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ABSTRACT
In high-performancebuildings, energy storage is a key component in increasing self-consumptionof onsite
renewable energy, but is also responsible for extra embedded burdens. The main risk is not paying back
these extra burdens through operational benefits during the use phase of the building. The aim of this
study is to define, explore and propose a methodology for assessing the limits of the viability of energy
storage systemswhen embedded in a building, utilising a set of indicators including greenhouse gas emis-
sions, primary energy and costs. These values are therefore of importance when designing a building
energy system integrating renewable energy source and energy storage. Beyond the results obtained for
a case study in Switzerland, the study unveils different mechanisms according to the scheme of renewable
energy exports. Results are greatly affected by the geographic context and demonstrate the necessity to
implement harvesting systems providing low-impact renewable energy in buildings.
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Nomenclature

cES Levelised cost of energy storage (CHF/kWh)
cG Cost of the grid electricity (CHF/kWh)
cRE Levelised cost of renewable energy (CHF/kWh)
CED Cumulative energy demand (MJeq/kWh)
CEDnr Non-renewable CED (MJeq/kWh)
CES Storage capacity (kWh)
E Final energy (kWh)
E0 Building electricity demand (kWh)
ET Transit (kWh)
Exp Export
ES Energy storage
fES Fading capacity factor (% kWh−1)
GWP Global warming potential (kgCO2−eq/kWh)
GHG Greenhouse gas (kgCO2−eq)
LCOE Levelised cost of energy (CHF/kWh)
PV Photovoltaic
RE Renewable energy
η Efficiency (%)

1. Introduction

High-performance buildings require very low energy demand
supplied mostly from renewable sources, implying a strong
transdisciplinary approach between architecture and engineer-
ing. A main problem with intermittent renewable energy (RE)
sources (e.g. wind, solar) is the temporal mismatch between
their availability and thedemand for energy. In buildings, energy
storage (ES) coupled with photovoltaic (PV) systems represent
a promising solution to increase self-consumption of on-site
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RE (Velik 2013; Litjens, Worrell, and van Sark 2018; Vieira, Moura,
and de Almeida 2017). The design of energy storage systems
involves selecting the technology, defining an appropriate stor-
age capacity and selecting an appropriate energy management
strategy (EMS).

As storage capacity affects self-consumption (Velik 2013),
environmental impacts (Celik,Muneer, andClarke2007;McManus
2015) and costs (Celik et al., 2007), the optimal sizing of storage
capacity is a growing focus of numerous recent research papers
and focus mainly in limiting and using the amount of storage
capacity efficiently is a priority. Optimal design is investigated
formaximizing different cost indicators, such as the ‘home econ-
omy’ (Wu et al. 2017), the net present value (Zhang et al. 2017).
In Doroudchi et al. (2015), the optimal capacity is considered to
be the smallest necessary, thereby enabling theminimization of
operational costs with a scoring function. By assessing the prob-
ability of exceeding the maximum storage availability, Guarino
and colleagues (2015) investigated the best trade-off between
storage size and system efficiency. The existing literature does
not provide an ultimate method for the storage capacity, espe-
cially because this capacity is usually determined on the basis of
the transient operations of the BES, and therefore, by the EMS.

Among the possible EMS, the most common is referred to
as the ‘traditional’ strategy and prioritizes the self-consumption
of on-site RE (see e.g. Zhang et al. 2017; Vuarnoz et al. 2018).
The minimization of cost is achieved by different computational
approaches, for example, convex programming (Wu et al. 2017),
mixed-integer linear programming (Doroudchi et al. 2015), and
adaptative dynamic programming (Huang and Liu 2011). Zhang
and colleagues (2017) found that the dynamic price load shifting
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strategy has a similar performance than the conventional oper-
ational strategy when electricity price variation is not large
enough. Vuarnoz et al. (2018) tested other single objective
optimizations; they also demonstrated performances similar to
those obtained with a traditional EMS when optimization con-
cerns primary energy. When optimization ismade for GHG emis-
sions, the very limited gains are obtained at the detriment of the
primary energy (Vuarnoz et al. 2018). A combination of oper-
ation strategies was identified by Zhang et al. (2017), and the
results obtained outperformed other single optimization strate-
gies (traditional and dynamic price load shifting). Hoan-Anh
and co-workers coupled the solar forecast with energy prices
(Hoan-Anh, Delinchant, and Wurtz 2013) and Favre et al. (2018)
demonstrated the possibility of optimizing at the same time
operational cost, self-consumption and GHG emissions with the
use of a genetic algorithm. It is foreseeable that other types of
EMS dedicated to BES will emerge in the future.

