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HOW DO WE SATISFY THE ENERGY NEEDS IN A BUILDING ?

Useful heat
“Good” Oil boiler

Oil

Losses

21 °C

CO2

1000 °C



ENERGY NEEDS OF A BUILDING

3.8
tons CO2 /year/100 m2

35 CHF/month/100 m2

170 
CHF/month/100 m2

Energy (Oil)
140 CHF/month/100 m2

in which 105 CHF/month/100 m2 

achat

Boiler
30 CHF/month/100 m2
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Life cycle assessment : emissions before the use 4

Natural gas Wood Gasoline Diesel

kg/Nm3 0.7 240 0.8 0.8

LHV MJ/kg 50 17.8 44.4 43.4

GJ/Nm3 0.0359 5.3-9.6 35.5 34.7

CO2 g CO2/MJ 49.3 0 67 72

supply eq 
CO2 g CO2/MJ 11.6

1.4-1.8 
(production)
0.19 (20 MW)
-1.1(320 MW)
1.6 - 2.9

16.7 13.4

g CO2/MJ 60.9 1.6-2.9 83.7 85.4

19% - 20% 16%

Cost cts/kWh 10 3 - 7.5 18.6 19.2

industry cts/kWh 3.4

15 to 40% of the CO2 emissions have been made to prepare the fossil fuels
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▪ Importance of the life cycle


• Extraction


• Conditioning


• Transport


• Refining


• Distribution


• Combustion

Environmental impact of the use of combustion 5
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CO2 eq : is a measure of the global warming potential of the emissions over the overall conversion chain up to combustion. The global warming potential is considering not only the CO2 emissions but 
also other emissions like CH4 (that has a GWP of 20 CO2 eq), NOx and other gases in the complete life cycle chain.
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Shale gas vs coal for heat production 6

64 

 

 

 20 years 100 years 

 Shale gas Coal Shale gas Coal 

Mean 147 115 89 104 

Median 143 115 88 104 

Standard deviation 29 2 10 0 

Percentile 95% 105–200 112–118 75–107 103–104 

Percentile 99% 95–224 112–118 71–115 103–105 

Percentile 97.5% 100–212 112–118 73–111 103–104 

Range 79–276 112–118 66–133 103–105 

Table 16 Main statistical features of the distributions. All the values are expressed in [g CO2e/MJ] 

Figure 23 GHG emissions of the different phases of shale gas and coal life cycles over 20 and 100 year 

timeframes illustrates GHG emissions related the different phases of shale gas and coal life cycles 

over both the 20 and 100 year timeframes, while Table 17 provides the numeric values. All values are 

expressed in terms of g CO2e/MJ. For coal, no distinction has been done between fixed and non-fixed 

GHG emissions related to the preproduction phase and emissions related to extraction and 

processing phases are included with in emissions related to the preproduction phase.  

 

Figure 23 GHG emissions of the different phases of shale gas and coal life cycles over 20 and 100 year timeframes 

Over the 20 year timeframe, combustion emissions represent, with 56 g CO2e/MJ, only a relatively 

small amount of the 147 g CO2e/MJ life cycle emissions (Table 17). Even though being in absolute 

identical over the 100 year timeframe, combustion emissions appear proportionally much larger in 

comparison to the 89 g CO2e/MJ life cycle emissions. Shale gas GHG emissions related to other 

phases are very important over the 20 year timeframe and represent 92 g CO2e/MJ, while over a 100 

year timeframe, such emissions are less important and represent 33 g CO2e/MJ. In the case of coal, 
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Uncertainty in the evaluation of the impact 7

   

 
 69 

 

results for both timeframes considered. Over the 100 year timeframe, results of Jiang et al. 2011 are 
between the values presented in Hultman et al. 2011 and Burnham et al. 2011 and are located at the 
low end of the probability distribution function. Finally, results of Howarth et al. 2011 are much 
larger than the results of all other studies considered and sensibly higher than the mean of the 
Monte Carlo results over both timeframes considered. Results of Howarth et al. 2011 are located in 
the higher part of the probability distribution functions.  

 

Figure 27 Comparison with other studies considering heat production 

When considering electricity generation, the results are totally different (Figure 28). However, 
changes observed in the relative positions of the studies are only related to the difference in 
conversion efficiencies considered in these studies. Due to the high efficiencies considered in this 
study in the Monte Carlo simulation, GHG emissions calculated in this study are enhanced in 
comparison to other studies. 

 

Figure 28 Comparison with other studies considering electricity generation 
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▪ Efficiency of conversion

▪ Natural gas : 60%

▪ Coal : 38%

Shale gas vs coal for electricity production 8
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for heat production, the larger variability observed among shale gas GHG emissions in comparison to 
coal ones is due to fact that in the estimation of shale gas GHG emissions, more variable parameters 
are involved than it is the case for coal. Indeed, while 9 variable parameters are involved in the 
Monte Carlo simulation in the estimation of shale gas GHG emissions, only two are considered for 
coal. Figure 26 illustrates GHG emissions of the different phases of shale gas and coal life cycles over 
the 20 and 100 year timeframes, while the numeric values are available in Annex 8. All values are 
expressed in terms of g CO2e/kWh. For coal, no distinction has been done between fixed and non-
fixed GHG emissions related to the preproduction phase. Moreover emissions related to extraction 
and processing phases are in the case of coal included in the emissions related to the preproduction 
phase.  

