of Urban Energy Systems, pages 39–81. Number ISBN: 978-3-527-31694-6. Wiley, 2008.                      
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Access to local resources 40

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

Girardin et al., ENERGIS,  A geographical information based system for the evaluation 
of integrated energy conversion systems in urban areas, Energy, 2010

15 °C

13°C-16°C
3°C

18 °C

5 l/s/1000 hab

60 kWth

Biogas 9 kW

Sludge 6 kWth

200 kWth

<1 kWe

70 kWth 250 kWth

COP =4.8 
50 kWe

COP =6.2 
10 kWe

3 kWth

3 kWe

9 kWth

Potential = 330 Wth/hab 
Usable = 185 W/hab 
Heat demand = 440 W/hab 
Electricity cons. = 33 W/hab

1000 hab

329 kWth

40°C

Network

440 kWth

40%
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Carbon valorisation of a renewable energy source 41

Micro Algae 
Dye cells photo bioreactor 

Nazeeruddin/Ludwig

Hydro Thermal Gasification 
Kroecher/Ludwig

SOFC -SOFC-GT 
Schiffmann-Vanherle

Bio methanisation 
(STEP)

Hybrid Concentrated PV 
IBM/AirlightEnergy/Haussener

Redox Flow bat. 
Girault

Methanation 
Zuettel

Solid Oxide Electrolysis 
VanHerle

Water Treatment 
Electricity management 

BlueWatt Eng. 

Liquid Methane Storage 
Schiffmann Liquid CO2 Storage

O2

H2

CH4 +CO2

CH4

CH4

CO2

CO2

Sludge

Electrical Grid

Electrical Grid

Salts

Waste H2O

H2O Sludge
H2O

City buildings

Data centers

CH4 to grid

H2 to grid

CO2 from grid

H2 storage 
Formic Acid (Laurenczy) 
Hydrate

H2

SUN

CO2

C(H2O)

Micro-algae H2 
Fisher (HES)

High temperature solar tower 
Solar Dish 

Haussener, AirlightEnergy

CAS 
Ruffer

Air

Batterie
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CO2 District heating network for multiple sources 42

L: 48.3 b - V: 47.3 b 

CO2 : 48 b 
Hvap = 180 kJ/kg 
T = 15°C -13 °C 

Liq :0.8 kg/l 
Vap:0.15 kg/l 

Central plant
Pressure regulation

Exchange with the environment

Users: 
 Air Conditioning 
 Data centers 
 Refrigeration

Users: 
 Space Heating 
 Industry 
 Services

Cross section = Cross section water/4
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• The CO2 network integration : reduction of 84% of the 
primary energy consumption if specific technologies are used 
• Profitability analysis : break-even in 5 years 

• Combined with SOFC cogeneration : savings reach 88 % 
• Combined with renovation : savings reach 92 % ! 

Complex system with heating and cooling :  (ERA) 687’800 m2  
•Commercial:  23% inc. HVAC and refrigeration 
•Offices:   60 % inc. data center 
•Residential:  17%

HENCHOZ S, FAVRAT D., WEBER C Performance and profitability perspectives of a CO2 based district energy network in 
Geneva’s city center. DHC13, 13rd Int Symposium on District Heating and cooling, Copenhagen Sept 2012

Advanced district heating systems for complex urban systems 43

Heating  53.2 GWh/year 

Cooling 49.4 GWh/year

56 % related to equipment Investment !
Cost of services :
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• Can we solve a problem ? 
– 100000 buildings 
– 100000 + nodes => routing algorithm 
– Centralised and decentralised energy 

conversion technologies ? 
– How to estimate the profit 

•infrastructure investment : 60 years 
•daily and seasonal variation of the operation 
•decentralised and centralised units

Open question 44
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• Building density 

– nb + m2 

• Power density 

• Annual energy

Indice de coût des réseaux [cts/kW]
Température aller : 90°C.

0.65 - 1.08

1.09 - 1.45

1.46 - 1.94

1.95 - 2.56

2.57 - 3.29

3.30 - 4.72

4.73 - 6.38

6.39 - 7.96

cts/kWh

District heat distribution cost : cts CHF/annual kWh 45

LENI Systems

ÉCOLE POLYTECHNIQUE
FÉDÉRALE DE LAUSANNE

INTRODUCTION METHODOLOGY REQUIREMENTS RESSOURCES DISTRICT HEATING CONVERSION CONCLUSION

Investment costs estimation

DISTRICT HEAT DISTRIBUTION SYSTEM
Investment costs estimation

Annualised network cost 

(90°C, prediction 2030) 

[CHF/MWh]

0.6 - 10

10 - 20

20 - 60

> 60

� LDHN = 2(Nb � 1)K

s
Ah

Nb

� T⇥supply = Treturn + (Tsupply � Treturn) · (1 +

floss,ref
Tsupply�Tground

Tref �Tground
)

� Q̇DHN = ṁDHNcpfluid (T⇥supply � Treturn)

� dDHN =

vuut
4ṁDHN

�vs⇥(T⇥supply )

� CDHN =
(c1dDHN + c2)LDHN

1

⇤
Q̇DHN

[CHF/kWh]

Industrial Energy Systems LaboratoryEcole Polytechnique Fédérale de Lausanne

Girardin, Luc, François Marechal, Matthias Dubuis, Nicole Calame-Darbellay, and Daniel Favrat. “EnerGis: A 
Geographical Information Based System for the Evaluation of Integrated Energy Conversion Systems in Urban 
Areas.” Energy 35, no. 2 (February 2010): 830–840.

Clustering Approach
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Clustering in sub-systems 46

9.3. Multi objective optimisation phase
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Figure 9.7: Demonstration of 13 integrated zones of the urban area test case with local
resources

the heat recovery from MSWI and wastewater treatment plant (WWTP) are not included.
Optional conversion technologies and maximum available sizes (As an assumption on
feasible ranges) are summarized in Table 9.5.

With respect to the operating conditions, the minimum part load of the heat pump is set
to 10% of the design load, and if it is chosen, it should operate during the whole typical
period. Meanwhile, there is no constraint on the operating conditions of EGS and boiler.