Although the search for different optimums for determin-
ing the storage capacity, as well as the best operating con-
ditions, is the scope of many articles found in the literature,
these optimums do not necessarily lead to life-cycle viability
of deploying energy storage in the construction sector. One of
the most used key performance indicators for assessing high-
performance buildings is the Net Zero Energy Building balance,
which allows the energy balance analysis at the building level,
but does not allow for assessing and confirming the benefits of
implementing ES in buildings. ES increases the burdens asso-
ciated with stored energy and not only because of operational
efficiency. The reason lies in the extra elements added to the
building energy system (BES), each one with its own embodied
environmental impacts, grey energy, and investment costs. For
each life-cycle indicator characterising ES (see e.g. Kourkoumpas
et al. 2018), there is a trade-off between the operational benefit
and the extra embedded impact (Vuarnoz and Jusselme 2018b),
which is seldom investigated specifically for energy storage in
buildings.

Responding to this gap in knowledge, this study focuses on
general methodology for assessing the cut-off value at which
the operational benefits enabled by an energy storage unit in a
building exactly balance its extra embedded impact. This is par-
ticularly relevant to ensure the cradle-to-grave life-cycle sustain-
ability of an energy storage system, whatever storage capacity
sizing technique and EMS is used. The methodology is indepen-
dent of the choice of storage technology, and therefore, this
aspect is not addressed in the present study. Interested read-
ersmay find a helpful overview of the technology characteristics
of different kinds of storage in Barnhart and Benson (2013) or in
Kourkoumpas et al. (2018), for example.

The proposed method is applicable for any kind of life-
cycle indicators, but due to the present crisis of global warm-
ing and the urgent need of the building sector to constrict its
carbon footprint, we found it appropriate to explain the pro-
posedmethodology for the GHG emissions. The primary energy
and cost indicators are also derived in the present article. The
expected audience of this study is composed of LCA practition-
ers and energy engineers and researchers, but also building
planners and architects.

The remainder of the paper is arranged as follows. Section
2 presents the life-cycle framework and principles used for the

analysis. The methodology for assessing the limits of the via-
bility of an energy storage unit in a given building is unveiled
in Section 3. The application of the methodology to a specific
case study is formulated in Section 4. In Section 5, the obtained
results are discussed specifically for the case study and beyond
the context of the case study. Conclusions are summarized in
Section 6.

2. Life-cycle approach

2.1. Selected indicators and functional units

Three life-cycle indicators are used in the present study and
specifically concern the GHG emissions, the primary energy and
the costs. These indicators are assessed along their entire life
cycles on a cradle-to-grave framework (extraction of resources,
manufacturing, use, and final disposal of products and by-
products).

When considering GHG emissions, the quantity is hereafter
called global warming potential (GWP), but also known as the
carbon footprint of electricity (Kopsakangas-Savolainen et al.,
2017 ), CO2−eq footprint (Roux, Schalbart, and Peuportier 2016),
conversion factor for GHG emissions (Vuarnoz and Jusselme
2018a), or emission factor (Milovanoff 2016), and it is expressed
in kg CO2−eq per kWh of electricity (final energy).

The energy use associated with the functional unit of 1
kWh of electricity is usually called primary energy (see e.g. SIA
2040 2017) and is also sometimes referred to as cumulative
energy demand (CED). It is customary to differentiate CED from
the renewable and non-renewable contributions, and both are
expressed in MJ−eq per kWh of electricity (final energy).

Concerning cost, the life-cycle approach is replaced with a
levelized cost of energy that uses the same starting and end-
ingboundaries (cradle-to-grave). Themaindifference is theprice
paid by the consumer at market delivery, which comprises pro-
duction costs (cradle-to-gate) plus a margin from the manufac-
turer. As for PV, the end-of-life cost of batteries is financed in
Switzerland by an anticipated recycling tax taken into consider-
ation in the purchase of the system (SENS eRecycling 2019).

