
Life Cycle Analysis
 and The Energy System

Prof. François Maréchal 
EPFL – IPESE

Sion – 02/11/2021



©Francois Marechal -IPESE-IGM-STI-EPFL 2024

Deciding the energy transition
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HOW TO CHOOSE ?

https://longread.epfl.ch/en/dossier/energies-go-green/
Illustration Éric Buche
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The conversion chain from the needs to the energy consumption 5

E[kJp/hab/an] = ⌘e[kJp/kJe] · ⌘s[kJe/kJs] · ed[kJs/an/m2] · dhab[m2/hab] · hab[hab]
<latexit sha1_base64="LYitj72yBduuoH0E2wk3tIOHOyQ="></latexit><latexit sha1_base64="LYitj72yBduuoH0E2wk3tIOHOyQ="></latexit><latexit sha1_base64="Jt6zYgIXWOmp6MUvbsHcW34azsE="></latexit><latexit sha1_base64="Jt6zYgIXWOmp6MUvbsHcW34azsE="></latexit><latexit sha1_base64="Jt6zYgIXWOmp6MUvbsHcW34azsE="></latexit><latexit sha1_base64="Jt6zYgIXWOmp6MUvbsHcW34azsE="></latexit>

Needs
services->cap

Population
cap

Primary energy
Extraction->resource

4.5

20% to harvest

Conditioning
resource->distributed

Conversion efficiency = 60%

3.6

Conversion
distributed->energy

2.2

Distribution losses = 8%

Services
Energy->services

2
Efficiency = 50%
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SWISS ENERGY SYSTEM
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17%

47%
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Human energy needs
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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

90% efficiency



ENERGY NEEDS OF A BUILDING

3.8
tons CO2 /year/100 m2

63 CHF/month/100 m2

170-280 
CHF/month/100 m2

Energy (Oil)
140-250 CHF/month/100 m2

in which 105-215 CHF/month/100 
m2 import

Boiler
30 CHF/month/100 m2

Social cost of CO2: 200 CHF/ton CO2

Economy Impact
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Environmental impact of a fuel
9
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▪ Importance of the fuel life cycle 

• Extraction 

• Conditioning 

• Transport 

• Refining 

• Distribution 

• Combustion

Environmental impact of the use of a fuel in combustion 10
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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.

 SCOPE 3



Fr
an

ço
is 

M
ar

éc
ha

l –
 fr

an
co

is.
m

ar
ec

ha
l@

ep
fl.

ch

Life cycle assessment : emissions before the use 11

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 
CO2equiv 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

Emissions before use ->
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Shale gas vs coal for heat production 12

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 13

   

 
 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 14
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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 15

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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Environmental impact of efficiency
16



RENOVATING BUILDINGS

2.0
tons CO2 /year/100 m2

33 CHF/month/100 m2

104-160 (- 40%) 
CHF/month/100 m2

Social cost of CO2: 200 CHF/ton CO2
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LCA of insulating materials 18

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 



EFFICIENCY IN SUPPLY
ASK THERMODYNAMICS

Nicolas Léonard Sadi CARNOT (F)
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Electricity

Heat from the environment

Heat needs

21 °C

0 °C
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1 units of electricity supplies 10 units of heat with 9 units of the environment
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HEAT PUMP IS THE ENGINEER’S ANSWER

Electricity

Heat from the environment

Useful heat

30 °C

0 °C

Coefficient of performance

Useful heat
ElectricityCOP =

COP  3≈



HEAT PUMP INTEGRATION IN A 
BUILDING

Electrical grid
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Environmental impact of a heat pump vs refrigerant 22

extraction production use 
leakage 2%/year

end of life 
recovery losses

Ostlender et al. 2023
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Environmental impact of electricity
23



The potential impacts of electricity generation
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10.06.2020

EU electricity mix

25

Current electricity mix

Future 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
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• Energy Penalty 
– Compression  

• 2% (LHV) 
– Capture : 

• 4-7% (LHV) 
– Total 

• 6 à 9% (LHV) 
• Investment 

+ 30%

CO2 Capture and electricity production 26

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

Biomass Electricity with CO2 capture and sequestration (BECCS) : negative emissions
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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 
• Negative emissions 

Benefit of capturing 
biogenic CO2 !

