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 The ongoing energy transition is causing rapid changes in the electricity system and, in consequence, the environmen-
tal impacts associated with electricity generation. In parallel, the daily variability of generation increases with higher
shares of renewable energies. This affects the potential environmental impacts or benefits of devices with variable load
or power, such as electric vehicles, storage systems or photovoltaic home systems. However, recent environmental as-
sessments of the actual benefit of such systems are scarce, with existing assessments majorly using average grid mixes
that are frequently outdated and disregard the dynamic nature of renewable generation. This article provides detailed
hourly average andmarginal electricitymixes for eachmonth of the year, determined for Spain as an illustrative coun-
try with a diversified (renewable) power generation portfolio that experienced a rapid change in the last years. These
are combined with specific life-cycle emission factors for each generation technology. Main drivers for the impacts of
themarginalmix turn out to be natural gas plants and imports, but also pumpedhydropower due to its comparably low
storage efficiency. Applied to a hypothetical photovoltaic rooftop installation, the differences between environmental
assessments on hourly and on annual basis are found to be surprisingly lowwhen assuming that the generated electric-
ity replaces the average grid mix, but substantial when considering the marginal generation mix (i.e., the generation
technologies that respond to a change in demand at a given time). This highlights the importance of considering the
dynamics of the electricity system and the corresponding marginal electricity mixes when optimizing flexible load
or generation technologies under environmental aspects.
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1. Introduction

The transition away from fossil fuels towards renewables is advancing
with rapid pace, fuelled by the continuously decreasing prices of renewable
generation technologies, increasingly ambitious national and international
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emission reduction targets and not at least the will to decrease energy
dependency, an aspect that has gained substantial importance only very
recently (IEA, 2020; IRENA, 2022; Harvey, 2022). These fast changes
pose challenges not only for grid operators and regulators on operational
side, but also for system analysists that aim at quantifying the potential en-
vironmental impacts of goods, services or products and that need to deal
with a rapidly changing energy landscape. Considering that electricity is
an important contributor to environmental impacts in many product cate-
gories, the use of up-to-date electricity mixes is essential for meaningful
environmental assessments (Carvalho and Delgado, 2017; Helmers and
Weiss, 2017; Olindo et al., 2021). In this light, the electricity mixes pro-
vided by the well-known ecoinvent or GaBi inventory databases are
deemed outdated despite regular updates (Moreno Ruiz et al., 2021;
Olindo et al., 2021; sphera, 2021), adding uncertainty to the assessments
relying on them. In addition, also the time resolution used for the assess-
ment plays an important role when evaluating the benefits of installations
with non-constant output such as solar home systems (Beloin-Saint-Pierre
et al., 2020; Jordaan et al., 2021). Here, significant discrepancies can be ob-
served between studies using high-resolution load and generation curves
for determining their economic benefit and those based on average values
(Ayala-Gilardón et al., 2018; Cao and Sirén, 2014; Weniger et al., 2014).
The same applies to the environmental assessment of electricity generation
or consumption with non-constant load profiles in general (Elzein et al.,
2019; Kopsakangas-Savolainen et al., 2017). The emission intensity of the
grid electricity varies along the day, and correspondingly do the associated
environmental impacts. In fact, a new tariff schemewith hourly discrimina-
tion has recently been introduced in Spain (MITECO, 2021), mainly to ad-
just the electricity prices to the changing generation profile, but at the
same time incentivizing a more conscious consumption of electricity and
the shift of flexible loads to hours of low demand (‘valley hours’). Previous
studies in other countries found noteworthy discrepancies between assess-
ments using annual average grid mixes and a higher (hourly) time resolu-
tion (Olindo et al., 2021). Using hourly emission intensity, significant
potential for emission reductions by smart load management have been
identified for Finland (Kopsakangas-Savolainen et al., 2017), France
(Milovanoff et al., 2018) and Germany (Kono et al., 2017; Jochem et al.,
2015), in case of the latter by adjusting the charge profile of electric vehi-
cles to the hours of lowest emission intensity of the grid. Another recent
work found dynamic modelling of electricity on hourly basis for Hungary
to influence the life-cycle impact results significantly (Kiss et al., 2020;
Rupp et al., 2019), while Vuarnoz and Jusselme (2018) provided hourly
emission profiles for the Swiss grid, though without any specific case
study. For Spain, attempts have been made to update the (comparably
old) inventory data contained in the latest version of ecoinvent, but with a
focus on modelling a more up-to-date electricity mix and without account-
ing for seasonal or hourly fluctuations (Puig-Samper Naranjo et al., 2021),
or based on simulations without providing the corresponding emission fac-
tors (Victoria and Gallego-Castillo, 2019). Despite these attempts, studies
that consider the hourly and seasonal variability of the electricity generation
for environmental assessments are generally scarce (Jordaan et al., 2021).

Also, there is an ongoing discussion about the use of marginal emission
factors for environmental assessments. Unlike the average grid mix, the
marginal electricity mix considers the response of the generation park to a
change in demand i.e., determines which technologies would be used for
covering an additional demand at a certain point of time (Weidema et al.,
1999). These can be short-termmarginal or long-termmarginal, depending
on scope and time horizon. Short-termmarginalmix refers to the generation
mix that responds to a change in demand from one moment to the other
within a given generation park, while long-term marginal mix describes
the structural change of the generation park over time, i.e., the generation
technology that would be installed additionally (or decommissioned) for
satisfying increasing (or decreasing) demand (Consequential LCA, 2020;
Vandepaer et al., 2019).