For the sake of simplicity, the further sections of this arti-
cle will be limited to the description of the GWP indicators. The
method is extended by analogy to primary energy and costs in
Section 3.2.

2.2. The different electricity sources

A grid-connected building mounted with both photovoltaic
and energy storage capabilities can enable its different build-
ing services through electricity. Preferably, this electricity comes
directly from the solar panels, then from the battery and finally
from the surrounding grid mix.

For PV-based electricity, we assess GWP as the ratio of the
cradle-to-grave embedded GHG emissions of the PV system
(Andersen and Rey 2019) over its predictable energy gener-
ation during its entire lifespan. The value of GWPPV is time-
independent when EPV is available, i.e. during the duration of
sunshine (see Figure 1).

The carbon footprint of the electricity delivered by an ES sys-
tem consists of the initial footprint of the electricity feeding its
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Figure 1. The GWP of the different sources of electricity supply (Left) combined with operational benefits of an energy storage govern the mechanism of the lifecycle
GHG emission at the building level (Right).

inlet (usually provided by PV) and the footprint of the storage
itself (GWPES) (see Figure 1). The assessment of GWPES is per-
formed on the basis of an inventory of the material resources
and the total energy processed during the storage system’s
lifespan.

In a national electricity grid, the share of each electricity-
generation technology (e.g. coal, hydro, etc.) varies continually
over timeaccording toeach fuel’s characteristics (availability and
possibility of modulating power production) in order to adapt
supply to the ever-changing demand. The same applies to the
domestic export and import of electricity. Therefore, each kWh
at the consumer’s disposal does not have the same footprint
over time (the case of the GWP indicator is presented in Figure 1,
left side). Despite this situation, it is still common to use a yearly
averagedGWPG whenconsideringanelectricitymix for perform-
ing GHG emissions assessments. This standard practice could
soon be revised due to the potentially large inaccuracies of car-
bon emission assessments (Milovanoff 2016; Spork et al. 2015;
Frischknecht et al. 2015) and the late emergence of hourly GWP
assessments for different countries (see e.g. Milovanoff 2016;
Vuarnoz et al. 2016; Tomorrow2018). In thepresent study, hourly
GWP values of a grid mix are considered.

2.3. GHG emissionsmechanism

To illustrate the GHGmechanism inwhich the operational bene-
fit of using ES is combinedwith its own embedded impact, let us
consider a baseline consisting of a building with an energy sys-
tem that includeon-site REproduction, but that doesnot include
energy storage. The resulting GHG emissions at the building
level are taken as a baseline (Case 0 in the right part of Figure 1).

Then, we consider the implementation of ES, which has a low
GWP (GWPES1) that can easily be balanced by operational gain.
Accordingly, the GHG emissions of the system are lower than
the one considered in the initial case (as seen in case I in the
right part of Figure 1). A second case (case II in Figure 1) is con-
sidered to illustrate the GHG mechanisms and depicts another
storage system with a much higher GWP than case I (GWPES2).
This is the case for example when a large storage capacity is
available but seldom used. As a consequence, associated GHG
emissions assessed at the building level would be so high that
they could not be balanced during the lifespan of the energy
storage system. As such, there is a threshold value where GHG
emissions benefit by using ES at the outset to compensate for

Figure 2. The possible energy fluxes occurring between the main components of
the building energy system considered in this study.

its ownembedded andoperational impact. The analytical search
for this cut-off value is the subject of this present study.

2.4. GHG emissions balanced at the building level

Nowconsider a building, a PV system, energy storage, and a con-
nection with an electric grid. These elements and the different
energy fluxes between them are presented in Figure 2. The pos-
sibility of exporting the surplus of on-site RE generated is shown
by the horizontal red dashed line that vanisheswhen exports are
not possible.