The length of the local network in each integrated zone is computed by correlation 6.5 in
Chapter 6. The investment cost is calculated by applying Eq.7.20 in Chapter 7 (Girardin,
2012).

3. Supplying heat demands with centralized power plants, located in 5 optional locations
(S1, S2, S3, S4 and S5), through global high/low temperature pipelines between power
plants and centers of integrated zones. Alternative conversion technologies in this
Scenario are; large natural gas, biomass and biogass boilers for hot water and steam
productions, air wood dryer, biomethanation and air gasifiers for biogas production,
natural gas and biogas engines and turbines, biogas and natural gas combined cycles,
steam turbines, a heat pump integrated with wastewater treatment plant in location S1,
and a municipal solid waste incinerator in location S3. The correlation that is used in
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Chapter 9. The application of the developed methodology: test case

River/ground,water,
Road,
Railway,
Building,

Green,area,

Figure 9.1: The urban area with 450000 inhabitants

9.2 Structuring phase

Required data will be collected and structured in this step. These principally include; the
available energy sources, simulation model of energy conversion systems and buildings, the
energy consumption profile and a list of "integrated zones".

9.2.1 Available energy sources

Municipal Solid Waste (MSW)

From the available data (Girardin, 2012), 620000 [tons] of municipal wastes, representing the
MSW generated by the urban area, are incinerated each year. The waste incineration plant is
equipped with a steam cycle and can be connected to a district heating network in a combined
heat and power production facility (Figure B.19). The available heat can be integrated with the
global distribution networks. It is assumed that the flow rate of MSW is constant (71 [tons/h])
with no seasonal variation.
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Chapter 6. Clustering urban areas to the limited number of "integrated zone"

5.78 5.79 5.8 5.81 5.82 5.83 5.84 5.85 5.86 5.87
x 105

1.46

1.465

1.47

1.475

1.48

1.485

1.49

1.495

1.5

1.505 x 105

gx Coordinate

g y C
oo

rd
in

at
e

Figure 6.2: An urban with 382 buildings (Coordinates in [m])
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Figure 6.3: The urban area with 19 respective "integrated zones" (Coordinates in [m])
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Figure 6.4: The urban area with 19 respective locations (g 2G , coordinates in [m])
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Figure 6.2: An urban with 382 buildings (Coordinates in [m])
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Figure 6.3: The urban area with 19 respective "integrated zones" (Coordinates in [m])
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Figure 6.4: The urban area with 19 respective locations (g 2G , coordinates in [m])
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• 40 time steps : 7 days*5 time sequence + 1 Extreme * 5 time sequence 
 => instead of 20*8760 hours 

• Probability of appearance (number of days) 
• Using clustering techniques

Clustering techniques for typical days 47

14th"February"2013"" PhD"Thesis"Defense"" "S."Fazlollahi "27"

I;Data"structuring:"Typical"periods"selec.on"method"

1000 2000 3000 4000 5000 6000 7000 8000
0

500

1000

1500

He
at

 L
oa

d 
[M

W
]  

Heating and hot water demand with 8 segmented typical periods

1000 2000 3000 4000 5000 6000 7000 8000
0

50

100

150

El
ec

tri
ci

ty
 

pr
of

ile
 [M

W
] Electricity demand with segmented typical periods

1000 2000 3000 4000 5000 6000 7000 8000
0

50

100

El
ec

tri
ci

ty
 p

ric
e

 [E
ur

o/
M

W
h] Electricity price with segmented typical periods

1000 2000 3000 4000 5000 6000 7000 8000
0

200
400
600
800

Hour of year

So
la

r i
rr

ad
ia

tio
n[

W
/m

2 ]  

Solar irradiation with segmented typical periodsd LDC for 

 

 

Original
profile
Day 1
Day 2
Day 3
Day 4
Day 5 
Day 6
Day 7 
Day 8

Reduce*the*op>miza>on*size*&*computa>onal*load*significantly*

•  0.3;4.1%"errors""
•  40".mes"faster"

Valida.on"is"performed""

•  As"a"result"N*=8"(typical"periods),"with"40"(8*5)".me"steps""
•  Compare"to"the"original"data"N=365,*with""8760".me"steps""
"



IPESE

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

Virtual power plant concept 48

What is the role of the district as a micro grid for the electricity supply ?

1 Symbols

Roman letters
An Annuities of a given investment [-]
Ai,j,p Surface of the pipe of network p between nodes i and j [m2]
B Arbitrarily big value
Caw Investment costs for air/water heat pump(s) [CHF]
Cboiler Annual investment costs of the boiler(s) [CHF/year]
Cfix Fix part of investment costs for a given device [CHF]
Cgas Total gas costs [CHF]
cgas Gas costs [CHF/kWh]
Cgrid Total grid costs [CHF]
cgrid Grid costs [CHF/kWh]
C inv Investment costs of a given device [CHF]
C inv

an Annual investment costs of a given device [CHF]
Cpipes Total costs for the piping [CHF]
Cprop Fix part of investment costs for a given device [CHF/kW]
Cref Investment costs of a device chosen as reference [CHF]
Cww Investment costs for water/water heat pump(s) [CHF]
CO2

gas Total CO2 emissions for one year due to the combustion of gas [kg]
co2

gas CO2 emissions due to the combustion of gas per kWh [kg/kWh]
CO2

grid Total CO2 emissions for one year due to the consumption of electricity from the grid [kg]
co2

grid CO2 emissions due to the consumption of electricity from the grid [kg/kWh]
COP aw

t,k Coe⇤cient of performance for the air/water heat pump during period t at node k [-]
COPww

t,k Coe⇤cient of performance for a water/water heat pump during period t at node k [-]
cp Isobaric specific heat [kJ/(K· kg)]
Disti,j Distance between nodes i and j [m]
Ht Number of hours in period t [hour]
Econs

t,k Electricity consumption during period t at node k [kW]
Eexp

t,k Eletricity exported to the grid during period t by device e [kW]
Egrid

t,k Electricity bought from the grid during period t [kW]
Eaw

t,k Electricity consumed by the air/water heat pump during period t at node k [kW]
Eww

t,k Electricity consumed by the water/water heat pump during period t at node k [kW]
Eloss

t,k Electricity losses during period t [kW]
Epump

t Pumping power for the network during period t [kW]
Etech

t,k,e Electricity produced or consumed during period t at node k by device e [kW]
Fm Maintenance factor [-]
Gast Overall gas consumption during period t [kg]
Lmin

e Minimum allowable part-load of device e [-]