 

Figure 26 GHG emissions of the different phases of shale gas and coal life cycles 

Over the 20 year timeframe, shale gas combustion emissions represent with 325 g CO2e/kWh only a 
relatively small part of the life cycle emissions of 852 g CO2e/kWh. Similarly than for heat production, 
shale gas GHG emissions related to the other phases are very important over a 20 year timeframe 
and represent 527 g CO2e/kWh. Over the 100 year timeframe, emissions related to other phases 
represent 194 g CO2e/kWh. In the case of coal, GHG emissions related to the combustion phase 
represent 721 g CO2e/kWh. While shale gas GHG emissions relatively to coal are changed when 
expressed in kWh of electricity produced because of the conversion efficiency factors involved, the 
relative contribution of the different phases in the life cycle emissions is strictly identical to the one 
observed for heat production. The efficiency conversion rates considered are indeed applied similarly 
to GHG emissions related to all life cycle phases. It appears clearly that fugitive methane emissions 
occurring during the different phases play an important role in the life cycle shale gas GHG emissions, 
both in the case of heat production than of electricity generation. Due to the shorter residence time 
of methane into the atmosphere in comparison to CO2, such observation is even truer when a 20 
year timeframe is considered. Reducing the amount of fugitive methane emissions occurring during 
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▪ Measure 1

▪ Flaring of off gases


▪ Measure 2

▪ Green completion : send back


▪ Measure 3

▪ Tracking fugitive emissions

LCA shows actions to mitigate emissions 9

76 
 

It appears clearly that potential mitigation measures can reduce shale gas life cycle GHG emissions to 
a large extent. The effect is more visible over a 20 year timeframe but still perceptible on the 100 
year timeframe. The use of such mitigation measures, such as green completion should therefore be 
adopted in the case of shale gas extraction in Poland.  

 

Figure 32 Shale gas life cycle GHG emissions according to different potential mitigation measures over the 20 year 
timeframe 

 

Figure 33 hale gas life cycle GHG emissions according to different potential mitigation measures over the 100 year 
timeframe 
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RENOVATING BUILDINGS

3.8
tons CO2 /year/100 m2

35 CHF/month/100 m2
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LCA of insulating materials 11

cellulose, and hemp fibers. Wood fiber as insulation is already used in
Switzerland, but not to a large extent (Jakob et al., 2016). Since only a
small amount of waste paper in Switzerland is currently used for in-
sulation material production (Haupt et al., 2017a), a large additional
potential exists for the usage of cellulose fibers. Hemp fiber insulation
was chosen due to its good hygrothermal and environmental perfor-
mance (Kymäläinen and Sjöberg, 2008; Zampori et al., 2013). Ad-
ditionally, hemp can be grown in moderate climates in contrast to other
renewable insulation materials such as cotton stalks or pineapple leaves
(Asdrubali et al., 2015). Foam glass was used to cover basement in-
sulation demand, as the higher humidity levels prevent the use of in-
sulation from renewable materials.

To estimate the shares of the different materials, the following as-
sumptions were made (see chapter 2.2 in SI 1 for more detailed in-
formation):

• Replacement of 25 % of the oil-based insulation materials with
hemp. The calculated agricultural area to cover the hemp demand
for insulation material would equal 0.4 % of the total agricultural
area of Switzerland.• The remaining demand was split in equal parts between wood and
cellulose. The amount of available waste wood for wood fiber in-
sulation was calculated using the study done by Erni et al. (2017)
under the assumption that waste wood is independent of the forest
area as it often comes from imported products. For the development
of available cellulose fibers, the low municipal solid waste scenario
for waste paper amounts from Meylan et al. (2018) was used. These
estimations resulted in the finding that wood and cellulose would be
able to cover the required demand (Tables S3–S6 in SI 1).

The global warming potential factors from Guest et al. (2013) were
used to account for the amount of biogenic carbon stored in the in-
sulation. It was assumed that wood was first used as furniture (40
years), afterwards as insulation material (40 years), and finally in-
cinerated for energy recovery. Hemp was assumed to be solely used for
insulation. For cellulose fibers, the time in the system as paper was 3.8
years followed by the use as insulation material (Guest et al., 2013). An
average life span of 40 years for insulation materials was assumed
(Saadatian et al., 2016). To avoid double counting, the benefits of
carbon stored during the first use (i.e. paper or furniture) were de-
ducted from the total climate benefits of sequestered carbon for the
respective material.

Stone wool and glass wool were assumed to be recycled to the same
extent as in the increased recycling scenario.

3.2.3. Assumptions for ‘optimized’ scenario
We determined the use of oil-based materials to be environmentally

favorable compared to the use of foam-glass. Furthermore, foam-glass
has a higher density and a higher thermal conductivity, resulting in a
larger mass of material required to achieve the same insulation per-
formance as oil-based materials. In the third scenario, therefore, oil-
based materials were used in basements to ensure moisture protection,
whereas renewable materials were used to replace oil-based insulation
everywhere else. These oil-based materials and the mineral wools were
assumed to be recycled to the same extent as in the increased recycling
rate scenario.

3.3. Phase 3: evaluation of suggested measures for impact mitigation

Based on the environmental assessment of the status quo and the
comparison with the scenarios, strategies for impact mitigation are
developed and discussed. A focus is laid on environmental aspects,
which are discussed in-depth. Economic and social aspects are quali-
tatively discussed (Section 5).

To test the robustness of the obtained results, the influence of in-
dividual parameters on the calculated environmental impacts was

determined by performing a sensitivity analysis on the following
parameters.

• To determine the marginal electricity mixes’ influence, calculations
were redone with a different electricity mix for all life cycle stages of
the insulation materials. For this electricity mix the marginal energy
source was assumed to be natural gas (Bundesamt für Energie, 2007;
Kirchner et al., 2012).• The model of the amounts of insulation material installed and de-
constructed takes into account many aspects such as population
growth and legally required increased thermal insulation use. The
calculations were repeated while taking into account a higher
building refurbishment rate in combination with increased thermal
insulation to lower heating greenhouse gas emissions in the use
phase of buildings. This results in an increase of insulation material
use (high turnover scenario in Heeren and Hellweg (2019)). The aim
of this sensitivity analysis was to evaluate the effect on the en-
vironmental impacts but also to determine whether the available
biomass or agricultural land in Switzerland is able to cover the in-
creased demand in the scenarios ‘increased use of renewable ma-
terials’ and ‘optimized’.

4. Results

4.1. Status quo assessment

In Fig. 2, the amounts of insulation material produced, installed,
deconstructed, and disposed in the year 2015 are shown. Residues and
contaminants are not displayed in this visualization. The complete MFA
can be found in SI 1, Fig. S2 Fig. 2.

The circularity of the current system is low, namely 1.5 %. Current
installation practice prevents deconstructed insulation material from
ending up in single material troughs, as insulation material is glued,
which hinders fast and residue-free separation. Even if material is col-
lected in single material troughs, recycling systems currently only exist
for EPS, stone wool, glass wool, and wood fiberboards. Additionally,
oil-based materials are legally required to be incinerated due to HBCD
contamination (UN Environment, 2017).