The GHG emissions of the operational phase of the build-
ing GHGO are assessed on the basis of a cradle-to-grave LCA,
following Equation (A1) presented in Appendix 1. When export-
ing electricity to the surrounding network is not possible, using
Equation (A1) wouldmean that the building owner supports the
burden of the energy used for his building alone, without those
of the wasted electricity (e.g. the RE system belongs to a solar
cooperative). More often, the building landlord owns the on-
site RE system at the same time. In such a case, Equation (A1) is



4 D. VUARNOZ

adapted (see Equation (A2) in Appendix 1) in order to account
for the burden of all the electricity produced by RE, the part
consumed directly or indirectly on-site, and the excess electric-
ity that is lost. Within a balancing period of one year, all energy
fluxes within the BES (Figure 2) and their associated GHG emis-
sions are assessed at the hourly time-step; the energy fluxes
important for solving Equations (A1) and (A2) are shown in red
in Figure 2.

3. Methodology

3.1. The global warming potential cut-off

To determine the cut-off of energy storage GWP (GWPES,c), we
propose the following four-step methodology. In step (1), the
final data regarding the energy consumption of the considered
building, its RE production, and the grid’s GWP need to be col-
lected. These data should be evaluated at the hourly time-step
over the courseof one year. In step (2), the annualGHGemissions
of the building’s operational phase without ES are assessed.
In step (3), we consider the implementation of ES of a given
size. Then, we proceed to another assessment of the GHG emis-
sions with the considered storage but with its GWPES set to
zero. Finally, in step (4), the two assessments performed during
steps (2) and (3) are compared. The GHG benefits obtained by ES
implementation are divided by the amount of energy transmit-
ted in the ES unit during the evaluation period. This is the cut-off
value of energy storage GWP (GWPES,c) that the energy storage
unit should exhibit in order to have a balanced life-cycle impact
on the GHG balance at the building level.

3.2. Extension of themethod to other indicators

The same method explained in section 3.1 can easily be
extended to other life-cycle indicators. In this study, we pro-
pose to treat the cumulative energy demand (CED) and its non-
renewable component (CEDnr), as well as the cost, in a way
similar to that used to explain GHG emissions.

When adapting themethodology explained in section 3.1 for
the cost, the building owner’s point of view is adopted. Assess-
ing the life-cycle cost viability of an energy storage unit requires
the collection of data regarding the electricity tariffs imposed by
the local electricity provider and the price of on-site renewable
systems.

4. Testing themethodology

4.1. Modelling framework

A versatile modelling framework previously developed (See
Vuarnoz et al. 2018) is used to simulate the running condi-
tions of the BES at the hourly time-step and to assess its annual
performance according to Swiss standard SIA 2040 (2017). The
choice of the hourly time-step allows us to take into account
the dynamic interaction within the components of the building
energy system.

Because the battery is stationary and, therefore, not sub-
jected to temperature changes, modelling the degradation of
the battery is assumed to be proportional to the amount of
energy transmitted in storage. Energy storage is modelled using

the followingparameters: an initial storage capacityCES in kWh, a
fading capacity factor fES in %*kWh−1, and round-trip efficiency
η in % as in (Peterson, Apt, and Whitacre 2010).

4.2. Energy-management procedure

An energy-management procedure comprises a set of rules gov-
erning the energy fluxes between the components of the BES.
As different optimizations can be prioritized, a number of dif-
ferent strategies are possible. In this study, as in most simple
commercialized EMSs, the following general rules apply:

• For the supply of E0, the merit-order of energy sources is:
1) from RE; 2) from ES; 3) from the grid. If one source is
unavailable or insufficient, then the next one is considered.

• For the management of on-site renewable-energy produc-
tion, energy goes: (1) to supply E0; if a surplus of RE occurs,
energy goes to (2) ES. In the event that the ES unit is full,
the remaining excess energy could either be exported to the
surrounding electric grid (3) or discarded (4).

4.3. Case study

An appropriate case study comprises a building for which the
energydemand, REproduction, and carbon footprint of the elec-
tricity supply mix are all assessed on an hourly basis over the
span of one year. For this reason, the project of the building for
the smart living lab (Andersen and Rey 2019), with construction
planned for 2022 in Fribourg, Switzerland, constitutes a perfect
case study.

An architectural feasibility study considering an energy refer-
ence area of 4000m2 serves as a basis for the assessment of the
building’s energy demands (additional details can be found at
Vuarnozet al. (2018)). Theneedsof thebuilding’s users are assim-
ilated to an office building according to SIA 2024 (2015). A net-
zero energy building (NZEB) approach is adopted. The planned
technical installations include solar thermal panels to meet 60%
of the domestic hot-water energy demand. All other thermal
needs are provided by a heat pump. Electricity is generated
either by on-site PV panels or by the Swiss grid mix.