Mbuild
t,k

Mass flow of water from the network, circulating during period t through the
building at node k to heat up the building [kg/s]

Mpipe
t,i,j,p

Mass flow of water flowing during period t, in network p, from node i to node
j [kg/s]

Mmax
t,p,i,j

Maximum mass flow of water flowing in network p, from node i to node j, over
all periods of time [kg/s]

M tech
t,k

Mass flow from the network being heated up by the device(s) at node k during
period t [kW]

MT build
t,k

Mass flow from the network flowing through a device at node k during period
t, to be re-heated, times its temperature [(kg/s)K]

2

MT pipe
t,i,j,p

Mass flow flowing during period t from node i to node j in the network p, times
its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump to the consumer at node k during period t [kW]
Qboiler

t,k Heat delivered by the boiler at node k during period t [kW]
Qcons

t,k Heat consumption at node k during period t [kW]
Qnet

t,k Heat delivered by the network to the consumer at node k during period t [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump at node k during period t [kW]
Qtech

t,k,e Heat produced by device e located at node k during period k [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Size of a given device [kW]
Saw

k Nominal size of the air/water heat pump located at node k [kW]
Sboiler

k Nominal size of the boiler at node k [kW]
Snom

e Nominal power of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Nominal power of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cons

t,k Temperature at which the heat is required by the consumer at node k during period t [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs gas to operate, 0 otherwise
Xnode

k = 1 if a device e is implemented at node k, 0 otherwise
Xtech

k,e = 1 if a device can be implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�Theat Pinch at the heat-exchangers [K]
�Tnet ww Temperature di⇥erence of the water in the network when it serves as heat source for water/water heat pump(s) [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e technologies

3

Grids

1 Symbols
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Cgas Total annual natural gas costs [CHF/year]
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an Annual investment costs of a given device [CHF/year]
Cpipes Total annual costs for the piping [CHF/year]
Cprop Fix part of the investment costs for a given device [CHF/kW]
Cref Investment costs of a device chosen as reference [CHF]
Cww Investment costs for water/water heat pump(s) [CHF]
CO2

gas Total annual CO2 emissions due to the combustion of natural gas [kg/year]
co2

gas CO2 emissions due to the combustion of natural gas [kg/kWh]
CO2

grid Total annual CO2 emissions due to the consumption of electricity from the grid [kg/year]
co2

grid CO2 emissions due to the consumption of electricity from the grid [kg/kWh]
COPhp Coe⇤cient of performance of the central heat pump
COP aw

t,k Coe⇤cient of performance for the air/water heat pump during period t at node k [-]
COPww

t,k Coe⇤cient of performance for a water/water heat pump during period t at node k [-]
cp Isobaric specific heat [kJ/(K· kg)]
Disti,j Distance between nodes i and j [m]
Ht Number of hours in period t [hour]
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t,k Electricity consumption during period t at node k [kW]
Eexp

t,e Eletricity exported to the grid during period t by device e [kW]
Egrid

t,k Electricity bought from the grid during period t by node k [kW]
Eaw

t,k Electricity consumed by the air/water heat pump during period t at node k [kW]
Eww

t,k Electricity consumed by the water/water heat pump during period t at node k [kW]
Eloss

t Electricity losses during period t [kW]
Epump

t Pumping power for the network during period t [kW]
Etech

t,k,e Electricity produced or consumed during period t at node k by device e [kW]
Fs Scaling factor [-]
Fm Maintenance factor [-]
Gast Natural gas consumption during period t [kg]
Lmin

e Minimum allowable part-load of device e [-]
Mbuild

t,k Water circulating during period t through the building at node k, to heat it up [kg/s]
Mpipe

t,i,j,p Water flowing during period t, from node i to node j, in network p [kg/s]
Mmax

i,j,p Maximum flow of water between nodes i and j, in network p, over all periods [kg/s]
M tech

t,k Water being heated up by the device(s) during period t, at node k [kg/s]
MT tech

t,k Water flowing through a device during period t at node k to be re-heated, times its temperature [(kg/s)K]
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 . [5]  Francois Marechal, Celine Weber, and Daniel Favrat. Multi-Objective Design and Optimisation of Urban Energy Systems, pages 39–81. Number ISBN: 978-3-527-31694-6. Wiley, 2008.                      
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Multi-objective optimisation algorithm 49

2.3. Structuring phase

I-Data  
Structuring 

District energy system design framework implemented in Matlab 

Pareto''
op)mal' Performances 

evaluation Final'decision'

III-Post-processing phase 
 

II-Master non-linear optimization (EMOO) 
 

II.3-Slave MILP 
optimization (EIO) 
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    - Energy-integration  
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    - Thermal storage 

II.4-EE 
 
Environomic evaluation: 

{EFF, TAC, MCO2} 
'

Thermo-economic  
Simulation models 
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Figure 2.1: Illustration of the developed methodology for district energy systems design and
operation optimization

2.3 Structuring phase

Required data for solving the optimization step should be collected and structured in the
structuring phase. These principally include, the available energy sources, the energy con-
sumption profile, simulation model of available and alternative conversion systems and
individual backup technologies including their technical and economic data and the geo-
graphical information of a district area. This information can be structured in the form of a
database.

Available energy sources

Any energy source that could be exploited to produce useful work in an energy conversion
system should be listed and detailed here. This includes fossil fuel (natural gas, fuel oil, coal)
as well as renewable sources (i.e. biogas, biomass, waste heat from industries, water collectors,
sewage water, sludge, wind, solar, water sources, geothermal). Energy sources should typically
be described by their energetic content, environmental impacts, price, availability, locations
(GIS) and constraints (Weber, 2008). An example is presented by using a test case in Chapter 9.