Long-term marginal mixes have been developed for the ecoinvent data-
base for most European countries, with a time horizon until 2030 (Moreno
Ruiz et al., 2021; Vandepaer et al., 2019). For Spain, energy systems
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modelling has been applied for determining the development of the
electricity sector until 2050, but describing the general evolution of the
generation mix without focusing on the marginal changes (García-Gusano
et al., 2017; Iribarren et al., 2020). Short-term marginal mixes have been
developed for Germany based on energy systems modelling with the aim
of optimizing electric vehicle (EV) charging behaviour (Jochem et al.,
2015), and based on merit-order simulation, though without accounting
for pumped hydropower or imports, which can be important marginal
sources (Regett et al., 2018). Marginal mixes have been developed and ap-
plied to EV charging for the years 2012–2014 for France, Germany, Great
Britain, Belgium, Spain and Italy, finding noteworthy differences between
average annual and hourly emission factors, but also between hourly aver-
age grid mixes and hourly marginal mixes (Milovanoff et al., 2018). For
Portugal, Garcia and Freire (2016) determined marginal emission factors
by a linear-regression approach, though assuming that only coal and gas
satisfy additional demands, while Carvalho et al. (2020) used a general al-
gebraic modelling system (GAMS) for estimating the hourly marginal gen-
eration technology and the corresponding impacts of EV charging
strategies. Average marginal mixes for all EU countries were reported by
Corradi (2018) based on the data provided by Electromaps (2020), though
only on an annual basis without considering hourly fluctuations. One of the
most recent and comprehensive works on marginal electricity mixes is the
one by Arvesen et al. (2021), who provided hourly average and marginal
electricity mixes and emission factors for the European grid based on en-
ergy systems modelling for the year 2050. For Spain, Arcos-Vargas et al.
(2020) usedmarginal electricity generation for assessing the environmental
performance of PV systems, but assuming natural gas combined cycle
(NGCC) plants to exclusively cover the additional electricity demand.

All previously mentioned works found significant discrepancies
between assessments using annual average electricity mixes, hourly aver-
age and hourly marginal emission intensities when assessing or optimizing
variable loads. However, even though there is increasing evidence that the
time resolution plays amajor role for a realistic andmeaningful assessment,
no recent estimation of the hourly average andmarginal electricitymix and
its corresponding environmental impacts is available. This is particularly
relevant due to the recent change in the legislative framework and corre-
sponding quickly accelerating uptake of renewables, leading to a quickly
changing generation landscape.

In order to overcome the previously described gaps, this paper deter-
mines short-term marginal emission factors for Spain, considering hourly
and seasonal fluctuation and providing average and marginal electricity
mixes with an hourly resolution for each month of the year, based on
most recent data available (2021). The high temporal resolution also allows
to evaluate the appropriateness of the new three-period tariff scheme for in-
centivizing electricity consumption during periods of low emission inten-
sity. As a case study, the obtained marginal emission factors are then
applied for quantifying the environmental performance of photovoltaic
(PV) solar rooftop installations under consideration of the marginal hourly
electricity mix replaced by the additional generation. However, the ob-
tained marginal emission factors are not limited to PV assessments, but rel-
evant to all environmental assessments of the Spanish electricity system
requiring hourly time resolution, including also analyses on EV deployment
and energy storage systems. Moreover, the choice of Spain as a country
with a diversified (renewable) power generation portfolio enriches the
overarching discussion on the relevance of marginal electricity mixes
when it comes to assessing the environmental performance of installations
with variable load or power, a research topic of general scientific and inter-
national relevance.

2. Methodology

2.1. Data sources

Data on historical electricity generation are taken from the Spanish grid
operator (REE), which provides time series of the electricity generation
mix, corresponding CO2 emissions and spot market price since 2014 with
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hourly resolution (REE, 2021). Though these time series provided by REE
also include CO2 emissions, these are direct emissions and therefore do
not include upstream processes. For obtaining a more meaningful evalua-
tion of the potential environmental impacts, we use indicators for each of
the different generation technologies based on life cycle assessment (LCA)
as detailed in Section 2.2. Generation data for the PV installation used for
the case-study are taken from a previous assessment (Wuebben and
Peters, 2022), assuming an average rooftop installation in central Spain
(Madrid). For imported electricity (from France and Portugal, we rely on
data available on the entso-e platform, where hourly generation data is
available for most European countries, though at higher level of aggrega-
tion. The corresponding time series and the obtained hourly electricity
mixes are provided in the online supplementary information (SI).

