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It is a frequent practice nowadays to use mean annual conversion factors (CFs) when performing life-
cycle assessment (LCA) of processes and products that use electricity supplied by the grid. In this pa-
per, we conduct an hourly assessment of the greenhouse gas (GHG) emission factor, along with the
conversion factors for the cumulative energy demand (CED) and its non-renewable part (CEDnr), of
electricity supplied by the Swiss grid and its direct neighboring countries (France, Germany, and Austria;
Italy being neglected). Based on an hourly inventory of energy flows during a one-year period (2015
—2016), this attributional approach allows performance of various certification procedures of process or
product manufacturing, and comparison of energy and carbon intensities of different national mixes.
Hourly calculation allows evaluation of the order of magnitude of errors made when considering an
annual mix. Visualization techniques are used to better understand the obtained data and to detect when
strategies involving timing optimization of electricity use may be efficient. A case study is chosen to
illustrate the relevance of hourly CFs when performing LCA associated to the exploitation of a given
building. Moreover, mean annual CFs of interest are discriminated by electricity end-use sectors. This
could be of great help for system designers willing to improve the assessment accuracy when hourly CFs

are not readily available.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Life-cycle impacts of electricity depend mainly on the produc-
tion process. At a national level, electricity is either produced
domestically or imported from surrounding countries, and gener-
ated by various production technologies that induce different
environmental impacts. The share of the technologies used to
generate electricity varies continuously, due to energy resource
availability and in order to adapt the power supply to an ever-
changing demand. Therefore, each kWh at the consumer's
disposal does not have the same environmental impact over time.
However, the specific nature of the alternating current does not
allow a physical tracking of electrons from a given power plant to
the final consumer, and therefore an environmental labelling of
each kWh remains conceptual. Through life-cycle electricity gen-
eration inventories, the correct understanding regarding the origin
and responsibility level of each contributor is a fundamental key
that grid managers and policymakers could use for efficient energy
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transition toward the decarbonization of electricity (see Ref. [1—3]).

This study deals with a limited selection of environmental
impact categories, with the aim of providing to engineers and
practitioners the necessary input data to various assessments of
processes and products using electricity; this is particularly needed
in the construction sector for -certification procedures (e.g.
Ref. [4,5]) and for sustainability assessments needed for quality
label, such as LEED [6], HQE [7], or BREEAM [8]. Therefore, the scope
of the study focuses on the hourly assessment of the greenhouse
gas (GHG) emission factor, along with the conversion factors for the
cumulative energy demand (CED) indicator and its non-renewable
part (CEDyy), associated with the electricity supplied by a given
national grid. These factors—respectively CFsyg, CFcep, and
CFcepnr—are important when assessing GHG emissions, as well as
energy use efficiency and the amount of energy from sources that
may be depleted by extraction, when using an electric grid as po-
wer supply. These factors consider the whole life-cycle (cradle-to-
grave boundary, see Ref. [9] of a mean representative unit of elec-
tricity supplying a national grid at a given time. The GHG emission
factor CFgyg—also called simply emission factor [10], CO;.¢q foot-
print [11], or carbon footprint [12] in the current literature—is


mailto:didier.vuarnoz@epfl.ch
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2018.07.087&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2018.07.087
https://doi.org/10.1016/j.energy.2018.07.087
https://doi.org/10.1016/j.energy.2018.07.087

574 D. Vuarnoz, T. Jusselme / Energy 161 (2018) 573—582

expressed in [kg COz.eq kWh*]]. Both CFcgp and CFcgpnr are
expressed in [M]ojl-eq kWh~1]. Choosing a functional unit of 1 kWh
of electricity production mix at extra-high voltage (380kV or
220KkV), and integrating transport and distribution losses enable
comparison with other national grids.

Two assessment methods can determine time-dependent con-
version factors of electricity mix. Ex post data, with an attributional
approach ([13] for France; [11] for Belgium) are used when the
objective is to depict the potential impacts of using a given national
grid (e.g. certification procedure). By knowing the dynamic pat-
terns and the variation amplitudes of the conversion factors
assessed within an attributional approach, this knowledge can
inform when timing optimization of electricity use could be applied
for energy and/or GHG emission mitigation [14]. However, when
the goal is to evaluate the impacts of a certain change in a system
(for example, in the electricity generation mix), the potential of
mitigation occurring with this change is assessed with a marginal
approach, which is compulsory in consequential studies (See [15]
for France; [16] for Sweden, [10] for Finland). The applicability of
both the attributional and consequential approaches is discussed in
more detail in Soimakallio et al. [17]. In the present study, CFs are
evaluated on the base of a time-resolved attributional LCA, with
hourly averaged energy produced per each generation technology.