GWP ↘ 
by CO2 capture
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Impact is different if we consider different indicators
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◆ Economic competitiveness of process configurations 
➢ Influenced by economic conditions

Use LCA for decision making

low:14.2$/GJres, 20$/tCO2, 4500h/y, 15y, 4%ir   
base: 9.7$/GJres, 35$/tCO2, 7500h/y, 25y, 6%ir 
high: 5.5$/GJres, 55$/tCO2, 8200h/y, 30y, 8%ir 

➢ Strategy for 
supporting decision-
making?

5.5$/GJres 
55$/tCO2

. .εtot 57.5% 
CO2 capt. 10% 

14.2$/GJres 
20$/tCO2

.εtot 51% 
CO2 capt. 85% 
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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
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HEAT PUMP INTEGRATION IN A 
BUILDING

PV costs projections

http://www.toitsolaire.ch



PV efficiency 
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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
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Energy pay back time of solar panels 38

Bhati et al. Escape 33, June 2023



(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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BUILDINGS : RENEWABLE ENERGY HUB
90+ % CO2 EMISSIONS REDUCTION

572 
CHF/y/cap

Energy :               542 CHF/y/cap

Investment :                 30 CHF/y/cap

2.20
tons CO2 /an/pers

0.25 - 0.04
tons CO2 /y/cap15.5

m2PV/cap

Oil: 6 cts/kWh

209
CHF/y/cap

PV feed-in :             -139   CHF/y/cap

Energy :             118   CHF/y/cap

Investment  :       230 CHF/y/cap

Feed-in: 8 cts/kWh
Electricity: 18 cts/kWh

Electricity: 18 cts/kWh

202
1



BUILDINGS : RENEWABLE ENERGY HUB
90+ % CO2 EMISSIONS REDUCTION

1132 
CHF/y/cap

Energy :               1102 CHF/y/cap

Investment :                 30 CHF/y/cap

2.20
tons CO2 /y/cap

0.25 - 0.04
tons CO2 /y/cap15.5

m2PV/cap

Oil: 11 cts/kWh

138
CHF/y/cap

PV feed-in :             -278   CHF/y/cap

Energy :             184   CHF/y/cap

Investment  :       230 CHF/y/cap

Electricity: 28 cts/kWhFeed-in: 16 cts/kWh
Electricity: 28 cts/kWh

202
3



10.06.2020

Dynamic LCA - real time emissions 

44
Motivation

26th January 2020 12:00 

GWP100a associated to 
electricity generation

Dynamic LCA



10.06.2020

Dynamic LCA - effect of exchanges

45
Motivation

26th January 2020 12:00 

GWP100a associated to 
electricity consumption

Dynamic LCA

-15%

+4%

-10%

+450%

+25%

+100%
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▪ Impact from the system design 
▪ Harvesting 
▪ Efficiency 
▪ Conversion 

▪ Impact from the operation 
▪ Costs vs CO2 content vs Life Cycle Impacts 

▪ Impact from the mix grid 
▪ 25 years (life time) perspective

Smart renewable energy 46



Integrating personal mobility

François Maréchal



Démêler le vrai du faux 

Source : 
https://www.alternatives-economiques.fr/voiture-electrique-vraiment-ecolo/00104884
https://www.francetvinfo.fr/meteo/climat/pourquoi-la-voiture-electrique-n-est-pas-la-solution-miracle-pour-se-deplacer-sans-polluer_5425306.html
https://www.tesla-mag.com/la-voiture-a-hydrogene-est-elle-lavenir-du-vehicule-particulier/
https://www.energie360.ch/fr/energie360/savoir/mobilite-ecologique/avantages-voiture-au-gaz/

https://www.alternatives-economiques.fr/voiture-electrique-vraiment-ecolo/00104884
https://www.francetvinfo.fr/meteo/climat/pourquoi-la-voiture-electrique-n-est-pas-la-solution-miracle-pour-se-deplacer-sans-polluer_5425306.html
https://www.tesla-mag.com/la-voiture-a-hydrogene-est-elle-lavenir-du-vehicule-particulier/
https://www.energie360.ch/fr/energie360/savoir/mobilite-ecologique/avantages-voiture-au-gaz/