2.2. Environmental impacts of electricity generation technologies

Regarding the life-cycle environmental impacts of the power generation
technologies relevant to the Spanish electricitymix, this study considers the
same technology portfolio addressed in García-Gusano et al. (2017) and
Navas-Anguita et al. (2018) but with updated inventory data. For this
purpose, the impacts of each generation technology contributing to the
electricity mix are calculated based on ecoinvent 3.8 (Moreno Ruiz et al.,
2021). The results for all considered technologies and all EF3.0 impact cat-
egories are available in the supplementary information. Regarding the life
cycle impact assessment method, the Environmental Footprint 3.0 method
–whose use is supported by the European Commission (Sala et al., 2018)– is
applied to evaluate the following indicators: climate change, acidification,
use of fossil resources, and use of mineral and metal resources. These indi-
cators are typically addressed when assessing energy systems (Valente
et al., 2020) since they effectively capture key environmental concerns re-
garding both renewable and non-renewable energy technologies. For in-
stance, non-renewable energy technologies are usually associated with
concerns on greenhouse gas emissions (captured by the climate change in-
dicator) and abiotic resource depletion of fuels (captured by the indicator
“use of fossil resources”), which are often correlated (Valente et al.,
2019). On the other hand, renewable power generation technologies are
often associated with different concerns on abiotic resource depletion due
to the required extraction of elements (captured by the indicator “use of
mineral and metal resources”). Other indicators such as acidification are
typically relevant to both non-renewable (e.g., coal-based) and renewable
(e.g., cultivated biomass-based) energy systems. In any case, the supple-
mentary data files provided for this work allow for a quick determination
of the impacts for all other available categories.

For pumped hydro and import, no inventory or environmental impact
data are provided by the previously mentioned studies, disregarding im-
ports and corresponding impacts. In addition, the impacts of pumped
hydro are assumed to be equal to those of other hydropower. However, per-
forming pumped hydro an energy storage function rather than just generat-
ing power, it requires special consideration, taking into account the
electricity consumed during storage (i.e., in pumping mode). The impacts
of pumped hydro are therefore calculated based on the corresponding in-
ventory datasets taken from ecoinvent (Moreno Ruiz et al., 2021), but ad-
justed to the annual pumping electricity mix updated to 2021 according
to Section 2.3. The full set of life cycle impacts used for each of the genera-
tion technologies are provided in the supplementary information files.

2.3. Determining the hourly average and marginal electricity mix

2.3.1. Hourly average electricity mix
For determining the hourly average electricity mix for each month, we

rely on historical time series as described in Section 2.1. Due to the rapid
change in generation structure, especially the sharp drop of coal in 2019,
and the potential impact of the COVID pandemic on the electricity grid in
2020 we only use data from 2021. The phase out of coal generation has al-
ready been implemented in recent energy systems models and is in line
with the objectives of the Spanish Energy and Climate plan (García-
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Gusano et al., 2018; PNIEC, 2020). For each generation technology and in
each hour of the year, the life-cycle environmental impacts in terms of cli-
mate change, acidification, use of fossil resources, and use of mineral and
metal resources are calculated per kWh generated by multiplying the aver-
age share of each generation technology within each hour of the month
with its specific impacts (available in the supplementary files provided
with this article). The hourly generation mixes are then averaged over
each month of the year for every hour of the day, obtaining an average
daily profile for eachmonth of the year. For imported electricity, the hourly
mix is determined in the same way, allowing to accurately determine also
the fluctuations in the impact intensity of imported electricity with the
same time resolution.

As a case-study, the environmental benefits of a residential PV rooftop
installation are then assessed using the hourly generationmixes determined
for eachmonth. For this purpose, the electricity generated by the PV-SC sys-
tem in each hour is multiplied by the impacts of the avoided electricity,
obtaining a benefit for the avoided electricity. Subtracting the impacts asso-
ciated with the PV installation itself then gives the potential environmental
benefits of the PV installation (Section 2.5).

2.3.2. Hourly marginal electricity mix
Second, instead of calculating average generation mixes, we determine

the relative change of the share of each generation technology due to an in-
crease/decrease in demand (i.e., the marginal electricity mix) (Böing and
Regett, 2019; Regett et al., 2018). For this purpose, we take the intermittent
renewable generation (wind and solar) and the total electricity demand as ex-
ogenous, and assume that an increase/decrease in demandwould be covered
by a corresponding increase/decrease of controllable generation technolo-
gies, i.e., NGCC, coal, nuclear, hydro and other thermal power plants, besides
imports (Corradi, 2018). Themarginal change of imports/exports is assumed
to be endogenous when following the same trend as the total demand; for in-
stance, imports increase when demand increases, meaning that imports can
be considered to serve as an additional generation technology and effectively
satisfy demand. If imports/exports show a different trend (e.g., imports in-
crease though domestic demand decreases), this is considered to be due to
exogenous causes (mainly price differences), and the corresponding amount
is then added to/ subtracted from the total demand. Similarly, generation
technologies that show an opposite trend to the demand (e.g., increased gen-
eration while demand decreases) are not considered for the marginal mix
since the driver in this case is not the change in demand.

The change in the controllable mix from the previous (h-1) to the cur-
rent (h) hour is then the marginal generation mix (Corradi, 2018;
Kleinertz et al., 2018), which involves a share (margtec,h) of each controlla-
ble power generation technology (tec). Correspondingly, margtec,h is
expressed as a fraction (or percentage) that the given generation technology
contributes to the total generation within the considered hour (Eq. (1)).

margtec;h ¼ Gentec;h−Gentec;h−1
� �

= ∑tecGentec;h−∑tecGentec;h−1
� � ð1Þ

where Gentec,h stands for the electricity generated (MWh) by technology tec
in hour h.