In current life-cycle impact assessment, it is common to use
yearly averaged conversion factors of a national electricity mix (e.g.
Ref. [18]). In this study, yearly averaged conversion factors are
referred to as the “conventional method”. The lack of temporal
resolution generates inaccuracies in assessments, especially when
the electricity consumption and the conversion factors of the grid
are highly variable over time (see Refs. [19,13,14]). This is prob-
lematic, notably in buildings where operational performances are
under the scope of norms, standards, and various certifications (e.g.
Ref. [4,5]). Temporal variability needs to be included in the envi-
ronmental footprints of electricity for various reasons. Hourly
conversion factors allow not only more accurate energy and
emission assessments to be guaranteed even when the electricity
demand varies over time, but also to detect when a timing opti-
mization of electricity use may be efficiently deployed (see
Refs. [10,14]). These kind of strategies can be neither assessed nor
deployed with a yearly-averaged CFs of a given national grid.
Another benefit of introducing hourly conversion factors is related
to the massive introduction of decentralized electricity generation
and building energy storage, which enable managing a shift be-
tween production and consumption. Consequently, the challenge is
no longer to fulfill a given amount of harvested and stored energy,
but to understand the life-cycle qualities of this renewable energy,
which should ideally be better than those of the grid mix. A last
example is given in the context of the constant decay in building
energy consumptions. As a consequence, the relative accuracy of
life-cycle assessments significantly decrease if more robust impact
assessments techniques are not introduced.

The Swiss grid is very interesting considering its high share of
exchanges with neighboring countries, and it is considered as the
main subject of interest of this study. In Switzerland, the CED, the
CEDnr, and the GHG emissions are highly important, since they
have been selected as the main indicators of the 2000W society
vision [20]. Hourly conversion factors related to these three in-
dicators are not yet available for the Swiss mix. In this paper, we
first present the methodology and discuss the data availability for
Switzerland as well as for its surrounding countries. We then pre-
sent the obtained results, consisting of the hourly conversion fac-
tors CF“GHG, CF“CED' and CFcgpy, for the Swiss, Austrian, French, and
German grids. In the second part of the study, the traditional
method of energy and emission assessment (dealing with mean
annual conversion factors) is compared with a method using hourly

conversion factors, using a case study consisting of a highly-
efficient building in central Switzerland that represents future
construction trends. Furthermore, we address the relevance of
conversion factors discriminated by end-use sectors of electricity in
the building taken as the case study. The expected audience of this
study is composed of LCA practitioners, energy engineers and re-
searchers, and electric grid managers and policymakers.

2. Methodology

The LCA methodology used in this study to assess the Swiss grid
follows the ISO 14040/14044 guidelines [21,22] and the ILCD
handbook [12]. We consider a spatially-homogeneous quality of
electricity in a given country. When considering the electricity
delivered to the national grid of a country c, given a category in-
dicator m in a time interval i, the assessment of an impact score
IS¢ m i is obtained as follows:

DP [ E
Isc‘m,i = Isc,m‘i + Ism,i - Isc‘m‘i (1)
where IS?? ; is the impact score of domestic production; IS}, ; is the

impact score resulting from the imports of electricity from sur-
rounding countries; and ISf‘m‘i is the impact score related to elec-

tricity exports. They are evaluated in the present study,
respectively, in the following manner (Egs. (2)—(4)):

ISPhi =D GEcpi*Chny (2)
f
with GE_; ; being the net generated electricity by technology type f,

and CFy, s being the technology-specific conversion factor of a given
category indicator m.

IS, = ZEf”--CFm.n’,- (3)
n

with E,’1 ; being the imported electricity from a neighboring country
n,and CFE - being the country-specific conversion factor of a given

mn,i
category m.
Isf,m,i = EEI'CFC.,m.,i, (4)

with EE ; being the sum of exported electricity from the exporting
country c to its surrounding countries, and CF ,, ; being the national
conversion factor of a given impact category m:

IsbP 4+ 1St
CFc mi = =~ —r] (5)
T ZGch,i + ZE{”
f n
When applying this description to a region of interest, a
domino-chain reaction occurs in the sense that a surrounding
country n subsequently becomes a country of main interest c. In
other words, each grid (with its own set of conversion factors) is
influenced by the features of the surrounding grids from which
electricity is imported. In this study, we limit the data inventory by
introducing a simplification concerning electricity imports from
surrounding countries n. Instead of Eq. (3), we consider the share of
imports in the national grids surrounding c to be time-independent
and with conversion factors equivalent to those of the European
Network of Transmission System Operators for Electricity (ENTSO-
E) mix supply. Therefore, Eq. (5) applied to a surrounding country ¢
becomes:
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where
ISy i = Eni-CEmentso—E (7)