Cadmium telluride PV panels (η = 15.1%) are considered
to partially cover the building, according to Table 1. Different
PV orientations were selected not for optimal energy use but
to evaluate the consequences of differing PV integration on
the building’s exterior surfaces. In order to assess the GWP of
the electricity provided by PV (GWPPV), embedded emissions
and energies have been applied from the work conducted by
Frischknecht et al. (2015), and the amount of RE harvested
by building-integrated photovoltaics (BIPV) has been evalu-
ated with the help of crm solar software (smarsys, 2017) with
hourly weather data files from Swiss weather station at Fri-
bourg–Posieux. The lifespanof aphotovoltaic system is assumed
to be 30 years (Frischknecht et al. 2015) and to have a constant
rate of efficiency over time. The energy and carbon footprints of
the electricity generated by the PV panels considered in the case
study are presented in Table 1 and are adopted from the work
conducted by Vuarnoz et al. (2018).

The levelized cost of the renewable energy system is deter-
mined by the investment cost and the operational cost collected
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Table 1. Characteristics of the PV system.

Orientation Area (m2) GWP (kg C02−eq/kWh) CED (MJeq/kWh) CEDnr (MJeq/kWh)
CRE without subsidies

(CHF/kWh)
CRE with subsidies

(CHF/kWh)

East (75°) 343 0.094 1.52 1.41 0.324 0.312
West (255°) 343 0.067 1.09 1.00 0.231 0.223
Roof (165°) 343 0.041 0.66 0.61 0.089 0.079

Table 2. Partial cost of the grid mix (Groupe E 2019).

Period Tarif (CHF/kWh)

Winter High* 0.172
(01/10–31/03) Low** 0.111
Summer High * 0.140
(01/04–30/09) Low** 0.082

*(mo-fri: 07:00–23:00; sat: 07:00–13:30).
**(other than*).

in the study by Moreno Aguacil (2019). These prices, derived
specifically from the Swissmarket, include all the necessary com-
ponents of the renewable system (PV panels, junction box, con-
nections, cabling and inverters). A recycling tax is also taken into
consideration in the purchase of the system (SENS eRecycling
2019). The specific levelized cost cRE of electricity provided by
the specific renewable system considered for our case study is
presented in Table 1, both with and without possible govern-
mental subsidies (Pronovo 2019).

The selection of various positions for the implementation of
BIPV panels allows the optimization of RE harvesting time and,
therefore, increases the building’s potential energy autonomy.
However, the footprints and levelized costs of PV are directly
dependent on the capacity of PVs to harvest solar radiation. Only
the addition of PV units to the roof allows the production of
electricity at a cost below the feed-in tariff.

Due to the location of the case study, the Swiss grid is con-
sidered. Hourly GWP data for the grid have been evaluated on
the basis of an attributional cradle-to-grave LCA by Vuarnoz
and Jusselme (2018a). Based on this study, which considers
a one-year period of 2015–2016, the values of GWPG range
from 0.029–0.414 kg CO2−eq/kWh, with a mean annual GWP of
0.203 kg CO2−eq/kWh and a relative standard deviation of 41%.
The data for the hourly energy footprints of the Swiss grid used
in this study are taken from Vuarnoz and Jusselme (2018a). The
mean annual values for the Swiss mix are 11.86 MJeq/kWh for
the CED and 10.46 MJeq/kWh for CEDnr with a relative standard
deviation of 10.9 and 18.1%, respectively.

In Fribourg, the cost of electricity is subject to four different
electricity tariffs CG throughout the year (see Table 2). In addi-
tion, the final electricity bill includes a fixed yearly fee (518.30
CHF/yr) and a variable power fee (5.90 CHF/kW*mo). In Fribourg,
RE can be sold at any time with a single feed-in-tariff of 0.093
CHF/kwh. It is assumed that the power grid system does not
enter its end-of-life phase during the time frame of this analysis.