25
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List of technology options in the data base 50
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Electricity
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1 Symbols

Roman letters
An Annuities of a given investment [-]
Ai,j,p Surface of the pipe of network p between nodes i and j [m2]
B Arbitrarily big value
Caw Investment costs for air/water heat pump(s) [CHF]
Cboiler Annual investment costs of the boiler(s) [CHF/year]
Cfix Fix part of investment costs for a given device [CHF]
Cgas Total gas costs [CHF]
cgas Gas costs [CHF/kWh]
Cgrid Total grid costs [CHF]
cgrid Grid costs [CHF/kWh]
C inv Investment costs of a given device [CHF]
C inv

an Annual investment costs of a given device [CHF]
Cpipes Total costs for the piping [CHF]
Cprop Fix part of investment costs for a given device [CHF/kW]
Cref Investment costs of a device chosen as reference [CHF]
Cww Investment costs for water/water heat pump(s) [CHF]
CO2

gas Total CO2 emissions for one year due to the combustion of gas [kg]
co2

gas CO2 emissions due to the combustion of gas per kWh [kg/kWh]
CO2

grid Total CO2 emissions for one year due to the consumption of electricity from the grid [kg]
co2

grid CO2 emissions due to the consumption of electricity from the grid [kg/kWh]
COP aw

t,k Coe⇤cient of performance for the air/water heat pump during period t at node k [-]
COPww

t,k Coe⇤cient of performance for a water/water heat pump during period t at node k [-]
cp Isobaric specific heat [kJ/(K· kg)]
Disti,j Distance between nodes i and j [m]
Ht Number of hours in period t [hour]
Econs

t,k Electricity consumption during period t at node k [kW]
Eexp

t,k Eletricity exported to the grid during period t by device e [kW]
Egrid

t,k Electricity bought from the grid during period t [kW]
Eaw

t,k Electricity consumed by the air/water heat pump during period t at node k [kW]
Eww

t,k Electricity consumed by the water/water heat pump during period t at node k [kW]
Eloss

t,k Electricity losses during period t [kW]
Epump

t Pumping power for the network during period t [kW]
Etech

t,k,e Electricity produced or consumed during period t at node k by device e [kW]
Fm Maintenance factor [-]
Gast Overall gas consumption during period t [kg]
Lmin

e Minimum allowable part-load of device e [-]

Mbuild
t,k

Mass flow of water from the network, circulating during period t through the
building at node k to heat up the building [kg/s]

Mpipe
t,i,j,p

Mass flow of water flowing during period t, in network p, from node i to node
j [kg/s]

Mmax
t,p,i,j

Maximum mass flow of water flowing in network p, from node i to node j, over
all periods of time [kg/s]

M tech
t,k

Mass flow from the network being heated up by the device(s) at node k during
period t [kW]

MT build
t,k

Mass flow from the network flowing through a device at node k during period
t, to be re-heated, times its temperature [(kg/s)K]
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MT pipe
t,i,j,p

Mass flow flowing during period t from node i to node j in the network p, times
its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump to the consumer at node k during period t [kW]
Qboiler

t,k Heat delivered by the boiler at node k during period t [kW]
Qcons

t,k Heat consumption at node k during period t [kW]
Qnet

t,k Heat delivered by the network to the consumer at node k during period t [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump at node k during period t [kW]
Qtech

t,k,e Heat produced by device e located at node k during period k [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Size of a given device [kW]
Saw

k Nominal size of the air/water heat pump located at node k [kW]
Sboiler

k Nominal size of the boiler at node k [kW]
Snom

e Nominal power of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Nominal power of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cons

t,k Temperature at which the heat is required by the consumer at node k during period t [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs gas to operate, 0 otherwise
Xnode

k = 1 if a device e is implemented at node k, 0 otherwise
Xtech

k,e = 1 if a device can be implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�Theat Pinch at the heat-exchangers [K]
�Tnet ww Temperature di⇥erence of the water in the network when it serves as heat source for water/water heat pump(s) [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e technologies

3
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its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw
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Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
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ture of the network (seen from the decentralized water/water heat pump, this temperature
corresponds to the temperature di�erence of the heat source in the evaporator).

5. the thickness of the insulation around the pipes.

The multi-objective evolutionary optimizer used for this study was developed at the Industrial
Energy Systems Laboratory of the Ecole Polytechnique Fédérale de Lausanne [11]. This optimizer
uses the technique of the evolutionary algorithms to compute the trade-o�s between multiple objec-
tives. In our case, two objectives have to be minimized: the CO2 emissions and the costs (including
operation and investment). In order to find the optimal configurations (energy systems) with the
best performances in terms of CO2 emissions and costs, the evolutionary algorithm starts creating
a population of individuals by choosing randomly, for each individual, a set of values (genome,
individual). These are the initial master sets of decision variables. The performance of each master
set is computed. New master sets (genome, individuals) are then selected based on the performance
of the existing ones, using a set of combination operators such as mutation and crossover. After
the evolution process is continued su⇤ciently, keeping the best master sets (according to CO2 emis-
sions and costs), the optimal solutions can be found. This multi-objective strategy results in an
estimation of the Pareto optimal frontier (hereafter Pareto curve) that represents the set of optimal
configurations (optimal in terms of one or both of the two objectives). Each point of this curve
corresponds to a configuration of the energy system, in other words to a master set of decision
variables and its associated slave set, that define one configuration of the energy system and the
optimal way of operating it on a yearly basis.

5.2 Thermodynamic models of the technologies

The method presented allows the use of thermodynamic models with various degrees of details.
However, when designing and optimizing the entire energy network, there is no need in spending
much time using very detailed models. For the current study, the following simple relations were
implemented:

1. Heat pump:

COPHP = ⇥ · T hot

T hot � T cold

2. Gas turbine [12]:
�ele = 0.1468 + 0.0179 · log(S)

�the = 0.8� �ele

S being the size of the gas turbine [kWel], �the and �ele the thermal respectively electrical
e⇤ciency.