With E,’1 ; being the sum of the electricity imported to country c,

and CFp gntso—g being the mean annual conversion factor of the
ENTSO-E mix supply. By such simplification, we introduce a second
range of accuracy in the model; the highest level of accuracy in the
conversion factors is obtained for the main country of interest c,
and the lower-range level concerns the surrounding countries n.
In this study, the methodology could be used for any environ-
mental indicators, but the chosen safeguard subjects are limited to
the impact category of climate change and the depletion of fossil
resources. Their respective indicators are the GHG emission factor
and the conversion factor for the cumulative energy demand (CED).
Furthermore, we distinguish the part of the energy requirement
provided by non-renewable resource (CEDnr). These indicators are
assessed along their entire life-cycle on a cradle-to-grave frame-
work (extraction of resources, manufacturing, use, and final
disposal of products). The CED is based on an energy-harvested
approach and on higher heating values, and are provided by the
KBOB database [23]. Allocation based on exergy is applied for the
cogeneration process. Because CED is rather abstract for the non-
specialist, in some data representation proposed in this study we
have converted its value into the primary energy factor (PEF),
describing how much primary energy is necessary to process one
unit of electricity. In addition, the non-renewable ratio r,,; = CFcgpnr/
CFcep is proposed for displaying the data more straightforwardly
than with absolute value. Exponents h and y, hourly and yearly
respectively, are used to make the nature of the assessment more
precise. The technology-related emission factors used in this study
are provided by the KBOB database [23], and comprise transport
and distribution losses. They have been calculated on the base of
life-cycle inventory data of the ecoinvent 2.2 + database [24], with
the 100-year global warming potential model provided by the
Intergovernmental Panel on Climate Change (IPCC) [25].

3. Data collection

We apply this methodology to Switzerland as the country of
main interest ¢, where hourly conversion factors were not yet
available. We take into consideration the electricity supplied to the
Swiss grid. Surrounding countries—France, Germany, and Austria
(see Fig. 1)—are also assessed, but with a lower level of accuracy
due to the simplification stated in Eq. (7). Italy is disregarded in the
present study, as it delivers virtually no electricity to Switzerland
(2.4% of the Swiss imports during the considered period). The
electricity generation inventory includes hourly electricity flows
and technology-specific conversion factors of the different con-
tributors to electric grids belonging to Switzerland and to those of
the direct surrounding countries. The period of the assessment is
one year, from January 28, 2015, until January 27, 2016, during
which the LCA is temporally resolved at the hourly time step.

Extensive data collection of hourly domestic production that
supplies a given national grid is presently very challenging. In
Switzerland, for instance, the electricity supplied to end users is
provided by approximately 700 companies [26]. We collected real-
world data related to domestic productions of Switzerland, Ger-
many, and Austria at the leading energy exchanges in Central
Europe EEX [27]. Although EEX does not trade the full amount of a

Switzerland

Fig. 1. Geographic scope of the study, with Switzerland as the country of main interest
and its surrounding countries.

domestic production, their data is currently the best available
source of information. For example, 43% of the electricity produced
in Switzerland was traded by EEX during the period taken into
consideration in this study. An estimate of missing contributors is
possible by crossing data collected from EEX with those coming
from other sources of information [18]. On that basis, the tech-
nologies missing from the inventory are evaluated as follows: for
Austria, garbage (0.8% of the mix), oil (1.3%), solar (0.03%), and wind
(2.4%); for Switzerland, waste (1.6%), bio-energy (0.2%), and solar
(0.02%). The small quantities and the kinds of different missing
electricity contributions indicate that for these countries
(Switzerland and Austria), the loss of information should concern
mainly small-sized renewable power generation units that are
devoted to local consumption. For France, the hourly data of the
different technology-specific domestic production is given by RTE
[28], the sole manager of the French grid. The only missing
contribution in comparison with Itten et al. [ 18] concerns municipal
waste (0.6%). Thus, the robustness of the data for this country is
considered to be very high. No apparent missing contribution is
noticed for Germany.

The electricity generation inventory of domestic production tells
us that even though the countries investigated in this article are
geographically very close, each national grid is supplied by a very
different supply mix than the ones of its neighbors. Fig. 2 presents
an overview of the technologies and imports involved in the supply
of the different considered national grids. The Swiss grid is mainly
generated by hydro and nuclear at almost equal shares, and is fed
by a significant share of imported electricity from surrounding
countries (about one-third). In these surrounding countries, the
share of foreign electricity varies from very low values (2% in
France) to amounts that are comparable but always smaller to
Switzerland's electricity imports. For the national electric grids
surrounding Switzerland, some general features can be addressed.
Austria's electricity relies mainly on low-carbon hydro. Two-thirds
of German electricity is provided by carbon-intensive fossil fuels.
The French grid relies mostly on nuclear-pressurized water reactors
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Fig. 2. The share of the electricity's origin for the Austrian, French, German, and Swiss
mixes. (See Table 1 for the source of data).

(three-quarters). For these countries surrounding Switzerland,
shares in technology production are consistent with those of Itten
et al. [18].

Two types of data are considered with regards to national
electricity imports and exports. For Switzerland, time-dependent
flows of electricity imports from directly-neighboring countries

imports is chosen to be the one of the ENTSO-E mix supply (KBOB
database from Ref. [23]. Table 1 summarizes the different sources of
data used in the present study.