Fig. 3 visualizes the impacts on climate change for each material

Fig. 2. Material flows of thermal insulation materials, without contaminants or
residues, added to, and deconstructed from, Swiss residential buildings in 2015.

M. Wiprächtiger, et al. 5HVRXUFHV��&RQVHUYDWLRQ�	�5HF\FOLQJ������������������

�

Life cycle for the insulation materials 

M. Wiprächtiger, et al.  Resources, Conservation & Recycling 154 (2020) 104631 



RENOVATING BUILDINGS

2.0
tons CO2 /year/100 m2

35 CHF/month/100 m2



HOW DO WE SUPPLY HEAT TO A BUILDING
ASK THERMODYNAMICS

Nicolas Léonard Sadi CARNOT (F)
1796 - 1832

Electricity

Heat from the environment

Heat needs

21 °C

0 °C

1

1 units of electricity supplies 10 units of heat with 9 units of the environment

Ė = Q̇(1� Tcold

Thot
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HEAT PUMP INTEGRATION IN A 
BUILDING

Electrical grid



The potential impacts of electricity generation
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10.06.2020

EU electricity mix

16

Current electricity mix

Renewable electricity mix
vs

Coal Oil Gas Nuclear Wind Solar Hydro Geothermal Biomass Other 
fossils

Other 
renewables

17% 0.7% 21% 29% 14% 4.4% 9.4% 0.2% 3.8% 0.3% 0.2%
772* 32* 953* 1317* 636* 200* 423* 9* 173* 14* 9*

WInd onshore Wind offshore Solar Hydro run-of-river

51% 4% 17% 28%
2547* 200* 849* 1398*

Total yearly electricity generation with deep electrification: 4540 TWh (current mix) and 4994 (renewable mix)  

* Values in TWh

* Values in TWh

Deep electrification



Wind Hydro Coal Nuclear

The relative importance of the Infrastructure
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• Energy Penalty

– Compression 


• 2% (LHV)

– Capture :


• 4-7% (LHV)

– Total


• 6 à 9% (LHV)

• Investment


– + 30%

CO2 Capture 18

TECHNOLOGIE NEUE KRAFTWERKE
TECHNOLOGIE NOUVELLES CENTRALES

Bulletin 11 / 2013 1

La capture de CO2 dans les centrales 
électriques
Réduction des émissions de CO2 par CCS ?

La capture et le stockage du CO2 est considéré comme 
une alternative prometteuse pour atteindre les objectifs 
de réduction des émissions de carbone de la production 
d’électricité. En appliquant une stratégie d’optimisation 
thermo-environomique, le bénéfice environnemental et 
les coûts énergétiques et économiques sont évalués de 
manière systématique pour comparer les différentes 
options technologiques. L’importance de l’intégration 
énergétique et son impact sur l’efficacité et le prix de 
revient de l’électricité sont mis en évidence pour identi-
fier les meilleurs procédés.

Laurence Tock, François Maréchal

Face aux enjeux de la réduction des 
émissions de gaz à effet de serre (GES) 
et de l’approvisionnement durable en 
énergie, la capture et le stockage du 
CO2 (CCS, Carbon Capture and Sto-
rage) est l’une des mesures phares qui 
pourrait contribuer à réduire de 20 % 
les émissions de GES afin de maintenir 
le réchauffement climatique en dessous 
de l’objectif de 2 °C [1]. Dans la perspec-
tive du virage énergétique amorcé par 
la Suisse, la capture et la séquestration 
du CO2 dans la production d’électricité 
fait par ailleurs partie des mesures 
requises.

Afin d’évaluer la compétitivité du CCS 
et d’apporter une aide à la prise de déci-
sion, une approche systématique pour 
l’analyse et la conception de procédés est 
développée et appliquée au sein du 
groupe de recherche « Industrial Process 
and Energy Systems Engineering » de 
l’École Polytechnique Fédérale de Lau-
sanne (EPFL).

Capture et stockage du CO2
Dans un procédé industriel, le cap-

tage-stockage du CO2 se résume en trois 
étapes :

 ■ la capture consistant en la séparation 
du CO2 du gaz résiduel ;

 ■ le transport par bateau ou gazoduc 
jusqu’au lieu de stockage (compression à 
110  bar) ;

 ■ le stockage à long terme dans des for-
mations géologiques (par exemple réser-

voirs de pétrole ou de gaz naturel épui-
sés, aquifères salins) [2].

Pour l’étape de capture, trois concepts 
différents peuvent être envisagés :

 ■ Lors de la postcombustion le CO2 est 
séparé des fumées (N2 et H2O) en aval de 
la combustion (figure 1a).

 ■ L’oxycombustion consiste à utiliser 
l’O2 pur, au lieu de l’air, comme oxy-
dant pour la combustion. Les gaz de 
combustion ne contiennent alors pas 
d’azote et le CO2 peut être séparé sim-
plement par condensation de l’eau 
(figure 1b).

 ■ Dans la précombustion, le combus-
tible est d’abord converti en gaz de syn-
thèse, mélange de CO et H2, soit par 
reformage du gaz naturel soit par gazéi-
fication de la biomasse ou du charbon. 
Le gaz de synthèse réagit ensuite avec 
de l’eau par la réaction de shift (WGS) 
pour générer du CO2 et de l’H2. Après 
séparation du CO2, l’H2 peut être brûlé 
dans une turbine ou être utilisé dans 
une pile à combustible pour produire 
de l’électricité (figure 1c).