3. Solid Oxide Fuel Cell:
�ele = 0.45

�the = 0.45
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MT pipe
t,i,j,p Water flowing during period t from node i to node j in the network p, times its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump during period t, at node k [kW]
Qboiler

t,k Heat delivered by the boiler during period t, at node k [kW]
Qcons

t,k Heat consumption during period t, at node k [kW]
Qnet

t,k Heat delivered by the network during period t, at node k [kW]
Qnet ww

t,k Heat delivered by the network to the water/water heat pump during period t, at node k [kW]
Qtech

t,k,e Heat produced during period t, at node k, by device e [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Design size of a given device [kW]
Saw

k Design size of the air/water heat pump located at node k [kW]
Sboiler

k Design size of the boiler at node k [kW]
Snom

e Design size of a device [kW]
Sref Size of a device chosen as reference [kW]
Sww

k Design size of the water/water heat pump located at node k [kW]
T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cond Temperature at the condenser of a heat pump [K]
T cons

t,k Temperature at which the heat is required by the consumer during period t, at node k [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design supply temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw

k = 1 if there is an air/water heat pump at node k, 0 otherwise
Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas

e = 1 if device e needs natural gas to operate, 0 otherwise
Xtech

k = 1 if a device can be implemented at node k, 0 otherwise
Xnode

k,e = 1 if device e is implemented at node k, 0 otherwise
Xww

k = 1 if there is an water/water heat pump at node k, 0 otherwise
Y i,j,p = 1 if a connection exists between i and j for network p , 0 otherwise

Greek letters
�T heat Pinch at the heat-exchangers [K]
�T net ww Temperature di⇥erence of the water in the network if used as heat source in water/water heat pumps [K]
�boiler Thermal e⌅ciency of the boiler(s) [-]
�ele Electric e⌅ciency of device e [-]
�grid E⌅ciency of the grid [-]
�the Thermal e⌅ciency of device e [-]
⇥ Exergetic e⌅ciency [-]
⇤ Density [kg/m3]

Indices
k nodes
i, j connection from node i to node j
t time
e device
p network (to: from the plant to the building(s), ret: from the buildings back to the plant)

3

1 Symbols

Roman letters
An Annuities for a given investment [-]
Ai,j,p Area of the pipe between nodes i and j of network p [m2]
B Arbitrarily big value
Caw Investment costs for air/water heat pump(s) [CHF]
Cboiler Annual investment costs for the boiler(s) [CHF/year]
Cfix Fix part of the investment costs for a given device [CHF]
Cgas Total annual natural gas costs [CHF/year]
cgas Natural gas costs [CHF/kWh]
Cgrid Total annual grid costs [CHF/year]
cgrid Grid costs [CHF/kWh]
C inv Investment costs of a given device [CHF]
C inv

an Annual investment costs of a given device [CHF/year]
Cpipes Total annual costs for the piping [CHF/year]
Cprop Fix part of the investment costs for a given device [CHF/kW]
Cref Investment costs of a device chosen as reference [CHF]
Cww Investment costs for water/water heat pump(s) [CHF]
CO2

gas Total annual CO2 emissions due to the combustion of natural gas [kg/year]
co2

gas CO2 emissions due to the combustion of natural gas [kg/kWh]
CO2

grid Total annual CO2 emissions due to the consumption of electricity from the grid [kg/year]
co2

grid CO2 emissions due to the consumption of electricity from the grid [kg/kWh]
COPhp Coe⇤cient of performance of the central heat pump
COP aw

t,k Coe⇤cient of performance for the air/water heat pump during period t at node k [-]
COPww

t,k Coe⇤cient of performance for a water/water heat pump during period t at node k [-]
cp Isobaric specific heat [kJ/(K· kg)]
Disti,j Distance between nodes i and j [m]
Ht Number of hours in period t [hour]
Econs

t,k Electricity consumption during period t at node k [kW]
Eexp

t,e Eletricity exported to the grid during period t by device e [kW]
Egrid

t,k Electricity bought from the grid during period t by node k [kW]
Eaw

t,k Electricity consumed by the air/water heat pump during period t at node k [kW]
Eww

t,k Electricity consumed by the water/water heat pump during period t at node k [kW]
Eloss

t Electricity losses during period t [kW]
Epump

t Pumping power for the network during period t [kW]
Etech

t,k,e Electricity produced or consumed during period t at node k by device e [kW]
Fs Scaling factor [-]
Fm Maintenance factor [-]
Gast Natural gas consumption during period t [kg]
Lmin

e Minimum allowable part-load of device e [-]
Mbuild

t,k Water circulating during period t through the building at node k, to heat it up [kg/s]
Mpipe

t,i,j,p Water flowing during period t, from node i to node j, in network p [kg/s]
Mmax

i,j,p Maximum flow of water between nodes i and j, in network p, over all periods [kg/s]
M tech

t,k Water being heated up by the device(s) during period t, at node k [kg/s]
MT tech

t,k Water flowing through a device during period t at node k to be re-heated, times its temperature [(kg/s)K]
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t,i,j,p Water flowing during period t from node i to node j in the network p, times its temperature [(kg/s)K]

N Expected lifetime for a given investment [year]
Ploss Pressure losses in the pipes [Pa/m]
Qaw

t,k Heat delivered by the air/water heat pump during period t, at node k [kW]
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Qcons
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Qnet
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t,k Heat delivered by the network to the water/water heat pump during period t, at node k [kW]
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t,k,e Heat produced during period t, at node k, by device e [kW]
Qww

t,k Heat delivered by an water/water heat pump to the consumer at node k during period t [kW]
r Interest rate [-]
S Design size of a given device [kW]
Saw
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k Design size of the boiler at node k [kW]
Snom

e Design size of a device [kW]
Sref Size of a device chosen as reference [kW]
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T atm Atmospheric temperature [K]
T cold Temperature of the heat source for heat pumps [K]
T cond Temperature at the condenser of a heat pump [K]
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t,k Temperature at which the heat is required by the consumer during period t, at node k [K]
T hot Temperature of the heat sink for heat pumps [K]
T net Design supply temperature of the network [K]
v Velocity of the water through the pipes [m/s]
X = 1 if a device exists, 0 otherwise
Xaw
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Xboiler

k = 1 if there is a boiler at node k, 0 otherwise
Xgas
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MILP process integration model @node k

Water: mii, 
Tin, hin

return : moo, 
Tout, hout

Water: mio, 
Tin, hin

return : moi, 
Tin, hin

Technologies w, @node k period s and time t(s)
Demand  @node k, period s and time t(s)

Storage tank
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...