4. Results

Based on the methodology and the electricity-generation in-
ventory presented in the previous section, we obtained the hourly
conversion factors CF“GHG, CFhCED, and CF'cgppy for the Swiss mix and
its surrounding countries during a one-year period. This section
aims to explore these obtained data. The corresponding dataset of
the Swiss mix is available in the additional information of the pa-
per. CFgyc is plotted in Fig. 3 (lower curve) with the time reference
GMT+1. In order to convey the meaning of these results in an
intelligible representation, we transformed CF'cgp into primary
energy factor PEF=CF'ep/3.6M] kWh™! (center curve) and
CP'cepnr INtO Ty = CFhCEDnr/CFhCED (upper curve). No filter has been
applied to smooth curves. The results clearly indicate that the PEF
follows the same evolving trends of the non-renewable ratio ry;.
Both GHG emissions and energy conversion factors are at their
lowest during summertime, when availability of renewable energy
is high.

Summative statistics of the hourly GHG emission factor, as well
as for conversion factor for the cumulative energy demand and its
non-renewable part, are presented in Tables 2—4, respectively. In
these tables, a mean annual value y¥ and a coefficient of variation

Table 2
Summary of emission factors CF'¢y¢ obtained for Switzerland and its surrounding
countries during a one-year period.

are taken into account. These are provided with a 15-min time step Country  CFane Contributors
by the Swiss transmission grid operator Swissgrid [29]. The con- ¥ [kg COzeq KWh '] CVY [~] puc? [kg COzeq kWh™'] CV.Y [-]
versi.on factors resulting from these imports are also considered.to Austria 0349 0222 0026 0.582
be time-dependent and are evaluated by Eq. (6). For countries Germany 0.851 0.078  0.145 0.542
surrounding Switzerland, the energy shares of annual imports are France 0.078 0306 0.008 0.502
provided by Itten et al. [18] and are distributed equally throughout Swiss DP - 0.040 0389 0.027 0519
. . . Swiss mix 0.206 0.410 N/A N/A

the year. The time-independent conversion factor related to these
Table 1
Overview of the different sources of data used in the present study.

Countries Imported energy Imports: conversion factors Domestic production (DP): share of technologies

Switzerland Swissgrid [26] Present study EEX [24]

Austria Itten et al. [16] ENTSO-E [21] EEX [24]

Germany Itten et al. [16] ENTSO-E [21] EEX [24]

France Itten et al. [16] ENTSO-E [21] RTE [25]
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Fig. 3. Hourly variation of the primary energy factor (PEF), the non-renewable ratio (rp,),
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=

and the GHG emission factor (CFgyc) of the electricity mix feeding the Swiss grid.
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Table 3

Summary of statistics based on hourly cumulative energy demand (CED) conversion
factors CF'czp obtained for Switzerland and its surrounding countries during a one-
year period.

Country CFcep Contributors
Y [Mloileq kWh'] v [-]  p? [Mloil-eq kWh™']  CVe? [-]
Austria 12.046 0.046 0.860 0.514
Germany  13.615 0.014 2.316 0.545
France 12.958 0.037 1.356 0419
Swiss DP 11412 0.149 7.327 0.191
Swiss mix  11.859 0.109 N/A N/A
Table 4

Summary of statistics based on hourly non-renewable cumulative energy demand
(CEDnr) characterization factors CF'cgp, obtained for Switzerland and its sur-
rounding countries during a one-year period.

Country CFcepnr Contributors

1 Y [Mjoil-eq kWhil] cvr [-] ke Y [Mjoil-eq kWhi]] v [-]
Austria 10.446 0.041 0.750 0.517
Germany  13.343 0.017 2.270 0.545
France 12.287 0.051 1.289 0.425
Swiss DP 9.7017 0.246 6.149 0.236
Swiss mix  10.458 0.181 N/A N/A

CV (defined as the ratio of the standard deviation ¢ ¥ to the mean
value u Y) are reported not only for the Swiss grid and its own
domestic production (DP), but also for the grids belonging to the
countries directly surrounding Switzerland. CV is used to indicate
the risk for inaccuracies in the impact assessment with mean
annual conversion factor. Using CV? rather than ¢ ¥ offers the pos-
sibility to directly compare the different variation levels exhibited
by each national mix. In the same tables (Tables 2—4), u¥ stands for
the mean absolute contribution from each of the surrounding
countries to the Swiss conversion factors of concern. The variability
of these contributions throughout the year is expressed by a coef-
ficient of variation CV,”.

Tables 2—4 allows for comparison of the different mean annual
values of the conversion factors obtained from the hourly assess-
ment for the national grids within the scope of this study. For the
three investigated indicators and their respective conversion fac-
tors, electricity provided by the Swiss domestic production is al-
ways less intensive both in term of energy use and GHG emissions.
On the same basis, electricity supplied by the German grid exhibits
the worst values. Its electricity is generated by technologies that
need 16% more cumulative energy (27% more for the CEDy;) than
the Swiss domestic production. The most striking disparity be-
tween the obtained national conversion factors is that of the GHG

Final energy

Germany
(17%)

Swiss DP (66%)
France

(10%)

Austria (7%)

emissions. Throughout the year taken into consideration, only 17%
of the electricity supplied to the Swiss grid is provided by Germany
(see left side of Fig. 4). However, these imports are responsible for
70% of the GHG emissions of the Swiss mix (see right side of Fig. 4).