A lithium-ion electrochemical battery is considered in the
study with a round-trip efficiency (0.9). The degradation of the
battery is assumed by a capacity fading factor (−6E-04%kWh−1)
that has been evaluated on the basis of measurements per-
formed by the product manufacturer (Vuarnoz et al. 2018). As
the influence of the storage size is of prior importance, the simu-
lations are conductedover a rangeof possible battery capacities.

Figure 3. Amount of PV electricity that cannot be exported and amount of energy
transited in the energy storage during a one-year period. Same results of transit are
obtained with or without export to the grid of the surplus RE generation.

5. Results

First, we look at the annual amount of energy ET transmitted in
storage. This amount is independent of the scheme of export
management (see Figure 3) and evolves similarly to an ET = a*(1
– exp (-b CES)) function. This function, also known as an ease-out
curve, is centred at the origin, with a horizontal asymptotewhen
increasing CES. This feature is explained by the finite amount
of solar irradiance independent of the size of the storage unit.
The NZEB balance principle is responsible for a large amount of
wasted electricity when it is not exportable.

5.1. Greenhouse gas results

The GHG results obtained when applying the methodology
explained in Section 3.1 to the considered case study (section
4.3) and for two schemes of renewable excess power manage-
ment are presented in Figure 4 as a function of the size of the
storage capacity. When the export of excess PV electricity is not
possible (or not allowed), when increasing from zero to the ES
capacity, the GHG emissions appear to first decrease and then
converge (see Figure 4). When implementing an ES system, the
excess PVelectricity that is not used immediately for thebuilding
can be stored for later use instead of being wasted. This reduces
the amount of electricity imports and increases the share of RE
in the building’s energy consumption. As a result, compared
to a system without ES (CES = 0), a reduction of GHG emis-
sions is now obtained. The gap δ, which is indicated in Figure 4,
corresponds to the operational benefits of using ES. This gap
corresponds to the maximum embodied carbon that ES should
exhibit in order to lead to emission neutrality. In Figure 5, the
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Figure 4. GHG emissions at the building’s level.

Figure 5. GWPES,c to ensure GHG emission mitigation at the building level.

energy storage GWP cut-off (GWPES,c) is presented as a func-
tion of ES capacity size and shows a converging value of 0.158
kgCO2−eq/kWh.

In the case of possible exports of surplus PV electricity, a dir
ect valuation of this RE excess is possible through the grid, even
if ES is not part of the BES. The valuation of export to the grid
is possible without extra embedded impacts and energy losses
of local ES. Although the GHG emissions stagnate when increas-
ing ES capacity size, higher GHG emissions are always obtained
in comparison with the initial case without ES (Figure 4). Con-
sequently, the proposed method explicated in section 3.1 pro-
vides negative values for GWPES,c that are mathematically cor-
rect but are, in reality, non-existent. This is further addressed in
section 5.4.

5.2. Primary energy results

For the same reasons as those related to the neutral GWP assess-
ment, only the scheme that does not consider exports possible

Figure 6. CEDES,c and CEDnrES,c to ensure a mitigation of respectively the primary
energy and its non-renewable part at the building level when implementing an
energy storage.

Figure 7. Annual LCOEof thebuildingoperational phase in functionof anevolving
energy storage capacity

is presented in Figure 6. The obtained tendencies of both func-
tions CEDES,c = f(CES) and CEDnrES,c = f(CES) are similar to the
one obtained for the GWP (see Figure 5).

The convergence value for the primary energy cut-off
(CEDES,c) is 10.9 and 9.4MJeq/kWh for its non-renewable portion.

5.3. Cost results

The results obtained include the evolution of the annual lev-
elized cost of energy (LCOE) of the building operational phase
with various storage capacity and are presented in Figure 7.

Thanks to the financial gain obtained by selling excess elec-
tricity, without energy storage, the annual LCOE is substantially
lower when the exportation of renewable energy is possible.

In contrast to the results obtained in the assessment of
the GHG emissions and primary energy, integrating an energy
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Figure 8. cES,c to ensure a cost mitigation of the LCOEs when implementing an
energy storage of various capacity

storage unit when there is, at the same time, the possibility of
exporting electricity, may also induce financial benefits.

By increasing the installed energy storage capacity, the
potential to reduce the LCOE ismorepronouncedwhenexport is
not possible. From these obtainable benefits, we can then assess
the cut-off results in the levelized cost of energy storage in the
same way as done previously for GHG and primary energy. The
results are presented in Figure 8 and show converging values
cES,c of 0.058 and 0.184 CHF/kWh, respectively, with andwithout
possible energy exports.