Unfortunately, there is no information about curtailments available in
the time series, even on request to the grid operator. However, this is a rel-
evant aspect, since for hours of renewable curtailment, an increase in de-
mand could be covered by simply reducing the amount of curtailed
electricity and have no further impacts. We determine hours where curtail-
ment is necessary in days where all of the following conditions are met
(i) the share of sun and wind, nuclear and cogeneration and waste exceeds
90 % of the total generation share (nuclear, waste and cogeneration have a
very limitedmargin of reacting to changes in demand), (ii) the exported net
flow is positive (electricity is exported, indicating an excess of electricity in
the domestic market) and the total amount of electricity exported is above
98 % of the maximum export capacity, (iii) the pumped hydro plants oper-
ate in pumpingmode, and (iv) the electricity price is below thefive-year av-
erage minus the standard deviation. For hours where electricity generation
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is curtailed, the marginal environmental impacts are considered to be zero.
Being these assumptions based on own judgement, we tested the impact of
variations in the set thresholds and find even variations+/− 30% to have
negligible impact on the results. The strongest constraint is the relation be-
tween exported electricity and export capacity, but even this can be varied
between 90 % and 100 % with no major changes in the marginal mix. The
supplementary data files provided with this article allow for testing the in-
fluence of these parameters on the results.

As previously, the mean value of the hourly generation shares is then
calculated for each month, thus obtaining an average daily profile for
each month of the year; for imports, the annual average marginal
mix is used. This, again, is used for assessing the performance of the
hypothetical PV installation under consideration of the marginal
electricity mix.

2.3.3. Average marginal electricity mix consumed by pumped hydro
For pumped hydro, the main share of impacts is originated in the elec-

tricity consumed during storage. According to the used ecoinvent dataset,
1.4 kWh of electricity are consumed for providing 1 kWh of electricity pro-
vided by pumped hydro. Correspondingly, the electricity mix assumed for
pumped hydro plays an important role, especially regarding marginal elec-
tricity (where pumped hydro contributes a much higher share than in the
average grid mix). The detailed hourly time series allow for determining
the hours when pumped hydro plants are in pumping (storage) mode and
therefore the corresponding marginal electricity mix used for charging
this type of storage. However, an hourly time resolution does not make
sense in this case, since the electricity stored in one hour cannot be assigned
to another hour when the pumped hydro plant discharges (generates).
Therefore, the marginal electricity of pumped hydro is determined as the
annual average marginal mix of all the hours where pumped hydro is in
storage mode (i.e., it does not generate, but consumes). The marginal mix
Fig. 1. Hourly average generat
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consumed by pumped hydro and the corresponding inventory data are pro-
vided in the SI.

2.3.4. Electricity imports
Cross-border exchanges of electricity play an important role for

balancing the grid and reduce the demand for dedicated storage capacity.
Being imports a relevant contributor to the overall electricity mix (both av-
erage and marginal), also the hourly variability of the impact intensity of
imported electricity needs to be considered. For this purpose, hourly time
series obtained from the entso-e platform are used and the impact intensity
of both the French and the Portuguese electricitymix is determined for each
hour, following the previously described approaches for both the average
and the marginal electricity mixes. This allows to consider the specific im-
pact intensity of imports which, unlike the other generation technologies
varies following daily and seasonal (annual) patterns. For Morocco, the
third country that is connected with the Spanish peninsula, no hourly
time series are available. For the imports fromMorocco, the average impact
intensity obtained from the ecoinvent database is therefore used.

2.4. Future generation mix

The ongoing transition of the electricity system will lead to continu-
ously increasing shares of renewables and correspondingly decreasing
GHG intensity of the electricity mix. However, when using the current elec-
tricity mix for the assessment of technologies or energy systems, this effect
is disregarded, thus potentially overestimating potential environmental
benefits or impacts. Therefore, the consideration of future developments
of the electricity mix, though uncertain, can help to provide amore realistic
picture of the potential environmental impacts of the assessed system over
its lifetime (García-Gusano et al., 2017). In addition, the increasing fluctu-
ation of the electricity mix caused by the higher shares of renewables will
ion mix by month in 2021.
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lead to a higher importance of assessments considering the seasonal and
daily variations, especially for systemswith varying load such as PV or elec-
tric vehicles (Arvesen et al., 2021; Kiss et al., 2020).While a detailedmodel-
ling of the future electricity mix with hourly time resolution is out of scope
of the present work, we attempt to provide an idea of the possible implica-
tions for the average and marginal hourly mix in future. This is done by
decomposing the historical time series into two seasonal (monthly and
hourly) components, plus the long-term trend. Then, taking average annual
values obtained from long-term energy system models with yearly time
resolution (García-Gusano et al., 2018; Navas-Anguita et al., 2018), the
identified cyclic components can be superposed to the annual average
share of each generation technology, obtaining a hypothetical future
generation profile with hourly resolution for eachmonth.While insufficient
for a detailed assessment of the future generationmix, it allows to provide a
picture of the relevance of time resolution for assessing future electricity
generation and the corresponding limitations of energy system models
with yearly time resolution. Details about the approach are provided in
the SI.