The fluctuation of the hourly conversion factors with CV? allows
us to observe that the German grid has the most stable conversion-
factors results over time. This indicates that relatively small im-
precisions are induced when using mean annual conversion factors
for the German grid for performing LCA. Conversely, large varia-
tions in the different hourly conversion factors of the Swiss grid
indicate that substantial inaccuracies in energy and emission as-
sessments may occur when using the conventional method. At the
same time, and especially due to this relatively large variation,
Switzerland appears to be the most suitable country to possibly
implement strategies involving timing optimization of electricity
use for GHG emissions and energy-use mitigation.

It is possible to decompose a given environmental footprint
according to the different sources of electricity. In Fig. 5, the
different contributions of the Swiss mix (domestic and imported
electricity) and their respective share of responsibilities are dis-
closed for CF'cgp (upper part), CF'cepnr (center part), and CFlguc
(lower part) for two periods of 10 days during the summer (left
part) and the winter (right part) periods. These two time lapses are
also reported by two blue rectangles in Fig. 3.

According to Fig. 5 and from the Swiss grid point of view, the
major contributor to both the CED and CEDnr conversion factors
during summer is the Swiss domestic production. In terms of ab-
solute values, this domestic contribution—as well as the French
one—do not evolve very much toward winter. The contribution of
Austrian imports on CFgyg, CFcgp, and CFcgppr becomes slightly
more important from summer to winter, and much more important
for the German imports. Over the year, the highest cumulative
energy demand and emission factors associated with the Swiss grid
are during the winter, due to the massive increase of German
imports.

All the differences obtained in the conversion factors depicting
the different national grids originate from the different share of
technology processes used to generate electricity. In Fig. 6, where
the primary energy factor (PEF) and the GHG emission factor CFgyg
are respectively drawn in the x-axis and the y-axis, black triangles
indicate the technology-specific characteristic values from the
KBOB database (from Ref. [21], as well as some given mixes. In this
representation, for each hour of the year in question, a represen-
tative kWh of the Swiss mix is represented by circles that have been
colored differently according to the month of reference. The spec-
trum of variation in energy use and carbon emission can be
particularly appreciated with the inset in Fig. 6, where the two
months with the most differing results are depicted. While at some
given time, the PEF of the Swiss mix is lower than the average one

GHG emissions

Swiss DP

Germany (70%)

France (4%)

Fig. 4. The origin of the electricity supplied by the Swiss grid (left side) and the share of its associated GHG emissions (right side), assessed with hourly emission factors and

cumulated over a one—year period. (DP: Domestic production).
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Fig. 7. Hourly GHG emission factors of the different contributors to the Swiss grid for
the third Wednesday of March 2015 (left side) and the third Wednesday of September
2015 (right side).

of the Swiss domestic production, it is possible at any moment of
the year to have an hourly GHG emission factor of the Swiss mix
lower than the average value of its sole domestic production.
When increasing the temporal resolution in the exploration of
the results, the succession of hourly conversion factors and their

daily evolution are now analyzed. By looking at a portion of the
dataset corresponding to a weekday in Fig. 5, it can be seen that the
different tracks of CF'cyc, CF'cep, and CFcgpyr related to the Swiss
mix could be assimilated in the shape of a W for both winter and
summer. The center/upper kink is centered at noon, and the two
lower kinks appear around breakfast and dinner time. As seen in
Fig. 7, in which the change of CFlcyc is plotted daily, this W shape
no longer applies during the mid-season, at least for the emission
factor. The two days detailed in Fig. 7 are also reported with two
vertical blue lines in Fig. 3. When ranking the different national
grids by their emission factor level, the order of the different con-
tributions remains the same for the two days presented in Fig. 7.
These features generally remain the same all year long, except
during the May—August period, where the Swiss domestic pro-
duction CF'cyc becomes slightly higher than the French CFlcuc.

Having a quick overview of the successive daily variation over a
full-year period is possible with a heat-map visualization, as pro-
posed in Fig. 8 (left side). In this representation, each rectangle
represents a given hour (vertical axis) on a given day (horizontal
axis). The hourly value of the emission factor related to the Swiss
electric mix is compared with its daily average ,ud. The obtained
difference is associated with a color (see the color legend at the top
of Fig. 8). By comparing the color contrast obtained on each vertical
line representing each day, winter appears to be the period when
the daily volatility of CF'¢yc is at its highest. The daily W-shaped
pattern previously discussed, recognizable especially in winter and
summer, fades away during spring. As confirmed with the
electricity-generation inventories used in this study, it is also dur-
ing this period that the Swiss electric mix is powered with more
stable associated life-cycle GHG emissions.

The aggregation of the daily variation of CFlgyc into a mean
representative week is shown on the right side of Fig. 8. A strong
homogeneity between the daily variations is observable during
weekdays. The peak in variation exhibited during the lunch break
smoothes out on Saturday and is inexistent on Sunday. In addition,
the change from positive to negative difference between the daily
and the hourly CF'¢yc appear later during weekend mornings. As a
general trend, carbon intensities rise at night.
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Fig. 8. Daily variation of the Swiss mix emission factor during a one-year period. On the left, the horizontal axis describes the days of interest, and the vertical axis the hours during
a given day. The associated color represents the difference between the hourly emission factor CF'cyc and its daily average u%Gc. On the right, the heat-map represents the ag-

gregation of the one-year period into a mean annual week.