5.4. Contextualization

Nowadays, the Li-Ion technology is themost accessible andmost
used technology in terms of commercial batteries (REF). The
study uses an inventory analysis performed using the ecoinvent
database (Frischknecht et al. 2005) and realistic parameters (the
deteriorationmeasurements performedby themanufacturer for
a constantdepthofdischarge (DOD)of 80% (Vuarnozet al. 2018),
a round-trip efficiency of 0.9, and the same end-of-life of a bat-
tery, i.e. when the value of 80% of the initial storage capacity is
reached), the primary energies (CED and CEDnr) and GHG emis-
sions of commercial lithium-ion batteries have been assessed.
The difference between our model and the standardized test
conducted by themanufacturer lies in the constant evolution of
the battery’s DOD during the transient operation of the BES. The
results are presented in Table 3, and are far below the cut-off
values assessed specifically for our case study. The extra mar-
gin is larger for energy than for carbon footprint and proves
the possible GHG and primary energy mitigation at the building
level only when surplus PV electricity cannot be exported to the
surrounding grid.

Concerning the costs, and according to the Swiss Compe-
tence Centre for Energy Research (SCCERHaE-Storage 2017), the
price of Li-ion batteries in 2016 was 310 CHF/MWh, so today, the
cut-off for the cost of batteries is lower than themarket price (See
Table 3). The operational profitability is not enough to pay-back
the battery investment for any of the export scheme. Evolving

Table 3. Energy and carbon footprints of commercialized Li-ion battery found in
the literature. (Without electricity exports).

Battery Technology
GWP

(kgCO2-eq/kWh)
CED

(MJeq/kWh)
CEDnr

(MJeq/kWh)

Li-Ion Graphite-based
(Vuarnoz et al. 2018)

0.021 0.351 0.319

Li-Ion Titanate-based
(Vuarnoz et al. 2018)

0.007 0.117 0.106

Cut-off values 0.158 10.913 9.428

Table 4. Mitigation tendencies according the scheme of export.

Possibility to mitigate the
concerned indicator GHG CED; CEDnr LCOE

With possible exports not achievable not achievable possible
Without exports possible possible possible

market prices show a repeated reduction in battery costs (with
an annual average close to 22% for theperiod2010–2018 (Logan
2019)) andwill, therefore, soon offer products that offer financial
benefits.

Although the proposed methodology does not directly aim
to define an optimal sizing for storage capacity, its purpose is
to certify the life-cycle viability of a given energy storage design
according to pre-selected life-cycle indicators. To illustrate pos-
sible battery sizes within the frame of the case study when
considering lithium-ion technology, a full day of autonomy dur-
ing mid-season (spring and autumn) corresponds to 350 kWh
(3070 kgwith an energy density of 114Wh/kg). During the same
period of the year, storing the daily excess PV production would
require a storage capacity of 120 kWh (which represents 1050
kg). these two possible capacity sizes (350 and 120 kWh) and
their associated embedded CO2−eq correspond, respectively, to
approximately 30% and 10% of the GHG emission targets pro-
posedby the Swiss standard SIA 2040 (2017) for the construction
and exploitation of a new building.

Beyond the specifics of our case study, the phenomenology
of the different limits of viability (i.e. the cut-off results) unveils
the importance of the scheme of exports in the possibility to
mitigate a given life-cycle indicator (See Table 4).

As the characteristics of electricity provided by both the grid
and RE directly influence the level in the convergence of the
cut-off values, the geographic context is of major importance
in the viability of ES in buildings. Let’s consider the same case
studywith the same energy demand but with the grid electricity
supplied by a national grid other than the Swiss mix. Accord-
ing to Vuarnoz and Jusselme (2018a), the mean annual carbon
footprint of the French and German grid assessed on the basis
of hourly time-steps exhibit a carbon footprint of 0.080 and
0.860 kgCO2−eq/kWh, respectively. Looking back at Figure 1, it
is clear that a carbon-intensive grid mix would generate a larger
GWP threshold for storage. This is the case when we apply our
case study to the context of Germany, with a resulting GWPES,c
of 0.828 kgCO2−eq/kWh. In contrast, the very low carbon foot-
print of French electricity allows a value of only GWPES,c = 0.044
kgCO2−eq/kWh, which is, at the current time, very challenging
with respect to commercialized energy storage.