Différentes technologies telles que 
l’absorption chimique ou physique  
(encadré), l’adsorption ou les procédés 
membranaires [3] peuvent être utilisées 
pour séparer le CO2 des autres substances 
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Figure 1 Concepts de la capture de CO2 : a) postcombustion ; b) oxycombustion ; c) précombustion.
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➢ Configurations (380MWth,BM)

● Without/with CO2 capture (compression to 110bar)

● H2 process with Ė import or self-sufficient or Ė generation

Electricity production with CO2 capture from biomass
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◆ CO2 capture energy and cost penalty

➢ Different process configurations


● Natural gas fed processes 90% CO2 capture, biomass 60% 
capture


➢ Competition between post- and pre-combustion

CO2 capture options comparison

Economic scenario base: 9.7$/GJres, 7500h/y, 25y, 6%ir 

NGCC
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◆ CO2 capture environmental performance

● IPCC 07: Global warming potential  (FU=1GJe)

CO2 capture options comparison

➢ Major contributions

• Resource extraction

• Uncaptured CO2


➢ Biomass fed process

• Benefit of capturing 

biogenic CO2 !

GWP ↘

by CO2 capture
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◆ Most economically competitive process configurations

Decision-making

➢ CO2 capture penalty

• Efficiency ↘: 6-10%-pts                       (CO2 

compression ~2%-pts)

• COE ↗: 20-25%


➢ Best performing process

• Efficiency: Nat gas. pre-comb.

• Economic: Nat gas. post-comb.


• Environmental: Biomass pre-comb.


➢ Competition between processes      
	 and objectives!

System NGCC Post-comb ATR BM

Performance no CC MEA Selexol Selexol

Feed [MWth] 559 582 725 380

CO2 capture [%] 0 82.9 78.6 69.9

εtot [%] 58.75 50.6 53.5 35.4

Net electricity [MWe] 328 295 383 135

 [kgCO2, local/GJe] 105 13.9 22.2 -198.1

COE incl. tax[$/GJe] 18.2-28.8 9-40 12.8-42 15-69
Avoid. Costs incl.  tax [$/
tCO2,avoided] - -63-121 -49-127 0-253



HEAT PUMP INTEGRATION IN A 
BUILDING

PV costs projections

http://www.toitsolaire.ch



Energy return on energy invested

(Bhandari, et.a.. (2015).. Renewable and Sustainable Energy Reviews, 47 133-141)

« variation in embedded energy was greater than the variation in efficiency …
suggesting that the relative ranking of the EPBT of different PV technology today and in 
the future depends primarily on the embedded energy and not the efficiency »

EROI =
Electricity produced

Energy for panel production



Energy pay-back time of Photovoltaics systems (meta-analysis)

(Bhandari, K. P., Collier, J. M., Ellingson, R. J., & Apul, D. S. (2015). Energy payback time (EPBT) and 
energy return on energy invested (EROI) of solar photovoltaic systems: A systematic review and meta-
analysis. Renewable and Sustainable Energy Reviews, 47 133-141.)

Photovoltaic pannel  
(# studies) 

Median (years) Standard deviation

Mono-SI (9) 4.1 2.0

Poly-SI (10) 3.1 1.3

a:SI (5) 2.3 0.7

CIGS (4) 1.7 0.7

CdTe (7) 1.0 0.4



PV efficiency 

(Bhandari, et.a.. (2015).. Renewable and Sustainable Energy Reviews, 47 133-141)



Energy pay back period (years)

(Ibn-Mohammed et al. 2017. Perovskite solar cells: An integrated hybrid lifecycle assessment and review in 
comparison with other photovoltaic technologies. Renewable and Sustainable Energy Reviews. 1321-1344.)



(Muteri et al. 2020. Review on Life Cycle Assessment 
of Solar Photovolaic Panels. Energies, 13, 252-?)

Comparison of Environmental impacts indicators for different solar cells



Medium term material criticality in (U.S. Dep of Energy)

(U.S. Dep of Energy. 2011. Critical Material Strategy)

Innovation is needed in the long term to contribute reducing the quantity of critical 

metals used in energy technologies
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FROM FOSSIL FUEL TO RENEWABLES

163
CHF/month/100 m2

Energy :               50 CHF/month/100 m2

Investment  :       113 CHF/month/100 m2

170 
CHF/month/100 m2

Energy :          140 CHF/month/100 m2

Investment :          30 CHF/month/100 m2

3.8
tons CO2 /year/100 m2

0.18-0.07*
tons CO2 /year/100 m2

0.4-0.3*
m2PV/m2

*renovation
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Energy services to buildings 32
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Dynamic LCA - real time emissions 

33
Motivation

26th January 2020 12:00


GWP100a associated to 
electricity generation

Dynamic LCA
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Dynamic LCA - effect of exchanges

34
Motivation

26th January 2020 12:00


GWP100a associated to 
electricity consumption

Dynamic LCA

-15%

+4%

-10%

+450%

+25%

+100%



10.06.2020

Predictions - data driven models

Data driven models
35

Motivation Predictions

Germany (April 2018)  - Random Forest regressor

Trained over 17,322 data

split in train and test sets

R2 train: 0.996

R2 test: 0.943

Reproduced trend:

R2 method: 0.989

R2 forecast: 0.931

Dynamic LCA
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Integrating biomass in district systems



©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

Systematic method for process system design options

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

Note : 1.5 years of calculation time !

Process superstructure

Systematic generation

Comparing options2C(H2O) -> CH4 + CO2
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Using optimisation to extract solutions

38

General method

LCI elements

evolutionary, multi-objective
optimization algorithm

(MINLP master problem)

energy integration
(MILP slave sub-problem)
Process integration software

energy- and material-
!ow models superstructure

Flowsheeting software

economic model

LENI-Osmose

state variables

state variables state variables

performances

decisions variables
(thermo-dynamic targets)

decisions variables
(thermo-dynamic targets)

1

2

4

3

1. Introduction  2. LCA integration  3. Impact assessment  4. Multi-criteria  5. Larger-scale systems  6. Conclusions

Gerber, Léda, Martin Gassner, and François Maréchal. “Systematic Integration of LCA in Process Systems Design: Application to Combined Fuel and Electricity Production from Lignocellulosic Biomass.” Computers 
& Chemical Engineering 35, no. 7 (December 9, 2010): 1265–1280. http://linkinghub.elsevier.com/retrieve/pii/S0098135410003595.
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Thermo-economic optimisation

min
Xstate

CT (Xstate)

Subject to F (Xstate) = 0 Flowsheet model
S(Xstate) = 0 Context specifications
G(Xstate) � 0 Inequality constraints