Different technologies

Combustion Electrique Hydrogène
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Efficacité tank-to-wheels
20 à 25%

Efficacité tank-to-wheels
60 à 70 % 35-40%

Efficacité tank-to-wheels



Comparing different types of individual mobility

Source : (1) Swissenergy, « Incidences environnementales des voitures de tourisme — aujourd’hui et demain ». Suisse Energie, 2020.. Disponible sur: https://pubdb.bfe.admin.ch/fr/publication/download/9460

La batterie électrique des voitures à batterie est considérée à 36kWh.
PV : photovoltaïque, 
GNS : gaz naturel synthétique, produit par électrolyse avec le mix électrique 
suisse et le CO2 de l’atmosphère. 
Gas : 80% gaz naturel et 20% de biométhane. 
L’hydrogène pour les voitures à pile à combustible est produit par reformage de 
gaz naturel (SMR) ou par électrolyse (mix électrique suisse ou PV)

La voiture électrique émettent 2 à 3 fois 
moins de GES que les voitures à combustion L’hydrogène nécessite beaucoup d’énergie 

primaire pour être produit, car les rendements 
des électrolyseurs sont aujourd’hui de 60 à 
75%(2)

(2) « Document de travail - Énergie », sur The Shift Project, juillet 2020, p. 24. 

(1) . 
(1) . 



Functional unit (km) and life cycle

https://www.newsd.admin.ch/newsd/
message/attachments/1587.pdf

Elec zéro-
carbone 



EV more impactful than CV at purchase (x 1.5 – 2) 

Breakeven point ~ 30,000 km  

Gap increases with vehicle lifetime

Electric vehicles vs conventional vehicles (QC)

(CIRAIG, 2016)
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Conventional vehicle
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Electric vehicles vs conventional vehicles (QC)

Similar trend for the « human health », « ecosystem quality » and « resource 
depletion – non renewable»

(CIRAIG, 2016)



Electric vehicles vs conventional vehicles (QC)

Trends are reversed for the indicator « depletion of mineral resources»

(CIRAIG, 2016)

End of life

Use phase

Transport between production 
and use

Production of the battery

Production of the rest of the 
vehicle



Electric vehicles vs conventional vehicles in other context  
(FR and DE)

Conventional 
vehicle

Electric vehicle
(ADEME, 2013)



RENEWABLE ENERGY HUB
AND E-VEHICULES

0.25 + 1.74
tons CO2 /y/cap15.5

m2PV/cap

208 (-79%)
CHF/y/cap

PV feed-in :              -226   CHF/y/cap

Energy :             204 CHF/y/cap
Investment  :       230 CHF/y/cap

0.32 (-83%)
tons CO2 /y/cap15.5

m2PV/cap

+ 881
CHF/y/cap

881   CHF/y/cap

Building
Gasoline car

138
CHF/y/cap

PV feed-in :     -278   CHF/y/cap

Energy :     184   CHF/y/cap

Investment :     230 CHF/y/cap



Producing Data 57

Energy of the human body

Domestic Hot Water demand



Heating with bits 58

CHAPITRE 1 – INTRODUCTION

1.3 CONCEPT

A data center is a dedicated space for servers. In usual servers, the energy consumption is roughly the
same between computation and cooling system. Therefore, the energy consumption can be schematized
as a sum of energy units, where a computational energy unit equates a cooling energy unit.

As previously mentioned, a great reduction in energy consumption could be achieved by recovering heat
generated by servers. Indeed, the actual situation requires 2 energy units (computation+cooling) only to
achieve the computation (which cannot be achieve without cooling).
Beside that, buildings would need to be heated. If a heat pump with Coefficient Of Performance (COP) of
4 is used, it would require ¼ energy unit to produce 1 heat unit. Both needs could be combined to be more
efficient.