2.5. Implementation in ecoinvent

In order to provide a readily applicable dataset for further use in LCA,
the obtained annual average and marginal electricity mixes are combined
with the existing ecoinvent database, updating the generation mixes to
the most recent values while using the same generation technologies as in
the original datasets. Due to the higher precision of the ecoinvent datasets
(broader set of generation technologies) these are grouped into clusters, as-
suming that the distribution within each cluster does not change when
modifying its contribution to the overall mix (e.g., the shares between lig-
nite and hard coal within the coal generation remain constant when chang-
ing the total contribution of coal to the electricity mix). The corresponding
Fig. 2. Hourly marginal generat
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inventory tables and the inventory datasets for import into LCA software
(ILCD and JSONLD format) are provided as supplementary files (see SI).

2.6. Environmental performance of the PV system

For determining the relevance of time resolution and corresponding
hourly electricity mixes for the environmental performance of energy
systems with varying load, we assess a hypothetical PV installation in
central Spain. By using the marginal electricity mix as determined in
Section 2.3.2., the consequence of injecting a certain amount of addi-
tional electricity into the grid (or of avoiding its generation in case of
self-consumption) are evaluated. For this purpose, the PV electricity
generated within each hour (GenPV,h) is multiplied by the impacts asso-
ciated with the (avoided) generation of the corresponding (average or
marginal) electricity mix determined for the corresponding hour and
month, and the impacts attributed to the production of that PV electric-
ity are subtracted (impactPV). For each environmental life-cycle indica-
tor under consideration (impact), this can be expressed according to
Eq. (2) as:

BenefitPV ;h ¼ GenPV ;h � ∑tec margtec;h � impacttec;h
� �

−impactPV ð2Þ

The PV system consists of a hypothetical 1 kWp PV installation in central
Spain (Madrid). Hourly generation data are estimated for amonocrystalline
PV system with optimum angle and azimuth based on historical irradiation
data from the European Union's Photovoltaic Geographic Information
System from 2011 to 2016, averaged over each month (Wuebben and
Peters, 2022). The total annual PV generation is 1619 kWh per installed
kWp of generation capacity, and the assumed lifetime of the system is
20 years.
ion mix by month in 2021.
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For the PV system, the environmental impacts associatedwith its produc-
tion and installation (‘impactPV’) are obtained from the ecoinvent database
(dataset: ‘market for photovoltaic slanted-roof installation, 3 kWp, single-
Si, panel, mounted, on roof’) and amount for the considered impact catego-
ries to (values per kWp):

• Climate change (GWP): 129.4 kg CO2 eq/kWp

• Acidification (AP): 0.75 mol H+ eq/kWp

• Use of fossil resources (FR): 1.60 GJprim/kWp

• Use of mineral and metal resources (MMR): 0.0124 kg Sb eq/kWp

3. Results

3.1. Average mix

The average hourly generationmix for eachmonth is displayed in Fig. 1.
A clear correlation between the availability of hydropower resources and
the share of fossil generation (mainly NGCC) can be observed, highlighting
the importance of these technologies for grid stability due to their flexibil-
ity. In addition, the higher contribution of solar energy leads to a stronger
daily fluctuation during these months. While a total demand above the an-
nual average can also be observed for the months of July and August, this is
the case also in winter (November–February), and therefore does not ex-
plain the different generation shares. The highest shares of renewables
are observed in the springmonths, with both stronger wind and availability
of hydropower resources. A similar profile is obtained when using not only
the time series for 2021, but the whole available timespan from 2015 to
2021, though the share of coal generated electricity then increases on
Fig. 3.Hourly average carbon footprint of electricity permonth in 2021: colour coding for
shaded hours mark peak hours (highest electricity prices), light grey the intermediate ho

6

the expense of NGCC. The corresponding figure for the time series
2015–2021 is provided in the SI.

3.2. Marginal mix

Fig. 2 shows the average hourly marginal electricity mixes determined
for each month of the year 2021. As previously, the corresponding results
for the timespan 2015–2021 are provided in the SI for comparison. Unlike
the average generationmix, themarginal mix hardly contains any solar and
wind energy (since these are not controllable technologies, they do not fol-
low the load except in situations of curtailment), and also only very small
nuclear and cogeneration components. The latter provide a baseload and
usually do not follow the demand variations, and changes in demand there-
fore hardly affect these technologies. On the other hand, hydropower and
pumped hydropower gain relevance, being these the technologies mostly
used for short-term balancing of load and generation, along with electricity
imports. In particular, the interconnections with France and Portugal seem
to play a major role for balancing the Spanish electricity grid and are there-
fore highly relevant also to the decarbonisation of the national electricity
system. Natural gas and coal show similar shares and similar daily profiles
as determined for the average mix, though with higher variability. High
shares of fossil generation are mainly obtained in early morning hours
and during afternoon peaks.