5. Discussion

As introduced in section 2, the model used in this study offers
two ranges of accuracy, depending on the considered country.
When determining hourly conversion factors of electricity, the
highest level of accuracy is at its best for Switzerland, the main
country of interest. Due to assumptions detailed in Eq. (7), some
inaccuracies are introduced for the countries surrounding
Switzerland. By carrying out a sensitivity analysis, we can estimate
how much the values obtained for the Swiss grid are affected by the
simplification made in our model regarding these surrounding
countries, i. e mean annual conversion factors and mean annual
amount of imported electricity.

Firstly, we investigate the impact in the variation of the amount
of electricity imports. At a given time, and for a given surrounding
country, the electricity imports could be different than its yearly
averaged value. If this instantaneous value is half the mean average
value, the corresponding national emission factor is impacted
by —6.2%; —7.7% and +1.2% respectively for France, Austria and
Germany. The change in these national emission factors would then
lead to a variation of the Swiss emission factor of —0.2%. If an
instantaneous amount of electricity import is twice the mean
average value, the French, Austrian, and German emission factors
would correspond now to respectively +11.0%; +15.5% and +2.7%
of the initial value. The change in these national emission factors
would lead to a variation of the Swiss emission factor of —0.4%.

Secondly, we investigate the impact in the variation of the
conversion factor of imported electricity. By a reduction of 50% of
the ENTSO-E emission factor, the carbon footprints of the French,
Austrian, and German mix are impacted by -6.4%; —18.8%
and —2.1% respectively for France, Austria, and Germany. When
taking into account these values for assessing the Swiss mix, the
results are impacted by —3.6%. When repeating the same process
with a surcharge of 50% regarding the ENTSO-E emission factor, the
carbon footprints of the French, Austrian, and German mix are
impacted by 6.4%; 17.8% and 2.0% respectively for France, Austria,
and Germany. Finally, when taking into account these values when
assessing the Swiss mix, the results is impacted by 6.3%.

According to this sensitivity analysis, it appears that the German
grid is assessed with a much better accuracy than the French one.

This is due to the low amount of electricity imports (See Fig. 2) and
to the very stable German mix (See CV factors in Tables 2—4). The
least accurate assessment is the one of the Austrian grid which
exhibits a high amount of electricity imports and important daily
variations (See Fig. 7). It seems easier to improve the hourly CFs
assessment accuracy by integrating in the surrounding countries an
hourly description of electricity imports rather than expecting a
better resolution of the CFs of electricity imports.

Furthermore, we propose to compare the energy-pondered
mean annual carbon footprint of electricity obtained in this study
with those published by official organizations (Table 5).

In order to have agreement between the different data pre-
sented in Table 5, two conditions should be simultaneously
respected: an extensive electricity-generation inventory, and the
technology-specific conversion factor used for both assessments,
need to be the same. The results given in Table 5 shows that the
French case palpably satisfies both conditions. Even if France belong
to a second-class accuracy country due to the applied methodology,
the strong agreement between the two assessments is reached
thanks to the very low amount of electricity imports from the
French grid. In both assessments, the same electricity-generation
inventory is used. With regard to the technology-specific conver-
sion factor, those used by ADEME [32] are apparently very close to
those of the Swiss database KBOB [23]. For the other investigated
countries, this aspect is not the case. When considering the German
grid, the inventory of the German domestic electricity generation of
electricity used in this study [27] represents 98.8% of the full do-
mestic production published by the German government. On the
other hand, the KBOB technology-specific emission factors are
systematically of higher value than those used by the German
government [31] when assessing GHG emissions related to their
electricity. Fig. 9 displays these values for the more carbon-
intensive electricity generation technology. In the same figure,
the variability range of these values are also displayed. As a result,
despite the good agreement of both inventories, the use of different
emission factors leads to a significant increase (+41%) in the ob-
tained results of emission conversion factors, compared with those
published by the German government [31].

It is a bit more problematic to judge the robustness of the ob-
tained results when dealing with a sample of data instead of the full
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Table 5
Comparison of the obtained carbon footprint with data published by official organizations.
Country This study Others' published data Difference
PV 6nc [kg COzeq KWH™1] CFhc [kg COzeq KWh™!] Reference Year
Switzerland 0.203 0.139 [23] 2014 +46%
Austria 0.352 0.222 [30] 2013 +59%
Germany 0.860 0.534 [31] 2015 +41%
France 0.080 0.082 [32] 2014 —2.4%
Koffi etal., 2017 Icha, 2017 (Friedli et al., 2014)
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Fig. 9. Electricity-generation technology-specific emission factors for the lignite, coal, and gas depending on different source of data. Black squares show the data from the KBOB
database [23] open circles shows data used by the German government [31] and the rectangular box shows the span of data from a wide literature screening [30].

amount of a given domestic production of electricity. Regarding the
Swiss grid in particular, when an energy-weighted annual average
based on hourly data u PY¢yc is assessed for the Swiss mix, and is
compared with the data provided by the KBOB database [23], the
proposed method with the data at disposal provides substantially
higher results (see Table 5). The differences obtained between the
annual assessments performed in the frame of the present study
and the KBOB database are smaller but still positive for energies
(+5.3% for CED; +8.5% for CEDnr) than for the GHG emissions.