Xstate = {Xflows, XParameters, Ydecision} Ydecision�{Y es(1), No(0)}

DOF of the system = N_{state variables} - N_{Flowsheet model equations}

N_{Decision variables} = DOF - N_{Context specifications}

- Degree of freedom for which I do not have any rationale to fix the value
- I only know the possible range
- I would like to fix the value of Xd so that it minimise an objective function

Xd,min  Xd  Xd,max

Yd, Xd is a subset of Xstate 

Yd, Xd defines the process configuration from the superstructure 
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LENI Systems

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

E⇥ciency vs. investment:

62 63 64 65 66 67 68
900
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trade-o$: e!ciency vs.
investment (& complexity)

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

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

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

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

62 63 64 65 66 67 68
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trade-o$: e!ciency vs.
investment (& complexity)

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

input: 20 MW wood at 50% humidity (~4t/h dry)
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scale-up objective: minimisation of production costs
(incl. investment by depreciation)ε ~ 62%

ε ~ 66%

ε ~ 64%

ε ~ 68%

optimal con!gurations:
increasing e#ciency

discontinuities due to
capacity limitations of

equipment (diameter < 4 m)

     1
nb. of
gasi!ers:     2                  3                  4              5         ...
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CGR ¼ CGR;ref

 
Dh0bm _mþ

bm!
Dh0bm _mþ

bm

"
ref

!b

(14)

or, for the specific investment cost cGR [$ kW#1
bm] of eqn (7):

cGR ¼ cGR;ref

 
Dh0bm _mþ

bm!
Dh0bm _mþ

bm

"
ref

!ðb#1Þ

(15)

in which the subscript ref refers to the reference scale and the cost

exponent b is smaller unity. For chemical process equipment,

b typically ranges from 0.4 to 0.9 and average values between 0.6

and 0.7 are often assumed.33 However, the size of the process

units, and in particular vessels, is limited to manageable dimen-

sions. In our model, we allow for maximum diameters of 4 m and

3 m for vertical and horizontal vessels, respectively.5 Parallel

arrangement is therefore required at larger scales, which leads to

a linearisation of eqn (14).

Fig. 7 compares the scaling characteristics of two exemplary

process setups regressed either piecewise in the intervals [5; 20]

and [20; 200] MW or over its entire domain [5; 200] MW. For this

regression, the calculated investment cost at 5, 10, 20, 50, 100 and

200 MW and a unique cost exponent b for all configurations on

the Pareto-front of each technology scenario are considered. At

small plant scales, the lines for FICFB and CFB-O2 gasification

are nearly parallel in logarithmic coordinates and economies of

scale are significant. Not much above 20 MWth,bm, however, the

bulky vessels operated near atmospheric pressure reach their

limits and parallel processing in several units is necessary in case

of gasification at atmospheric pressure. As a consequence,

smaller economies of scale are realised at larger scale and

a piecewise regression with a flatter slope above 20 MWth,bm is

appropriate. This effect is much less pronounced in the config-

urations based on pressurised gasification since their process

units can be operated at higher capacity. Furthermore, Section

4.6.2 has shown that pressurised gasification matches better with

liquid absorption technology, for which more important econo-

mies of scale than with the inherently linearly scaling of PSA or

membrane separation can be obtained.

The overall cost exponents for the principal technology groups

reported in Table 7 confirm these trends. Similar to Fig. 7, they

have been obtained by regressing a unique cost exponent for all

Pareto-optimal configurations. Each process flowsheet is thereby

allowed for an individual specific reference cost cGR,ref at

20 MWth,bm that can be identified directly from Fig. 4–5 or the

optimal configurations discussed in the following section and

detailed in Table 9.

6 Optimal configurations with respect to scale

The last step of the conceptual process design consists in selecting

a specific flowsheet from the generated database of thermo-

economically optimal process configurations, which is typically

based on an economically rational criterion such as the overall

production costs for SNG or the obtained profit. This choice

obviously depends on the economic assumptions for investment

depreciation and plant operation defined in Table 2, and is

particularly sensitive to the raw material costs and product prices

in polygeneration applications where multiple competing energy

services can be produced or consumed. In addition, the selection

of the economic decision criterion to be applied is not trivial, and

Section 2.2.2 has shown that the most balanced choice is to

consider the maximum acceptable biomass cost to break even

Cbm,be (eqn (11)) since it considers the value of all products in an

identical way.

In order to highlight the influence of the energy price on the

selection of the best plant at a specific scale, the flowsheets that

allow for the maximum biomass break-even cost are chosen for

the three price scenarios outlined in Table 8. The relatively high,

green energy prices are considered as reference and compared to

a mid- and low-price scenario for which the economic value of

the energy vectors are decreased to 50 and 33%, respectively.

Fig. 7 Regression of the exponent b in the cost correlation of eqn (15)

for two exemplary process configurations.

Table 7 Regressed cost exponents for principal process configurations.
The coefficient of determination R2 is between 0.97 and 0.99 if individual
costs values at reference scale are allowed. The reference value of cGR,ref

in eqn (15) for a specific configuration is given directly in one of the Fig. 4
(a)–5(c)

Separation\gasification
range [MWth,bm]

FICFB CFB-O2 FICFB (press.)

[5; 20] [20; 200] [5; 20] [20; 200] [5; 20] [20; 200]

PSA 0.63 0.90 0.64 0.78 0.64 0.80
Physical absorption 0.60 0.89 0.58 0.73 0.58 0.76
Membranes 0.64 0.92 0.64 0.78 0.64 0.81

Table 8 Energy price scenarios and their comparison with the Swiss
market

Energy vector Unit

Price scenario CH-marketa

Green Mid Low 1999 2008/09

Electricity Cel $ MWh#1 180 90 60 90–135 80–160
Automotive
fuel & SNG

CSNG $ MWh#1 120 60 40 80–95 130–140

Industrial heat Cq $ MWh#1 80 40 26.6 20–35 40–65

a Including tax. Figures for 1999 are from Previdoli and Beck,60 2008/09
is approximate.