3.3. Environmental impacts of the average mix

The hourly carbon footprint of the Spanish electricitymixwhen applying
a life-cycle approach according to Section 2.2 is displayed in Figs. 3 and 4.
whole year (red=above annual average, green=below annual average). Dark grey
urs (intermediate price level), and white the valley hours (lowest electricity prices).
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Both figures show the same values but with a different colour coding in
order to visualize the seasonal and hourly variability. Fig. 3 relates to the an-
nual average, showing values that are below the annual average in green,
and those above in red, thus visualizing seasonal fluctuations over the
year. Fig. 4 colour-codes each month individually and therefore highlights
the hourly fluctuation of the electricity carbon intensity for eachmonth indi-
vidually (see SI for tabulated values and remaining impact categories). The
daily average varies between 98.4 (February) and 217.0 g CO2 eq/kWh
(November), between 35 and 60 % above the values provided by the
Spanish grid operator (REE, 2021) (which vary between 61.2 in February
and 160.6 g CO2eq/kWh in November; see SI for tabulated values). A clear
seasonal component is observed, with the highest values in July and the au-
tumnmonths, and the lowest ones in spring, whenwind and hydro resources
aremost abundant. Interestingly, the new tariff scheme does not seem to cor-
respond with the emission intensity: the defined peak hours with highest
prices, aimed at disincentivizing the consumption of electricity during
these hours, do not matchwith the hours of highest emission intensity, espe-
cially during morning hours and in summer (Fig. 4).

3.4. Environmental impacts of the marginal mix

When looking at themarginal carbon footprints, the picture is less homo-
geneous. Highest impacts are again found during late autumn months, but
also in early summer (May–July) and lowest again in early springtime
(Fig. 5, same colour coding scheme as for Fig. 3). However, the daily profile
is significantly less smooth. High values are obtained in the morning and
midday hours, when demand is ramping up and during the afternoon peak
hour, while low values accumulate along the late evening, with a clearly
Fig. 4.Hourly average carbon footprint of electricity per month in 2021: colour coding f
average). Dark grey shaded hours mark peak hours (highest electricity prices), light g
(lowest electricity prices).
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visible time shift towards later hours in summer; see Fig. 6. Interestingly,
the seasonal variability is much less pronounced than for the average elec-
tricity mix, with very similar patterns obtained in Figs. 5 and 6 (+/− 7 %
variation of the monthly average along the year for the marginal carbon
footprint vs. ±34 % for the average). Also, the coincidence between hours
of peak electricity prices and GHG emissions is higher and seems to fit
roughly, although a seasonal differentiation in the tariff scheme could im-
prove this. The corresponding tables and heat maps for the remaining envi-
ronmental indicators (acidification, use of fossil resources, and use of
mineral and metal resources) are provided in the SI.

3.5. Environmental benefits of PV

As seen in the previous section, the environmental performance of the
electricity varies significantly over the day, but also the different month
of the year. For energy systems with variable demand or generation profiles
such as PV installations, storage systems or electric vehicle charging,
disregarding this variability will add significant error the corresponding as-
sessments. Fig. 7 shows the match between electricity carbon footprint, PV
generation and the corresponding environmental benefits of the hypothet-
ical 1 kWp residential PV system as defined in Section 2.6 when using the
hourly average and the hourly marginal emission factors. Due to the differ-
ent technologies involved in the average and marginal electricity produc-
tion mixes (Sections 3.1 and 3.2), a remarkable difference is found in the
GHG emission savings estimated under each approach, as visualised by
the different size of the shaded area in Fig. 7.

Table 1 summarises the average impacts obtained for the electricity mix
determined via the different approaches over the whole year, and the
or eachmonth individually (red= abovemonthly average, green= belowmonthly
rey the intermediate hours (intermediate price level), and white the valley hours



Fig. 5.Hourly marginal carbon footprints of electricity per month in 2021: colour coding for whole year. Dark grey shaded hoursmark peak hours (highest electricity prices),
light grey the intermediate hours (intermediate price level), and white the valley hours (lowest electricity prices).
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corresponding benefits obtained from the installation of the PV system.
Compared to the average grid mix, the marginal electricity mix shows 80
% higher GHG emissions but similar acidification impacts and lower re-
source demand (17% lower for FR and 68% forMMR). The latter is a direct
result of its high share of hydropower and imports (with an important share
coming from France, where nuclear dominates), while renewables, typi-
cally major drivers of mineral and metal resource demand, do not contrib-
ute substantially to the marginal mix except in (still rare) cases of
curtailment. The recent average mix is also substantially different from
that of the ecoinvent database, with significantly lower GHG emissions
and acidification impact, but higher mineral and metal resource use, indi-
cating the progress of the energy transition and the importance of using
up-to-date electricity mixes for environmental assessments.

Interestingly, when applied to the PV system and estimating the corre-
sponding environmental benefits, the differences between using the hourly
and the annual average electricity mix are comparably small under GHG
emissions aspects, with a discrepancy of around 8 %. Acidification benefits
are around 10% lowerwhen considering the time-variability of the PV gen-
eration, and fossil resource use 7 % below. Only under aspects of mineral
andmetal resource use, the hourly assessment gives about 60%higher ben-
efits. Except for this impact category, using the annual average grid mix
therefore tends to overestimate the actual benefits of the PV installation.

However, when considering the marginal mix, this trend is reversed,
and the benefits obtained from the PV installation under an hourly ap-
proach are estimated between 12 and 25 % higher than when using the an-
nual marginal mix (except for acidification, where they are 10 % lower).
While this indicates a good fit of the PV generation with the hours of higher
environmental impacts associatedwith themarginal generation, the second
8

peak in themarginal emissions occurs typically close to sunset an cannot be
covered by PV systems.