Apart from choosing appropriate technology-specific conver-
sion factors, another limitation of the method is the current data
availability for performing accurate electricity-generation in-
ventory and robust potential-impact assessment. Higher results
obtained for the three conversion factors assessed on an hourly
base could also be explained by data not reported in the electricity
generation inventory. These missing data probably cause the sud-
den discontinuity in the Swiss production contribution appearing
during the late afternoon on 15/06/2015 in Fig. 5, as well as some
peaks displayed during very small periods of time (range of an
hour) in the three curves depicted in Fig. 3. These discontinuities
are generated by the Swiss domestic production data, but it is not
clear if the cause is the lack of some data or if these features are
truly relevant of the domestic production. In our case, these dis-
continuities affect both the mean annual values and the volatility of
the Swiss mix conversion factor assessments given in Tables 2—4.

The importance of using hourly conversion factors, instead of
their mean annual values, in a given country can be appreciated by
the CV coefficient (Tables 2—4). Smaller CV indicates a low pro-
pensity to inaccuracies in the impact assessment with the mean
annual conversion factor. In this context, we can see that among the
different national grids investigated in this study, the German grid
is the least problematic one. The gain in accuracy does not depend
only on the environmental characteristics of the mix, but also on
the temporal variation of energy use. To illustrate, let's go back to
the GHG emissions associated with the electricity of each national
mix that have been assessed with the hourly emission factor in
Fig. 4. When performing the same evaluation with yearly averaged
emission factors (those of Table 2) instead of an assessment per-
formed with hourly emission factors, GHG emissions would be
underestimated (for Austria: —5.8%; for France: 5.2%; for the Swiss
production: —4.8%) except in Germany, where it would remain
roughly the same.

But comparing the respective coefficient of variation of the
conversion factor belonging to the different investigated grids
(Tables 2—4) does not allow for ranking the different countries by
their potential in saving energy and GHG emission mitigation, by
applying strategies involving timing optimization of electricity use.
Energy and emissions mitigation efficiency depend on the tech-
nology at the top the merit order, which are those that are going to
adjust its production responding to a change in the electricity de-
mand. A quantitative assessment of such optimization strategies
could be made through a consequential analysis (see Refs. [33,34,
but such an analysis is beyond the scope of this paper.

Stakeholders concerned with the sustainability of electric grids
(e.g. grid managers, policy makers) could use the present meth-
odology to carefully choose the origin of their electricity imports.
Repeating the methodology over the years enables monitoring of
decarbonization induced by energy transition policies. The current
trends of big data—resulting in the increasing amount of infor-
mation made available day after day—will make the proposed
method highly applicable in the future. One example is the UK
energy generation, which has been published by the Elexon portal
[35] with a 30 min-resolution fuel mix data. Real-time pricing
contracts of electricity introduced in many countries, together with
increasing normative pressure concerning the guarantee of origin
of electricity, are a great opportunity for extensive electricity-
generation inventory. Day-ahead energy market (see Ref. [36]
could even make possible short-term forecasting of electricity
conversion factors before its usage. The technical constraints for
life-cycle labeling of electricity seem today very small and could be
supported mainly by the holistic communication features of smart
grids, where information technologies such as block chains could
be implemented.

6. Example of a footprint assessment

In this section, we illustrate with a case study how much the
accuracy of energy and emission assessments can be increased
when using hourly conversion factor instead of yearly averaged
value. When combining variable electricity consumption with an
electric grid, constant averaged conversion factors of supply mix
could cause overestimation or underestimation in assessments (see
Refs. [10,14]. Buildings are known for having a very strong time-
dependent energy demand over the year. Residential and service
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Fig. 10. Forecast of the monthly electric consumption of the given case study by end-use sectors of electricity. (DHW: domestic hot water).

sectors are responsible for approximately half of the world's energy
consumption [13]. The selected case study is a building project
which will be completed by 2022 in Fribourg, Switzerland. The
building consists of a mix of apartments (1148 m?gra) and offices
(2917 m?gra) (ERA: energy reference area). A possible architectural
layout (cuboid of 22 x 29 x 23 m) provides the basis for an hourly
energy assessment of the building (see Ref. [37] for more detailed
information), performed with the energiePlus software [38]. The
use of a heat pump is considered for space heating and for
providing the domestic hot water (DHW). Therefore, except for
renewable sources (geothermal), electricity from the grid is the sole
energy supply of the building. A simulation forecast of the elec-
tricity consumption by usage and by month over one year is pre-
sented in Fig. 10.