This journal is ª The Royal Society of Chemistry 2011 Energy Environ. Sci.
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LENI Systems

Some results
Cmparing technologies and processes

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

LENI Systems

Quelques résultats
Comparaison des technologies

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

� gaz. préssurisé à chau�age direct est la meilleure option� The best solution is the pressurised directly heated gasifier
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• Each point of the Pareto is a process design

8. Analysing the results 43

Martin Gassner , Ph D Thesis, EPFL, 2010
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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 44

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 45

(1)

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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Computational framework

46

General method

LCI elements

evolutionary, multi-objective
optimization algorithm

(MINLP master problem)

energy integration
(MILP slave sub-problem)
Process integration software

energy- and material-
!ow models superstructure

Flowsheeting software

economic model

LENI-Osmose

state variables

state variables state variables

performances

decisions variables
(thermo-dynamic targets)

decisions variables
(thermo-dynamic targets)

1

2

4

LCA model

LCI database - ecoinvent®

3

1. Introduction  2. LCA integration  3. Impact assessment  4. Multi-criteria  5. Larger-scale systems  6. Conclusions

Gerber, Léda, Martin Gassner, and François Maréchal. “Systematic Integration of LCA in Process Systems Design: Application to Combined Fuel and Electricity Production from 
Lignocellulosic Biomass.” Computers & Chemical Engineering 35, no. 7 (December 9, 2010): 1265–1280. http://linkinghub.elsevier.com/retrieve/pii/S0098135410003595.



LCA in Osmose
• 3 elements type can be declared in the LCI:

Components
Unit 

processes
Elementary 

flows

Definition corresponds to a piece 
of process equipment

contains the cumulated 
life cycle inventory 

emissions and 
extractions 

a single emission (or 
extraction) generated 

by the model

Database 
equivalence

in the «components» 
database, listed in 

EnergyTechnologies 
documentation

in the «unit processes» 
category

in the «elementary 
flows» category

In multi-model: pay attention to the risk of double-counting (ex: 
electricity balance) or intermediate flows (ex: logistics) 

47
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EmFU
j,i = emi · V FU

j (xd)

Guidelines for LCA model

48

LCA model 
completed,
linked with

process design
and scale

Goal and scope de!nition Identi!cation of LCI "ows
- material and energy !ows 
- process equipment

Quanti!cation of LCI "ows
- link with process design 
  and scale

Impact assessment (LCIA)
- selection of appropriate
  environmental indicators

De!ne objectives

De!ne functional unit

De!ne system limits

Do literature review

Find equivalences of unit 
processes in ecoinvent

Write LCA function with 
necessary data to calculate LCI

Write impact functions for 
types of process equipment

Extend model with necessary 
parameters, if required

Identify driving parameters of 
design & scale for each "ow

Select impact assessment 
methods from ecoinvent

Thermo-
environomic

model

Identify at which step LCI 
"ows occur and their function

Life Cycle Inventory Impact assessmentGoal and scope

Interpretation

FUtot = ˙FU(xd) · tyr · ro

8i = 1...ni : EmFU
i =

njX

j=1

EmFU
j,i

[
F1,1 ... F1,ni

... ... ...
Fnl,1 ... Fnl,ni

] · [
EmFU

1

...
EmFU

ni

] = [
IFU
1

...
IFU
nl

]

Total functional unit
quantity Scaled 

emission 
i of LCI

Quantity of
element j

of LCI

Specific 
emission from 
LCI database

1. Introduction  2. LCA integration  3. Impact assessment  4. Multi-criteria  5. Larger-scale systems  6. ConclusionsGeneral method

LCI elements

Decision variables of 
optim. problem
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LCI scaling of process equipment

• Analogy with economies of scale for equipment investment estimation

49

Emj,i

Emj,ref ,i
= n · (

Aj(xd)
n · Aj,ref

)kj,i · cj, Aj 2 [Aj,min;Aj,max] n = [int(
Aj

Aj,max
) + 1]

• Example of heat exchanger

Scaled emission of
 element j of LCI

Reference emission 
of element j

Functional parameter of
element j

Decision variables
of MOO problem

‣ shell and tube heat exchanger

Correction factor if
necessary

10 20 30 40 50
18

18.5

19

19.5

20

20.5

21

21.5

22

22.5

23

Exchange area, [m2]

7R
WD
O�L
P
SD
FW
�Z
LWK
�(
FR
LQ
GL
FD
WR
U�
�ï
�K
�D
���
>S
WV
�P
�@

 

LCIA using design data
with conventional approach (linear, ref 13m2)
with calculated impact exponent=0.93
with costs exponent=0.96 (ref 13m2)

‣ functional parameter: exchange 
area, in m2

General method

LCI elements

Impact
exponent

1. Introduction  2. LCA integration  3. Impact assessment  4. Multi-criteria  5. Larger-scale systems  6. Conclusions
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LCI scaling of process flowsheet and auxiliary flows

• Process flowsheet

50

‣ Method better than conventional LCA?

• Auxiliary flows

V FU
j =

V̇j(xd) · tyr · ro

FUtot(xd)

ṁj,reac = Vreac(xd) · v̇j,reac
V̇ FU

j ⇠ Vj,init(xd), ↵̇j , tyr, ro

Quantity directly calculated 
by the process flowsheet,

varies as a function of d.v. of MOO problem

•Example: quantity of RME for scrubbing at gas cleaning

‣ volumetric flow rate from gasification...

‣ ... gasification pressure (d.v.)

Initial quantity

‣ No systematic formulation but in general:

Turnover

•Example: auxiliary flows for reactors (olivine, charcoal, ...)

specific mass
consumption rate of

material per unit volume

reactor volume, scaled
non-linearly

General method

LCI elements

1. Introduction  2. LCA integration  3. Impact assessment  4. Multi-criteria  5. Larger-scale systems  6. Conclusions
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FU: 1MJ of wood > LCA system limits

Multi-objective optimisation

• Residual wood for combined Synthetic Natural Gas (SNG) and electricity production: 

51

‣ Wood processing benefit

‣ Environmental impact

‣ Size of the plant

thermo-economic model flows

wood chips

SNG

FNG (substituted)

SNG upgrade   (purification)

CO2 (biogenic)

indirectly heated
gasification 

directly heated 
gasification 

H2O (v) H2O (v)

air

O2

combustion

Q

internally 
cooled, fluidised 

bed reactor

Rape
Methyl 

Ester 
(RME)

flue gas 
drying

gasification 
gas 
clean-up

methane 
synthesis

Q
Q

Q
H2O (v)

electricity 
(mix substituted if produced)

Q

boiler, steam network and 
turbines

CO2 (fossil)

Q
heat recovery system

Selexol adsorption

PSA

Membranes

Hot gas clean-up

Cold gas clean-up

biomass
pretreatment

Pyrolysis

Torrefact.