Tst,...

 Storage tank
l

Tst,l

 ...

Tst,...

 Storage tank
nl

Tst,nl

HEX h2(t) HEX h..(t) HEX hl(t) HEX hnl-1(t)

heat demand heat demand heat demand heat demand

heat excess

HEX c1(t)

heat excess

HEX c2(t)

heat excess

HEX c..(t)

heat excess

HEX cl(t)

heat excess

HEX cnl-1(t)

Units for heat integration

HL HL HL HL HL HL

HEX:  Heat exchangers
HL: Heat losses

Storage system

  S. Fazlollahi, G. Becker and F. Maréchal. Multi-Objectives, Mul.-Period Optimization of district energy systems: II-                    
Daily thermal storage, in Computers & Chemical Engineering, 2013a  

Buildings inertia

Heat echange by heat 
cascade model
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Fuel-Cell GT

Domestic 
Hot water tanks

Heat pump/HVACElectrical gridNatural gas grid

Buildings 
Small industries

Virtual power plant Operation 53

Smart Optimal Predictive Control Management Box
Price

T ambient

Comfort 
T/Air 

People 
Light

T storage

Batteries

PV

Solar panels

Heating/Cooling 
tanks

Reserve

Cons. profiles

Big Data grid

Water grid

Meteo

Smart info (WIFI-GPS-GSM)

T storage
Mass

Waste Water Grid
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Smart predictive control management box 54

Optimization 

Problem

Resolution

MANAGEMENT

UNIT

MILP PROBLEM DESCRIPTION 

(AMPL )

Optimization Problem 

data set -up

Predicted

data

Previous 

states

.mods .dats

u sh*u vlv*u b*u cg*

System System

parameter

values

System Model

Prediction

Actual 

State  data

OPTIMIZATION (CPLEX )

States database

(Current state & previous states )

(House structure - Matlab )

Data acquisition

and database

Tariff info

T dhw

T sh

T ext

T in

Equations &  
constraints

Collazos et al., Computers and Chemical Eng. 2009

Grid connexion
Sensors

Set point strategy
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High electrcity cost during the afternoon 
Storage tank = 200 m3

Low cost cost during the afternoon 
Storage tank = 200 m3

Heating : 72315 kWh 
Electricity : 77897 kWhe 

Electricity in : 99596 kWhe 
Electricity out : 8710 kWhe 

Low price period 
Electricity in : 19345 kWhe

Electricity out : 5650 kWhe 
Electricity bought : 62894 kWhe 

Low price period 
Electricity out : 4407 kWhe 
Electricity in : 1269 kWhe 
Balance : -3138 kWhe

Storage :  22480 kWhe/day 
10 hours of operation

Process integration : do not use batteries 55

CHP : 2000 kWe 
Heat pump : 2000 kWe 
Storage 200 m3

Mean heating power = 3000 kW

Storage filling at night

Empty storage tanks before cheap elec price

Fill storage tanks during cheap elec price
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Electro Thermal Storage (ETES - ABB) 56

Thermal engine
Heat pump

140 bar

25-30 bar

25-120 °C

Round-trip  eff.: 60%

Morandin, Matteo, François Maréchal, Mehmet Mercangöz, and Florian Buchter. “Conceptual Design of a Thermo-Electrical Energy Storage System Based 
on Heat Integration of Thermodynamic Cycles – Part B: Alternative System Configurations.” Energy 45, no. 1 (September 2012): 386–396..

Hot Water Storage 
Transcritical CO2 cycles
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ETES & district heating/cooling 57

District heating supply
Solar Heat
Waste heat

Round-trip  eff.: 60% 
Waste heat : 40 %

Heat from the environment

CO2 network CO2 network

Heat to the environment

District cooling supply
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Long term electricity storage by converting electricity to fuel 58

⌘c =
�CH4�LHV

�E+
= 85%

WOOD Natural Gas CO2 (pure)

+ 4 H2 + CH4 - CO2

Electricity form the grid 
max 0.50kWe/kWSNG

Storage as transportation fuel

Gassner, M., and F. Maréchal. Energy 33, no. 2 (2008) 189–198.

+ 2 H2O

+ 2 O2

CO2 H2O

SUN

NUTRIENTS

TREES

Carbon source

�E+ + 4H2O

Power to gas concept

1.33 kW

1.0-1.5 kW



IPESE

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

• H2 electrolysis integrated in SNG process 
– CO2 emissions are negative (wood carbon neutral, CO2 is captured) 

• CH4 conversion NGCC (CO2 = 0 because C biogenic)  

• Roundtrip efficiency 

• Long term storage on the gas grid !

Round trip efficiency of electrcity storage 59

⌘d =
E�

CH4+LHV

= 60%

⌘ =
E�

E+
= 50%

⌘c =
�CH4�LHV

�E+
= 85%
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• Hybrid gas turbine SOFC combined cycle 

• Round trip with long term storage on gas 
grid and decentralised production

If Electricity production efficiency increases 60

Facchinetti, Emanuele, Daniel Favrat, and François Marechal. “Innovative Hybrid Cycle Solid Oxide Fuel Cell-

⌘d =
E�

CH4+LHV

= 80%

⌘ =
E�

E+
= 68%

80%

12%100%

A battery is 80%
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Multi-objective optimisation : application to a canton 61
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78

Mul4Vobjec4ve'op4miza4on'results'

14th"February"2013"" PhD"Thesis"Defense"" "S."Fazlollahi "64"

Reference"case:"
Decentralized"boilers"

Scenario"2:"
Local"networks"

Scenario"3:"
Global"networks"

Scenario"4"

2;Centeralized/decentralized""
""""technologies"

3;Opera.ng"strategy"

4;Local"resources"

5;Waste"heat"recovery"

•  Trade;off"between"
3"objec.ves""

1;Size"the"system"