Actual model:
1 � for servers + 1 � for cooling � 1 unit computed

1

4
� for heat pump � 1 unit heat

Now, with the suggested scenario, the heat produced would be directly recovered to heat the building.
Therefore, the whole system would use only 1 energy unit and ¼ is saved.

New model:
1 � for servers � 1 unit computed + 1 unit heat

From these simple schemes, one can see that a total of 1¼ energy unit is saved out of 2¼ energy units.

Figure 1.1: Schema of the project HEAT WITH BIT’s [5]

This project could bring solutions to many future societal problems. The amount of energy needed for
the global ICT would inevitably increase, even as data center efficiency improves. The use of renewable
energy reduce dependence on fossil fuels and carbon emissions. The "problem" of renewable energy is
that it is better to consume them were they are produced. The decentralisation of some data centers will
allow to consume more renewable energy.

4

Bits



RENEWABLE ENERGY HUB
AND DATA PRODUCTION

0.5 (0.25 + 0.24)
tons CO2 /y/cap15.5

m2PV/cap

468 (-24%)
CHF/y/cap

PV feed-in :              -232   CHF/y/cap

Energy :             224 CHF/y/cap
Investment  :       250 CHF/y/cap

0.32 (-34%)
tons CO2 /y/cap15.5

m2PV/cap

Bits heater  :           226 CHF/y/cap

476)
CHF/y/cap

290   CHF/y/cap
186   CHF/y/cap

+

Building
Data center

614 (138
CHF/y/cap

PV feed-in :     -278   CHF/y/cap

Energy :     184   CHF/y/cap

Investment :     230 CHF/y/cap



SOLAR PV + HEAT PUMPS + E-VEHICULES + INTEGRATED DATA CENTERS

PV

HP

PV

HPCloud

PV

HP
PV

HPCloud

100

63

40
33 31
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• District scale => interactions between buildings

Integrating Renewable Energy Sources : Biogas + PV+ Power2gas

Seasonal storageBioSNG

Power2Gas

Micro grid integration

Organic Waste

Waste water

Waste water
Treatment plant

Waste
 water

Heat re
covery

8W/m2

12W/m2

18 W/m2

12 Wy/y/m2

+1.3 Wy/y/m2

m2 = heated surface

à40% increase PV  
à20% GWP reduction 
à16-40% facades

SS CN

Current tariffs

àbuilding àdistrict

building vs community



INTEGRATING CITIES BY DISTRICT HEATING

30 °C

17°C

D. Favrat, C. Weber, CO2 based district energy system, U.S. Patent 2010018668

CO2
Distribution : anergie

Industrie: >80°C

Data center : 30°C
Eaux usées : 13-20 °C

Eau Nappe : 10 °C
Rivières/lac : 7°C
Géothermie : >10 °C
Refrigeration : < 0°C

Sources de chaleurs
PV

L
V

Ė = Q̇(1� Tcold

Thot
) Utilisateurs

chaud et froid

1.25 kWth/kW

0.85 kWth/kW

0.75 kWth/kW



DISTRICT RENEWABLE ENERGY HUBS

PV

CO2
Heat Sources

Heat pumps

PV panels

Environment

Free cooling/refrigeration
Data centers

www.exergo.ch

16 % 
Electricité

6 % 
direct

10 % 
import

12 % 
export



ENERGY MANAGEMENT 
10% IMPORT : FUEL CELLS

Efficiency : 80%

O2

Air

H2O
CO2

SOFC Fuel cell

CO2 captured

Heat

CH4

Im
po

rt Air



STORING EXCESS OF ELECTRICITY

Efficiency : 78%O2

O2

H2O
CH4

PV

Co-Electrolysis

Stored energy
Methane

Efficiency : 20 %

Artificial photosynthesis :  13-16 % Solar efficiency 

captured
CO2

L. Wang, et. al. Optimal design of solid-oxide electrolyzer based power-to-methane systems: A comprehensive comparison between steam electrolysis and co-electrolysis. Applied Energy (211), 2018, 1060-1079. 

PV
PV

Heat



Fuel cell

Winter

INTEGRATED ENERGY MANAGEMENT

Liquid CO2
Al-Musleh, Easa I., Dharik S. Mallapragada, and Rakesh Agrawal. "Continuous power supply from a baseload renewable power plant." Applied Energy 122 (2014): 83-93.