Q

Air drying

Steam dry.

FNG (substituted)

CO2 (biogenic)

H2O (v) H2O (v)

O2
Rape

Methyl 
Ester 

(RME)

H2O (v)

CO2 (fossil)
1. Flowsheet flows of LCA model

hard wood 
chips

soft wood 
chips

transport to 
SNG plant

empty 
transport

wood chips 
production

NOx PM
CO2 (biogenic
+fossil) gypsum ZnO CO2 (fossil)

olivine
charcoal

CaCO3

CaCO3ZnO 
(catalyst)

oil (starting) Ni, Al2O3 
(catalyst)

Ni, Al2O3 

2. Auxiliary flows of LCA model

electricity 
(mix substituted if produced)

3. Process equipment

1. Introduction  2. LCA integration  3. Impact assessment  4. Multi-criteria  5. Larger-scale systems  6. ConclusionsGeneral method

LCI elements

1) M. Gassner, 2010, Process design methodology for thermochemical production of fuels from biomass. Application to the production of synthetic natural gas 
from lignocellulosic resources.PhD thesis, EPFL

1)

Objectives

functional unit is the wood processed at plant entry



LCI: a few traps to avoid
• Definition of system function and thus FU

• Example: for SNG production, FU taken was first the MJ of SNG

Decreases impact by 
increasing electricity production ...
but also by decreasing SNG production!
(since FU is MJ of SNG, avoided impacts from SNG 
remain constant) 

Function of the process
is actually to convert biomass in 
multiple energy services!

‣ new FU: MJ of wood!

52
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Comparison with conventional LCA

• pilot-scale vs integrated process for wood conversion to SNG & electricity (Ecoscarcity06)

53

100%

Method vs 
classical LCA

Optimal 
configurations

0

5

10

15

20

25

Remaining processes

Rape methyl ester

NOx emissions

Solid waste

Charcoal

Olivine

Infrastructure

Wood chips production

Electricity cons./prod.

Avoided NG extraction

Avoided CO2 emissions 

U
BP

/M
J w

oo
d

scale-independent,
conventional LCIA

(average lab/pilot tech.)

ha
rm

fu
l

be
ne

!c
ia
l

ha
rm

fu
l

be
ne

!c
ia
l

without cogeneration
Integrated industrial base case scenario (8 MWth)

-10%

ha
rm

fu
l

be
ne

!c
ia
l

with cogeneration

-390%

‣ Significant differences due to developed methodology

‣ Generation of optimal scenarios?

1. Introduction  2. LCA integration  3. Impact assessment  4. Multi-criteria  5. Larger-scale systems  6. Conclusions
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Multi-objective optimization

54

• Environomic optimal process design

➡ 2 objectives

• economic 

• environmental

• Effect of technology and scale

• 6 technological alternatives (clusters)

• 19-21 decisions variables

• process scale [5-200 MWth]

• operating conditions

Biomass profitability

Ecoindicator99-(h,a) (Single score)

Ecoscarcity06 (Single score)

Method vs 
classical LCA

Optimal 
configurations

1. Introduction  2. LCA integration  3. Impact assessment  4. Multi-criteria  5. Larger-scale systems  6. Conclusions
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LENI Systems

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

The biomass Logistics has an influence on the plant impact

* LCI data taken from 

Felder et al, and adapted 
to system limits

Effect of process integration and design!

0 2 4 6 8 10

x 10
4

!0.062

!0.06

!0.058

!0.056

!0.054

!0.052

!0.05

Wood input thermal capacity [kWth]

G
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b
a
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a
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g
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o
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n
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C
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2
!

e
q
,1

0
0
a
/M

Jo
u
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A: H2O, no steam cycle (1G)

B: H2O (1G)

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

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

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

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

Conventional LCA*

biomass logistics 
impact model}

� Optimal plant size with respect to biomass logistics
75 / 87Gerber, Léda, Martin Gassner, and François Marechal. “Integration of LCA in the optimal design of energy conversion systems: The example of 

SNG production from lignocellulosic biomass.” Comput .Chem. Eng. In press (2011).
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Multi-objective optimization results 

• Optimal configurations

56

Biomass Profitability [¤/MWh]

Im
pa

ct
 c

al
cu

la
te

d 
w

ith
 E

co
sc

ar
ci

ty
06

 [U
BP

/M
Jw

oo
d]

 

 

0 10 20 30 40 50
ï��

ï��

ï��

ï��

ï��

ï��

ï��

ï��

ï��

ï�

ï�

ï�

Biomass Profitability [¤/MWh]
,P
SD
FW
�F
DO
FX
OD
WH
G�
Z
LWK
�(
FR
LQ
GL
FD
WR
U�
�ï
�K
�D
��>
SW
V�
0
-Z

RR
G@

0 10 20 30 40 50
ï���

ï���

ï�

ï���

ï���

ï���

ï���

ï���

ï���

ï���

ï��� x 10ï�

20

35

50

��

��

95

110

125

140

155

���

���

200
Thermal capacity as input wood [MWth]

 

 

indirectly heated 
gasi!cation (FICFB)

 

 

indirectly heated 
gasi!cation (FICFB)

 

 

 

 indirectly heated 
gasi!cation with

torrefaction (FICFB, torr)

  

indirectly heated 
gasi!cation with

torrefaction (FICFB, torr)

 

 

 

 

 

pressurized indirectly heated 
gasi!cation (pFICFB)

 

pressurized indirectly heated 
gasi!cation (pFICFB)

 

 

pressurized indirectly heated 
gasi!cation with hot gas

 cleaning (pFICFB, hcl)

 