* 3 Objectives optimisation
* Scenarios generation

450,000 Population   
246 km2  
60,000 buildings 
4637 GWh/year space heating 
954 GWh/year  hot water 
870 GWh/year  electricity 
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L: 48.3 b - V: 47.3 b 

CO2 : 48 b
Hvap = 180 kJ/kg
T = 15°C -13 °C

Liq :0.8 kg/l
Vap:0.15 kg/l

Central plant
Pressure regulation

Exchange with the environment
User:

Air Conditioning

User:
Space Heating

Cross section = Cross section water/4

418  E. I. Al-musleh et al. 

volume of liquid hydrogen is comparable to the Methane-cycle storage volume, the 
Methane-cycle is associated with higher storage efficiency of almost 55 % relative to 
liquid hydrogen storage efficiency of ~33%.  Compressed methane was also 
investigated as an alternative mean of storage for the Methane-cycle. For this case the 
methane gas storage volume (at 205 bar and 31 °C) was found to be higher than 
methane liquid volume  by a factor of ~ 3.6.�����

 
Figure 1 Methane-cycle 
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41 bar 

Electricity  

Inactive Active Tank Filling Tank emptying 

Liquid CO2 

  -46 °C  
  10 bar 

Liquid CH4 
-172 °C 
  2 bar 

Gaseous CH4 

      Gaseous  
      CO2   H2O   and  unconverted CO  and   H2  
 

Electricity  

Depleted  
    air 

Liquid CO2  (a) Storage mode 

(b) Delivery mode 

  Recycle  
H2   CO   CO2 

  Recycle  
H2   CO   CO2 

      Gaseous  
      CO2   H2O   and  unconverted CO  and   H2  
 

SOFC-GT

SUN to Fuel
Solid Oxide co-electrolysis

Roundtrip = 55 %

Integrating Renewable energy : Seasonal storage !

Liquid CH4

Liquid CH4Liquid CO2

Liquid CO2

Charging : Summer

Discharging : Winter

Using waste heat for heating/cooling purposes Al-musleh et. al, Computer Aided Chemical Engineering, 2013.

Land m2 constrains

Grids & process intensification

7 PNEUMATIC HYBRID POWERTRAIN

7 Pneumatic hybrid powertrain

This chapter presents the validation of the thermal powertrain underlying the pneumatic hybrid.
The test is conducted for a Peugeot 308 (Figure 7.1) with a 1.2 liter gasoline engine on the New
European Driving Cycle.

Figure 7.1 Peugeot 308.

7.1 Powertrain characteristics

The main powertrain model parameters are given in Table 7.1.

Table 7.1 Peugeot 308 model characteristics.

Vehicle
Nominal mass [kg] 1075
Wheel diameter [m] 0.406
Rolling friction coe�cient cr [-] 0.015
Bearing friction coe�cient µ [-] 0.002
Aerodynamic coe�cient Scx = Ca ·A [m2] 0.65

Gearbox

Number of gears [-] 5
E�ciency [-] 0.94
Final drive1 [-] 4.05
Ratio 1 [-] 3.02
Ratio 2 [-] 1.6
Ratio 3 [-] 1.13
Ratio 4 [-] 0.86
Ratio 5 [-] 0.68

Engine

Displacement [l] 1.2
Number of cylinders [-] 3
Rated power [kW] 60
Maximum speed [RPM] 6000
Maximum torque [Nm] 120
Idle speed [RPM] 950
Idle fuel consumption [l/h] 0.33
Deceleration Fuel Cut-O↵ yes

Fuel
Type Gasoline
Density [kg/l] 0.745
Lower heating value [MJ/kg] 42.7

55
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7 PNEUMATIC HYBRID POWERTRAIN

7 Pneumatic hybrid powertrain

This chapter presents the validation of the thermal powertrain underlying the pneumatic hybrid.
The test is conducted for a Peugeot 308 (Figure 7.1) with a 1.2 liter gasoline engine on the New
European Driving Cycle.

Figure 7.1 Peugeot 308.

7.1 Powertrain characteristics

The main powertrain model parameters are given in Table 7.1.

Table 7.1 Peugeot 308 model characteristics.

Vehicle
Nominal mass [kg] 1075
Wheel diameter [m] 0.406
Rolling friction coe�cient cr [-] 0.015
Bearing friction coe�cient µ [-] 0.002
Aerodynamic coe�cient Scx = Ca ·A [m2] 0.65

Gearbox

Number of gears [-] 5
E�ciency [-] 0.94
Final drive1 [-] 4.05
Ratio 1 [-] 3.02
Ratio 2 [-] 1.6
Ratio 3 [-] 1.13
Ratio 4 [-] 0.86
Ratio 5 [-] 0.68

Engine

Displacement [l] 1.2
Number of cylinders [-] 3
Rated power [kW] 60
Maximum speed [RPM] 6000
Maximum torque [Nm] 120
Idle speed [RPM] 950
Idle fuel consumption [l/h] 0.33
Deceleration Fuel Cut-O↵ yes

Fuel
Type Gasoline
Density [kg/l] 0.745
Lower heating value [MJ/kg] 42.7
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6 THERMAL ELECTRIC HYBRID POWERTRAIN

Table 6.1 Continued: Peugeot 508 SW model characteristics.

Fuel
Type Diesel
Density [kg/l] 0.84
Lower heating value [MJ/kg] 42.5

6.2 Driving cycle

The New European Driving Cycle is the current test cycle in Europe. All European lightweight
vehicles, both conventional and hybrid, are assessed on this cycle in terms of fuel consumption
and emissions. The cycle, illustrated in Figure 6.2, is composed of four repetitions of an urban
cyle (UDC) and one extra-urban cycle (EUDC). Basic characteristics of the cycle are given in
Table 6.2.
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Figure 6.2 New European Driving Cycle.

Table 6.2 NEDC characteristics.

Distance [m] Duration [s] Average speed [km/h] Repeats [-]

UDC 1’017 195 18.54 4
EUDC 6’956 400 62.22 1

Total cycle 11’023 1’180 32.26 -

6.3 Simulation results

The engine power and fuel consumption profiles are given in Figure 6.3. During deceleration
phases fuel injection is cut o↵, as is the case for modern engines. Figure 6.4a gives the fuel
consumption points relative to the engine consumption point. The NEDC does clearly not pose
much di�culty for the 2.2 liter engine in terms of load as the consumption points are scattered
in the lower left quadrant. However this zone is not near the region of higher e�ciency.