Liquid CH4
Summer

Co-electrolysis

PV

System Roundtrip : from 60% to 80%=1 −
Qlosses

EPV

CH4

Fuel cells innovation (K-Valais)
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Waste water management : chasing the heat soruces
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%
Biomass resource

Heat pump resource



ORGANIC WASTE TO CLOSE THE ENERGY BALANCE

Organic waste : 2C(H2O)
Food, WWTP

Sustainable natural gas

Heat

(H2O)

50% : Biomethanisation
70% : Hydrothermal gasification ( )
70% : Synthetic Natural Gas

Gassner et al., Energy and Environmental Science 5, no. 2 (2012):Gassner et al.,, Energy & Environmental Science 4, no. 5 (2011): 1742.

CO2

Fuel cell
Electricity

Heat

1 CO2

1 CH4

http://trea-tech.com


COMBINING BIOMASS CONVERSION AND ELECTROLYSIS

BIOMASS : C(H2O)

Sustainable 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

PV
PV

Storage capacity

1.3 x  GN2011

Alternatives
• Methanol
• DME
• F-T fuels



Biomass resource and conversion 70
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Fuel cell

Winter

INTEGRATED ENERGY MANAGEMENT

Liquid CO2
Al-Musleh, Easa I., Dharik S. Mallapragada, and Rakesh Agrawal. "Continuous power supply from a baseload renewable power plant." Applied Energy 122 (2014): 83-93.

Liquid CH4
Summer

Co-electrolysis

PV

System Roundtrip 80%

CH4

Fuel cells innovation (K-Valais)

from biomass

to sequestration



AUTONOMOUS CITIES

PV
Industrial heat

Heat pumps
Photovoltaïcs

Environnement

Cooling/air conditioning

CH4 CO2

Schorcht et al., 2013 [128], Pascal et al., 2015 [129], IPCC, 2018 [188], Wang et al., 2017 [130], Suhr et al., 2015 [131], IPESE, 2017 [132], Cusano et al., 2017 [133] , Roudier et al., 2013 [134], IPCC, 2007 [135]

100 % 
autonomy

12.5
k€/100 m2SRE 

25
m2 PV/hab

Gaz

Refrigeration

Fuel cells

2.5
m3/100 m2SRE Power to tank to power

Waste to energy
Energy management
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Water - o
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ic w
aste
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y Networks
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CARBON SINK ?

BIOMASS : C(H2O)

CO2

HT Heat
LT-Heat

CH4

H2O

CH4
78.4 MJ/kgC

54.4 MJ/kgC

4.4 MJ/kgC

Mg3Si2O5(OH)4 + 3 CO2 => 3MgCO3 + 2SiO2 + 2H2O 

Serpentine Mg3(OH)4(Si2O5)

MgCO3 + SiO2

Mineral Carbon => construction

-3.3 kgCO2/day/cap

0 MJ/kgC



District heating

CO2 sequestration

Mineralisation

CIRCULAR ECONOMY-EFFICIENCY AND INTEGRATION

Woody biomass
C(H2O)

CxHy

CO2

H2O

Renewable Electricity

O2

H2
CH4

Power to Gas

Industry

Storage tanks

Construction materials

Bio-plastics
Papers

Chemicals
Capture

Waste



Biomass : 290 - 340 [W/cap]

Waste : 180 - 230 [W/cap]

HP : 460 - 680 [W/cap] (21 - 34 %)

DHN : 340 - 460 [W/cap] (48 - 72 %)


Other : 110 - 170 [W/cap] (19 - 33 %)

Transport Air : 240 - 290 [W/cap]

Freight :   70 -   90 [W/cap] 


Public:   60 -   90 [W/cap]

Private: 100 - 140 [W/cap]Building Elec: 270 - 320 [W/cap]


Building heat : 630 - 740 [W/cap]

Industry Elec: 110 - 140 [W/cap]

Industry heat: 210 - 250 [W/cap]


Chemical storage

Liquid fuel : 15 -   88 [W/cap] 