4. Discussion

The finding that the GHG emissions of the marginal generation mix are
significantly higher than the average gridmix are in general alignmentwith
those of previous studies, where the majority finds the marginal mix to be
associated with higher GHG emissions than the average grid mix (Arcos-
Vargas et al., 2018; Garcia and Freire, 2016; Jochem et al., 2015; Ma
et al., 2012; Pareschi et al., 2017). However, the reasons for this vary
widely; while some studies are based on the simple assumption that addi-
tional demand would always be covered by fossil power plants, we identify
pumped hydropower and imports to be major drivers of impacts, an aspect
hardly addressed by previous works. Especially pumped hydro covers an
important share of the variable generation (the marginal generation)
while at the same time showing a high electricity demand during storage
(1.4 kWh/kWh), thus becoming a major factor for the total marginal im-
pacts. Imports, being another major instrument for stabilising the grid
and reacting to short-term changes in demand, are a second hotspot for
the marginal impacts. Therefore, also the hourly average and marginal
emissions intensity of the major electricity importers (France and
Portugal in the case of Spain) need to be considered for ameaningful assess-
ment. Compared to our initial approach using annual average andmarginal
mixes taken from literature, the consideration of the temporal variability of
the emission intensity of imports decreases both the average and the mar-
ginal mix significantly, indicating that cross-border exchange is effective
for balancing neighbouring grids and reducing overall emission intensity



Fig. 6.Hourlymarginal carbon footprints of electricity permonth in 2021: colour coding for eachmonth individually (red=abovemonthly average, green=belowmonthly
average). Dark grey shaded hours mark peak hours (highest electricity prices), light grey the intermediate hours (intermediate price level), and white the valley hours
(lowest electricity prices).
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(Milovanoff et al., 2018). Only forMorocco detailed time series for the elec-
tricity grid are unavailable, and still annual average values are used
(though the amount of electricity imported from Morocco is very small
and with limited impact on the total environmental profile of the Spanish
electricity mix).

Future developments are expected to lead to increasing shares of renew-
ables and a correspondingly higher variability of the marginal electricity.
For instance, Arvesen et al. (2021) found future marginal mixes for
Europe to show lower carbon intensity than the average mix, combined
with a shift towards lower daytime marginal emissions due to the increas-
ing share of renewables. While we find renewables to contribute yet only
a minor share to the marginal mix, this will likely change in future. To pro-
vide an idea of the consequences of these changes, we combine a simple
time series decomposition with forecasts of future generation shares from
a national energy systems model with yearly time resolution. The results
(graphs provided in Section 6 of the SI) show that the strong daily and sea-
sonal cycles of solar and wind pose serious challenges to the electricity grid
but will also lead to an increasing share of renewables in the marginal mix,
especially during daytime and in summer seasons. This might lead to a sig-
nificant reduction in the marginal emission intensity, but also to a higher
sensitivity to the hour and month when the electricity is consumed. Being
a detailed modelling of future marginal mixes out of the scope of the pres-
ent work, the corresponding forecast exercise is provided only as supple-
mentary information and used for a merely qualitative outlook.

In any case, the consideration of storage systems for balancing the fluc-
tuations and the corresponding marginal impacts during charge operation
will be of increasing relevance. In fact, pumped hydropower, currently
still the only relevant storage technology, is one of the main drivers for
9

themarginal emissions. Amore detailed forecast of the hourly andmonthly
average and marginal generation mixes, and corresponding emission fac-
tors might thus help to increase the reliability of assessments of energy stor-
age systems and to optimise their operation under environmental aspects.
In a first attempt, the marginal and average mix for pumped hydro storage
provided in this work (electricity mix used when pumped hydro is in stor-
agemode) can be a good proxy for more accurately estimating the potential
impacts of stationary energy storage systems.

For the 1 kWp PV installation used as case study, the average annual
GHG emission savings are estimated at 131 kgCO2eq/kWp·y when using
the annual average grid mix (2021), 121 when using the average mix
with hourly time resolution and 384 kgCO2eq/kWp·y using the hourly mar-
ginal grid mix. This is situated in the lower range of the values obtained
from installer quotes in a previous work, which were situated between
191 and 1430 kgCO2 eq/kWp·y (Wuebben and Peters, 2022). These values,
obtained by comparing quotes from commercial PV installers for a represen-
tative building revealed a very high variability and lack of common basis for
estimating GHG emissions savings. They therefore highlight the need for a
comprehensive assessment framework for achieving comparability.

When comparing the impacts of the annual average andmarginal mix as
presented in Table 1with the values obtainedwhen implementing the same
mixes in the ecoinvent database structure according to Section 2.5, some
discrepancies can be observed. The results obtained when directly calculat-
ing the impacts of the generation mix are between 5 and 15 % lower than
when implementing the same mix into the ecoinvent database structure.
This is a result of the consumption-based calculation in ecoinvent, account-
ing for transformation losses and therefore additional generation that is not
considered when using the generation values from the grid operator as



Fig. 7. PV generation and carbon footprint of the average (upper row) andmarginal (lower row) Spanish electricitymix, and corresponding direct GHG emission savings due
to PV in winter, spring, summer and autumn.
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described in Section 2.2. The implementation of dynamic hourly electricity
mixes within LCA software coupled with the ecoinvent database would
therefore constitute a promising future work.