 

pressurized indirectly heated 
gasi!cation with hot gas

 cleaning (pFICFB, hcl)

 

 

directly heated 
gasi!cation (CFB)

 

 

directly heated 
gasi!cation (CFB)

 

 

directly heated gasi!cation 
and hot gas cleaning (CFB,hcl)

 

  

directly heated gasi!cation 
and hot gas cleaning (CFB,hcl)

1. Process scale 2. Technology evolution 3. Environmental objective function

Method vs 
classical LCA

Optimal 
configurations

1. Introduction  2. LCA integration  3. Impact assessment  4. Multi-criteria  5. Larger-scale systems  6. Conclusions



LCI: a few traps to avoid
• Assumptions regarding the mix greatly influe on the decision 

making...

electricity from
gas is substituted

electricity from
hydro is substituted

Best technology changes in function of avoided impacts!
57



ON THE USE OF BIOMASS AS AN ENERGY MANAGEMENT DEVICE

BIOMASS : C(H2O)

Synthetic Natural Gas

1 CO2

1 CH4

H2O

Gas grid

Electricity Grid
O2

H2
1 CH4

Power to Gas

4H2+CO2=>CH4+2H2O

η =
·LHVCH4

·E
= 85 − 95 %

Gassner, Martin, and François Maréchal. "Thermo-economic optimisation of the integration of electrolysis in synthetic natural gas production from wood." Energy 33.2 (2008): 189-198.

CO2 sequestration

Storage capacity



EFFICIENCY IS A SOURCE OF RENEWABLE ENERGY

BIOMASS : C(H2O)

Synthetic Natural Gas

1 CO2

1 CH4

H2O

Gas grid

Electricity Grid
O2

H2
1 CH4

Power to Gas

4H2+CO2=>CH4+2H2O

Gassner, Martin, and François Maréchal. "Thermo-economic optimisation of the integration of electrolysis in synthetic natural gas production from wood." Energy 33.2 (2008): 189-198.

CO2 sequestration

Industrial
Heat
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Production

SNG 


WOOD

100 MWth, dry 170 MW SNG

37 MW Waste heat

Electricity

145 MWth, dry

H2

123 MWth, dry

38  MW Useful heat Industry

Fuel

Su
m

m
er

Combined heat, fuel and storage from biomass

SNG

production

WOOD

100 MWth, dry

67.5 MW SNG

 

16.8 MW Waste heat

Sequestration or storage

(108 kg CO2 avoided / MWh wood)

1.4 MW net electricity

Industry

City

Fuel

W
in

te
r

CO2

Excess in summer

Swiss Energy System

2C(H2O) -> CH4 + CO2

2C(H2O) + 4H2 -> 2CH4 + 2H2O

CO2 + 4H2 -> CH4 + 2H2O
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Combined Heat and Fuel (CHF) production
Substituted fossil carbon per unit of biogenic carbon in wood

For wood boiler (WB) 0.3 kg of fossil carbon are substituted per kg of biogenic carbon

1.6 

wood boiler

2.8 

wood boiler

2.1

wood boiler

3.0

wood boiler

CHF + P2G with CO2 storageCHF + P2G without CO2 storage

CHF CHF + CCS

Celebi, et al.Chemical Engineering Science 204 (2019): 59-75.



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

IPESE
Industrial Process and 

Energy Systems Engineering
SNG from biomass potential in Switzerland
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Natural gas 2011
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The integated energy system design : sizes and smart operation

FOOD B M

Materials G M

Photo 
synthesis

S

CO2 CH4

DH

Heat 
pump

EL

SOEC M

SOFC

RNE

Biochem.

Cracking

Storage

H
ea

t g
rid

Co-electrolysis

Electrolysis

Renewable Electricity
Sun

CO2

Biomass

CO2

H2O2

CH4

Heat

Renewable Electricity

Sun

Wind, Hydro

Grid Electricity

Fuels grid

O2

H2O

H2O

PV M

CaptureCO2

Capture

Industry

Fertilisers

nutrients

Synthesis

catalysis Separation

separation

N2

Fuel ref.

Fuel cell

Batteries

El motor

Distribution Seasonal storage Daily storageResources Technologies Supply chain

products

Fuel cell

Environment

H
2

management

Waste
Mineralisation

Sequestration

products



A NEW GAS BOILER
Captured CO2

Cogeneration
Fuel cells

Gas

Environment

30 °C

0 °C

PV

Heat pump

PV

Electrical grid
Data grid

Gas grid
Organic waste network

5x
more heat than

combustion



CO2 sequestration

Mineralisation

CARBON CAPTURE - REUSE - SEQUESTRATION

Biomass : C(H2O)

CxHy

CO2

H2O
Renewable Electricity

O2

H2
CH4

Power to Gas

Industry

District heating

Storage tanks

Construction materials

Bio-plastics
Papers

Chemicals
Capture
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Decarbonization of the Swiss Energy System 66

Bio-jet fuel production is NOT considered
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fuels
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Industrial 
heat
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Multiple solutions for the energy systems :

Net zero CO2 Switzerland : collection of options

Total System Costs


79 - 112 

CHF/MWh


~


1570 - 2250

CHF/y/cap


~


82 - 117 %

of today’s energy system

CO2 Sequestrated


1.05 – 1.26 

t/y/cap

Energy flows in GWh, storage volumes in m3, CCS in kt/y, total cost in CHF/MWh.

Co
st

 (C
HF/

M
W

h)

Li, X., Damartzis, T., Stadler, Z., Moret, S., Meier, B., Friedl, M., & Maréchal, F. (2020). Decarbonization in complex 
energy systems: a study on the feasibility of carbon neutrality for Switzerland in 2050. Frontiers in Energy Research, 
8, 274.



Fr
an

ço
is 

M
ar

éc
ha

l –
 fr

an
co

is.
m

ar
ec

ha
l@

ep
fl.

ch

▪ Impact is not only local emissions

▪ Renewable energy means harvesting

▪ Impact is associated to investment


▪ People define the needs

▪ functional unit definition


▪ Efficiency define the energy consumption

▪ Investment in efficiency creates impact


▪ The energy system is used to produce the investment

▪ Solar panels will be created by renewable based energy mix

Take home message 68