Obtained results have a direct impact on the design of the
external surface of active buildings since the life-cycle footprints
of intermittent RE harvester technologies are in direct relation
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with their orientation and abilities to capture energy (See e.g.
Table 1). To satisfy the viability of energy storage in buildings,
the RE footprints must be as low as possible, but at least inferior
to the grid footprint minus the one of the energy storage (See
Figure 1).

The limitations of the study and the robustness of the results
are similar to those usually encountered by engineers and LCA
practitioners when they deal with environmental impacts of
buildings. In particular, if LCA studies are known to be appro-
priate for performing comparative studies, they have, at the
same time, significant drawbacks in regard to generating robust
absolute values. This is particularly true when dealing with con-
structionmaterials and energymediumuncertainties (Reap et al.
2008; Hoxha et al. 2017). Nevertheless, ‘estimation for life cycle
environmental emissions cannot be avoided because of the
uncertainty involved’ (Weber et al. 2010).

6. Conclusion

This study aims to investigate the life-cycle impacts of an
energy storage system when embedded in buildings. A gen-
eral methodology for assessing the cut-off value between extra
embedded impacts andoperational gains related to energy stor-
age is proposed. This is particularly relevant for ensuring the life-
cycle viability of energy storage with a pre-selected technology
and capacity and is designed to ensure the essential prerequi-
sites for energy storage at the building level. Although any kind
of environmental indicators used in LCA can be assessed, this
new methodology is explained for GHG emissions mitigation
and then derived for the primary energy and the cost indicators.

The methodology has been tested in a case study consisting
of a feasibility project of a high-performance building located in
Switzerland. The numerical results unveil the prior importance
of the scheme for the surplus RE management and the different
mechanisms in the evolution of the cut-off values when varying
the storage capacity. Mitigation of the primary energy and the
GHG emissions is achievable by implementing ES only without
electricity exports to the grid. In such a case, the limits of viabil-
ity for both indicators are easily satisfied with commercial Li-Ion
products. A reduction of operating costs is possible whatever
the export scheme, but not enough to recover the integral life-
cycle cost of batteries. The economic viability of implementing
energy storage in buildings is compromised today, but the con-
tinuing reduction of battery costswill soon allow for overcoming
the challenge of the economic viability of energy storage in
buildings.

Beyond the specific results achieved for the presented case
study, we found the life-cycle characteristics of the energy
sources powering the building, and therefore how and in which
environment the building is designed, to be a major influence
on the level of the viability cut-off values of energy storage. If
it is very easy to mitigate GHG emissions in buildings by using
electrochemical energy storage inGermany, thismight behighly
challenging, technologically, with low-carbon electricity such as
that delivered by the French grid. Although building engineers
and architects cannot influence the quality of the surrounding
electrical grid, their competence and abilities enable the imple-
mentationof renewable energy harvesting,whichminimizes the
life-cycle footprint of the electricity produced, e.g. by a strategic

orientation of solar panels that maximize the amount of onsite
renewable energy production.
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Appendix 1: GHG emissions balance at the building
level
The first case describes the situation where the building owner supports the
burdenof theenergyused for his buildingalone,without thoseof thewasted
electricity (e.g. the RE system belongs to a solar cooperative).

GHGO = (ERE × GWPRE) + (EG × GWPG) + (EES × (GWPRE + GWPES))

− EEXP × (GWPG − GWPRE) (A1)

where E denotes the energy flux and GWP the global warming potential.
Indices O, RE, G and ES stand respectively for operative, renewable energy,
grid and energy storage fluxes supplying the building’s final electricity con-
sumption.

Another case is when the building landlord owns the on-site RE system
at the same time. In such a case, equation (A1) is adopted to account for the
burden of all the electricity produced by RE, the amount consumed directly
or indirectly on-site and the excess electricity that is lost.

GHGO = (ERE × GWPRE) + (EG × GWPG) + (EES × (GWPRE + GWPES))

+ (EEXP × GWPRE) (A2)
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