5. Conclusions

We estimate and provide the most recent (2021) hourly average and
hourly marginal Spanish electricity generation mixes for each month of
the year and apply these to a hypothetical residential photovoltaic (PV) in-
stallation in central Spain. Combining the electricity mixes with the life-
cycle environmental profiles of the different electricity generation
Table 1
Comparison of the annual average environmental impacts of electricity generation and
ferent approaches (REE hourly: direct emissions according to data provided by the grid op
electricity, low voltage ES”] according to version 3.8 of the ecoinvent database; Annual av
hourly average generation mix, integrated over the year; Annual marginal: impacts of th
generation mix, integrated over the year).

Topic Indicator REE ecoinvent

Electricity generation (per kWh) GWP 110.5 392.5
AP – 3.33
FR – 8.50
MMR – 0.37

Benefits of PV
(per kWp and year)

GWP 34.9 505.8

AP – 4.64

FR – 12.16

MMR – 0.590

10
technologies allows for a more detailed assessment of the actual environ-
mental impacts associatedwith non-constant generation or consuming tech-
nologies such as PV or electric vehicle charging, as well as of energy storage
technologies. The carbon intensity of the grid electricity varies between 98
and 217 g CO2 eq/kWh when considering the average generation mix, and
between 225 and 309 g CO2 eq/kWh for the marginal generation mix.

In consequence, the price discrimination recently introduced by the
Spanish government (mandatory peak and valley tariff scheme) supports
consumer participation in reducing the impacts associated with electricity
generation by considering hourly variations. While the peak and valley
times do not coincide with the carbon intensity of the hourly average
the corresponding benefits of a hypothetical 1 kWp PV installation according to dif-
erator; ecoinvent annual: impacts of the annual average generationmix [“Market for
erage: impacts of the annual average generationmix; Hourly average: impacts of the
e annual marginal generation mix; Hourly marginal: impacts of the hourly marginal

Average mix Marginal mix Unit

161.1 290.7 g CO2 eq/kWh
0.49 0.49 mmol H+ eq/kWh
5.29 4.45 MJprim/kWh
0.757 0.24 g Sb eq/kWh
Annual Hourly Annual Hourly
131.4 120.7 341.0 383.9 kg CO2 eq/kWh
100 % 92 % 100 % 113 %
0.04 0.04 0.04 0.04 mol H+ eq/kWh
100 % 90 % 100 % 90 %
6.96 6.48 5.60 6.29 GJprim/kWh
100 % 93 % 100 % 112 %
1.213 1.927 0.375 0.470 kg Sb eq/kWp

100 % 159 % 100 % 125 %
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generation mix (and could therefore seem to be counterproductive), they
do fairly fit the hourly marginal impacts. However, due to the strong sea-
sonal component in the electricity mix (mainly due to the seasonal differ-
ences in hydropower and wind availability), a more differentiated price
discrimination could further increase benefits for consumers willing to par-
ticipate in such a scheme.

Interestingly, for the PV system the high time resolution does not
change the results substantially when assuming that the electricity gener-
ated by the PV installation replaces the average gridmix. The actual benefit
of the PV systemwhen considering an average hourly time resolution is be-
tween 7 and 10 % less than when simply applying the annual average grid
mix (i.e., using average grid mix tends to overestimate PV benefits). Only
for mineral andmetal resource use the outcome is different, with the actual
benefit being around 60 % higher than when using annual average values.
However, when considering that an additionally generated kWh of electric-
ity does not substitute the average grid mix, but the marginal mix (i.e., the
mix of generation technologies that responds to a change in demand at the
given hour and month), the picture changes. In this case, the estimated
GHG emission savings from the PV-SC system are around 160 % higher
than for the annual average grid mix, while fossil resource savings are
26 % lower and mineral and metal resource savings 57 % higher. This
can be attributed to the relatively high share of hydropower and imports
within the marginal mix in Spain, in turn of comparably low GHG emission
intensity (especially for the imports from France). Also, the consideration of
the hourly and seasonal variations is more important for the marginal mix
with its higher variance. Here, using the annual marginal mix instead of
the hourly one leads to an underestimation of environmental benefits
from PV-SC by between 10 and 25 %, depending on the impact category.

Based on thefindings presented in thiswork it can be concluded that for
technologies with varying load such as the assessed PV-SC installation, but
also other technologies such as electric vehicles or stationary energy stor-
age installations, the use of marginal electricity mixes will be increasingly
relevant to their environmental assessment. Especially for bidirectional
loads (storage systems), a good alignment of its operation with the hours
of low and highmarginal impact intensity can reap significant environmen-
tal benefits. As a consequence, this work provides updated inventory
datasets for the average and marginal electricity mixes including a detailed
consideration of imports from neighbouring countries. All underlying
datasets, calculation tools and inventory tables are provided as supplemen-
tary data and can be readily re-used for follow-up life cycle assessment
studies. Finally, developing the present approach further by incorporating
also a predictive model allowing to consider future changes in the genera-
tion mix (done in a very simple way as an outlook in this work) imports
would allow for even more comprehensive assessments of (future) energy
technologies.
Glossary

PV Photovoltaics
PV-SC Photovoltaic Self-Consumption
GWP Global Warming impact Potential (climate change)
AP Acidification impact Potential
FR Use of Fossil Resources
MMR Use of Mineral and metal Resources
NGCC Natural Gas Combined Cycle
REE Red Eléctrica de España (Spanish electricity grid operator)
LCA Life Cycle Assessment
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