When assessing the annual GHG emissions due to the opera-
tional phase of our case study with the conventional method
involving fixed yearly emission factors (Table 5), we obtain 5.43 [kg
COz-¢q m~2ggal. This value is overestimated by 1.9% when assessed
with hourly data for both the consumption and the emission factors
of the electricity, which reaches 5.33 [kg CO3.¢q mZERA]. This over-
estimation is even more important for CED (+2.9%) and for CEDnr
(+5.0%). Implementing the same building with the same electricity
demand in a country with a grid having more stable conversion
factors over time would diminish the gap between the two
methods of assessments. For example, if the German grid would
have supplied the same building, the overestimation of the GHG
emissions by the use of mean annual emission factor would be less
than 0.2%.

Hourly conversion factors are not yet widely available. There-
fore, in order to assess operative impacts more accurately than the
conventional method, mean annual conversion factors discrimi-
nated by end-use sectors were introduced in France by ADEME and
EDF in 2005 [32]. When assessing the mean values of CFgyc, CFcep,
and CFcepyr of the electricity by end-use sectors of our case study
and its specific electricity consumption over a year, we obtain the
results presented in Table 6.

Except for heating, where a substantial increase is noticed
(+18%), only a small variation between electricity emissions factors

Table 6

by end-use sectors and the mean annual factor are exhibited. These
variations are very small compared to the ones published by
ADEME [32] in France (+255% for heating in 2014). Unlike the
values published by ADEME that are related to a large sample of
buildings, the values evaluated in Table 6 concern a single case
study, and are therefore not representative of the actual Swiss
building stock. Variation in terms of primary energy (CED) and its
non-renewable part (CEDnr) exhibits the same tendencies, but with
smaller amplitudes.

7. Conclusion

The role of electricity in processes and products is of primary
importance. Therefore, an accurate account is much needed of its
potential environmental impacts, with robust life-cycle inventories
and precise conversion factors. Temporal changes in electricity
conversion factors need to be understood not only to more accu-
rately assess the environmental impacts of processes and products
requesting electricity, but also to implement innovative strategies
towards energy or GHG emission mitigation by a timing optimi-
zation of electricity use.

In this study, temporally-resolved LCA is applied throughout a
year at an hourly time step. The hourly GHG emission factor, along
with the conversion factors for the cumulative energy demand and
its non-renewable part—also called carbon and energy footprints,
respectively—are for the first time ever assessed for the Swiss
electric grid. These factors are also assessed for neighboring
countries (France, Austria, and Germany), but with a lower level of
accuracy. Based on the best current possibilities of data availability,
the applied attributional method gives satisfactory results when-
ever appropriate technology-specific conversion factors are used
and when a thorough electricity-generation inventory is possible
(e.g. the French grid). At present, this could be a practical challenge
for some countries. In this study, the Swiss domestic production has
been approximated by a sample corresponding only to the part
traded at the leading energy exchange in Europe. It is believed that
data availability will increase in the future, enabling the assessment
of dynamic conversion factors not only in retrospect—which is the

Conversion factors by end-use sectors of electricity use of the building taken as a case study. The gap is expressed in (%) from the pondered mean annual conversion factor of

the Swiss mix to the one assessed by end-use sectors.

Swiss mix Appliances Lighting Heating DHW Ventilation
1 onc [kg COzeq KWh™1] 0.203 0.199 0.202 0.239 0.205 0.199
Gap [%] N/A -2.0 -0.5 17.7 1.0 -2.0
weep [MJoil-eq KWh™] 11.902 11.682 11.648 12.083 11.836 11.699
Gap [%] N/A -1.8 -2.1 1.5 -0.6 -1.7
1 cepnr [MJoil-eq KWh™] 10.503 10.187 10.140 10.874 10.422 10.214
Gap [%] N/A -3.0 -35 3.5 0.8 -2.8
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case at present—but also in real-time and in forecast.

Time evolution of the investigated conversion factors have been
explored with various visualization techniques at different time-
scales (daily, weekly, seasonally, and annually), and the volatility
of the obtained results have been quantified by a variation coeffi-
cient (CV). By comparing their CV indicators, the different national
grids have been ranked according to the potential inaccuracies
when energies and GHG emissions are assessed on the base of
mean annual conversion factors instead of hourly ones; the Swiss
grid is ranked number one. Although the present study deals with a
limited number of indicators, the same methodology can be used
for more extensive sets of environmental indicators. Repeating the
methodology through successive years enables energy analysts and
policy makers to quantitatively monitor energy transition. Massive
decarbonization of electricity mixes should be possible, by imple-
menting timing optimization of electricity use or by strategically
selecting the origin of electricity imports. In Switzerland, for
example, 35% of the electricity is imported. This amount is
responsible for 87% of the GHG emissions related to the Swiss
electricity mix, from which 70% are induced by German imports
only.

The relevance of using dynamic conversion factors for energy
and emission assessments (instead of mean annual values) has
been demonstrated through a case study consisting of an energy-
efficient building that hosts offices and dwellings. Based on the
obtained data applied to the case study, emission factors discrim-
inated by end-use sectors indicate a possible opportunity in given
countries for more accurately assessing GHG emissions in build-
ings, until environmental-footprint labelling of electricity becomes
widely available.
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