CH4 : 140 - 170 [W/cap]


CO2 seq : 0.8-1.2 [t/y/cap]

Net CO2 emission: -0.6 - 0 [t/y/cap]

PV : 230 - 1800 [W/cap]

Wind :   20 -   80 [W/cap]


Hydro : 380 - 500 [W/cap]


La suisse indépendante et neutre

Investment 
Technologies :  1000 - 2000 [CHF/y/cap]

Infrastructure :    1350-1600 [CHF/y/cap]
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Life cycle indicators at the energy system levels for the energy transition 76
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−58%

−49%
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−18%

−71%

−60%−52%

−55%

−76%

−100%
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+50%
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FNEUREQD
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min REQD min RHHD min WSF

min CF min Cost min FNEU

−50 0 50

Relative variation to the 2020 scenario [%]

Figure 3: OF values comparison for SOO. Each sub-figure corresponds to an individual optimization.
The height of the segments corresponds to the OF’s relative variation to the 2020 reference scenarios OFs
values [%].
CF: Carbon Footprint, Cost: Total Cost, FNEU: Fossil and Nuclear Energy Use, REQD: Remaining
Ecosystem Quality Dammage, RHHD: Remaining Human Health Dammage, WSF: Water Scarcity
Footprint

(FNEU), REQD, Remaining Human Health Dammage (RHHD), and Water Scarcity Footprint (WSF),

which have shown variations as pronounced as a 76% decrease in the case of WSF minimization, demand

our attention and can’t be overlooked.

Energy system configurations All optimal configurations, when compared to the 2020 reference

scenario, have demonstrated an cost reduction of the energy system. The overall cost composition for the

2020 baseline scenario and six OF minimizations is depicted in Figure 4.

The optimal configurations are based on an energetically self-sustained system, thereby eliminating energy

16

0

500

1000

1500

2000

0

2500

5000

7500

10000

2020 Cost CF FNEU REQD RHHD WSF

An
nu

al
 c

os
ts

[C
HF

 / 
ca

p]

Storage capacity
[G

W
h]

Storage
CO2 Storage

Diesel Storage

NG Storage

Storage Hydro

Costs
Operating Costs

Maintenance Costs

Services

Elec. Infrastructure

Gas Infrastructure

Geothermal

Hydro Power

Wind

PV

Existing Infrastructure

Figure 4: Overall cost composition of energy systems for single-objective optimizations. The secondary
axis highlights installed storage capacity. The 2020 scenario represents the current Swiss energy system
and the other six represent hypothetical scenario for an energy-independent Switzerland 2020 with single
objective optimization.

imports. Such optimized configurations correspond to hypothetical scenarios which are lean on local

energy resources, with distinctions noticeable in utilizing primary energy sources, mobility and heating

service technologies, and energy storage requisites. In contrast, the 2020 reference case representing

current Swiss energy system, heavily depends on operational costs due to extensive fossil fuel imports.

In all optimized scenarios, renewable resources are leveraged extensively as seen in Figure 4. Wind

turbines are deployed to their full potential, synergizing with existing hydropower plants. Variations arise

when complementing this hydro-wind ensemble: PVs span between 7GW-20GW. An exception is the CF

minimization, which opts for geothermal power plants (3.5GW) over PV. The tangible operational costs

stem from harnessing local biomass—utilized maximally in most scenarios, with the cost minimization

scenario as an exception. Sectoral analysis can be found in the supplementary material B.
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Schnidrig et al., ArXiv preprints , dec. 2023
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▪ Impact is not only local emissions 
▪ People define the needs 

▪ functional unit definition  
▪ Renewable energy means harvesting 

▪ Impact is associated to investment => construction and End of life phases 
▪ Efficiency define the energy consumption at the systemic level 

▪ Investment in efficiency creates an impact 
▪ Think system and circularity 

▪ Life time of the investment 
▪ Reuse-recycling-upcycling 
▪ Waste is a resource 
▪ Grid connected systems + Energy management 

▪ The energy system is used to produce the investment 
▪ Solar panels will be created by renewables based energy mix 
▪ So as batteries

Take home message 77