Table 6.3 compares the simulated emissions result with that of the real vehicle. With an
error of less than 2%, the thermal powertrain model is deemed su�ciently precise.
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Collaboration with PSA Driving cycle

5 PNEUMATIC HYBRID

Driving cycle
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ṁfuel

Air tank
Energy balance

Heat transfer model
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Figure 5.9 Pneumatic hybrid powertrain model flowchart.
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4 THERMAL ELECTRIC HYBRID

DT

C1

G

PSD

C2
ICE

FT

M
⇠PE

BT

SC

Figure 4.3 Parallel thermal electric hybrid powertrain: BT : Battery pack; C1: Primary clutch; C2:
Secondary clutch; D: Di↵erential; FT : Fuel tank; G: Alternator; ICE: Internal combustion engine;
M : Electric motor; PE: Power electronics; PSD: Power split device; SC: Supercapacitor pack; T :
Transmission.
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(b) Electric traction
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(c) Hybrid traction
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(d) Regenerative braking

Figure 4.4 Parallel hybrid powertrain operating modes.

27

• ICE -> Drive 
• Fuel cell 
• Batteries 
• El Motor 
• Pneumatic storage 
• Transmission line 
• HVAC 
• Energy conversion 
 => Size & Weight & Cost

Operation strategy13 UTILITY INTEGRATION
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(a) Operating point: 2000 RPM and 2.2 bars.
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(b) Operating point: 2000 RPM and 2.2 bars.

Figure 13.2 Organic Rankine cycle integration. Text = 0 �C

where the Ė+

E are the exergetic services of the engine hot streams. They can be computed for
a given hot source i using the fundamental equation:

Ė+

i =

Z ✓
1� Ta

Ti

◆
�Q̇+

i

where Ta is the ambient temperature and Ti the temperature of the hot source. Since the specific
heat of all hot streams is assumed to be constant, the integral can be removed by approximating
Ti by the logarithmic temperature di↵erence:

TLTD =
Tin � Tout

ln
Tin

Tout

The energetic and exergetic e�ciency values of the maps, with values between 9 and 12 % and
30 and 40 % respectively are similar to results found in [10].

13.2 Refrigeration cycle

For the case where Text = 30 �C, a single refrigeration cycle is added as a cold utility to cool
the cabin to below ambient temperature. The cycle is composed of an evaporator, compressor,
condenser and an expansion valve (Figure 13.5a) and uses the following processes:

• 1 ! 2: Evaporation

• 2 ! 3: Compression

• 3 ! 3”: Isobaric cooling

• 3” ! 4: Condensation

• 4 ! 1: Expansion

The following assumptions are made:

• The working fluid is ammonia, same as the ORC.

• Compressor isentropic e�ciency is 80 %.

101

Waste Heat Recovery 
* ORC integration

Component set
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9 THERMAL ELECTRIC HYBRID MULTI-OBJECTIVE OPTIMIZATION RESULTS
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(a) Fuel emissions.
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(b) Total mass.
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(c) ICE displacement volume.
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(d) Electric motor rated power.
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(e) Battery size.
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(f) Number of supercapacitors.

Figure 9.1 Urban drive Pareto curves. Colorbar in thousands of Euros.
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- Decision variables 
- Component sizes 
- Control strategies 

- Evaluation 
- Driving cycles 
- Seasons
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Smart engineers/ Smart Businesses / Smart systems
65

Smart metering 
• Electricity consumptions 
• Heating/cooling 
• Renewable energy

Smart command 
• WIFI set points 
• Tracking 
• Distance management

Smart Control 
• Adaptative 
• Optimal 
• Fitted 
• Renewable energy 

integration 
• Demand side Management 

Price signals

Consumption profile

Power/Energy reserveSm
ar
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pt

im
al

 c
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Equipment 
• Heat pump 
• Cogeneration 
• PV 
• Batteries 
• Storage tanks 
• Thermal solar 
• HVAC 
• Refrigeration

Users 
• Power plants 
• Industry 
• Buildings 
• District systems 
• Storage

Building stocks/micro grids

Retrofit

Refurbishment

Sizing

Energy services

Services

Buildings Building complexes 
Small and medium industries District Heating

Renewable energy solutions

Smart engineers

Smart SystemsEfficiency

Design
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Global Issues
2014Energy transition for a household

Gas grid

CCGT

Electricity

Heat

Boiler

Natural Gas

7 l/100 km

27 kJ

9 kJ

53 kJ100

Electrical grid

Today’s consumption : 100 kJ of Natural Gaz



IPESE

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

The energy system for a household

One more Sustainable energy system

Tomorrow : Using wood and Renewable energy resources
Wood => Synthetic Natural Gas : 75% 
Natural gas => Electricity  (SOFC-GT): 80% 
Electrical cars :   11 kWh/100 km

-50%

2 ha of sustainable forest/family

700 $/cap

Wood/biowate
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The energy system for the household

• 31 kJ of renewable energy replaces 100 kJ of fossil fuel 
• Decentralised & Centralised equipment 
• Cogeneration 
• Optimal management 
• Waste heat integration by district heating 

• Understand the process system integration 
• Technologies 
• Services
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• Integrate technologies 
– Model the interactions by mass and heat integration 
– Use of Multi-objective optimisation to generate the list of solutions 

•  Integrate services 
– Multi-services  

• fuel/heat/electricity/storage/waste treatment 
– Optimal management 

• Integrate knowledge 
– Reveals the inter-disciplinarity 

• Integrate the system 
– Waste heat valorisation 
– System boundaries extension 

• Integrate the renewable energy resources 
– Use of Biogenic carbon as an energy carrier/storage

Energy transition needs smart process systems engineers 69
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Smart Energy transition needs 

Smart Process system engineers ! 

Smart Process system engineers needs 

Methods to solve complex problems 

So that they are not complex anymore …

70


