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Abstract 

The diffusion of renewable energy generation and storage 

in building applications, along with demand-side 

management capabilities, requires understanding the 

environmental implications of the interactions between 

building systems and the electricity grid. In this study, a 

dynamic Life Cycle Analysis (LCA) approach is used to 

evaluate the environmental impact of the electricity 

consumption of a residential building equipped with a 

photovoltaic (PV) and stationary battery system, as 

compared to the impact of electricity consumed from the 

grid. Since the environmental impact of the electricity 

grid varies according to the availability of its supply 

sources, a database of the hourly energy imports, exports, 

and national production was established for the Swiss 

grid. Results for the Swiss electric network show that, 

when using a simple control scheme that is oblivious to 

the environmental impact of the supply system, the 

environmental benefits can range between 7% to 46%, 

depending on the technical parameters and environmental 

impacts categories considered.    

Key Innovations 

• Database for the hourly Swiss electric grid mix 

• Dynamic LCA comparison of the environmental 

impact of a grid and on-site electricity supply 

• Residential stationary battery carbon payback time 

and generalized Global Warming Potential (GWP)  

battery emission thresholds for defined annual 

emissions savings goals   

Practical Implications 

This study aims to add to the burgeoning body of 

knowledge investigating the LCA of building PV-battery 

systems and provide insight into some of the technical and 

environmental factors that cannot be disregarded when 

simulating the environmental implications of the 

interaction between residential buildings and grid supply 

systems. 

Introduction 

The European Union has expressed the need for all 

buildings constructed after 2020 to reach nearly Zero 

Energy Building (nZEB) performance (Jusselme et al., 

2019). Accordingly, the combination of photovoltaic 

(PV) systems with energy storage in buildings might 

become a centrepiece in new construction practices.  In 

some cases, the addition of a battery to a PV system can 

increase the self-consumption of energy produced and 

reduce the reliance on the electricity grid by up to 40% 

(Bertsch et al., 2016). From a financial point of view, a 

study by Medici et al. (2017) demonstrated that the 

combination of Demand Side Management (DSM) with a 

PV system can lead to annual household economic 

savings of 13.3% without storage, and 27.2% with a 

stationary battery. However, due to the embodied 

Environmental Impact (EI) of PV and batteries, their 

actual contribution in the reduction of the environmental 

footprint of the building electricity consumption, from a 

LCA perspective, is still a complex topic (Jusselme et al., 

2019). Stationary batteries can have unique characteristics 

in terms of balance-of-system materials, operational 

profiles, definition of end-of-life, and quality of energy 

stored. Yet, as Hiremath et al. (2015) and  Pellow et al. 

(2020) suggest, many of the battery Life Cycle Inventory 

(LCI) databases refer to transportation applications, and 

data relevant to stationary energy storage systems is 

scarce. Raugei et al. (2020) add to these findings and 

suggest that there is a dearth in research about the EI of 

stationary batteries combined with photovoltaics. All 

three of these studies provide invaluable insight into the 

budding research field of the EI of stationary batteries, yet 

focus on large-scale applications, rather than 

decentralized building PV-battery energy systems. Some 

recent studies have shown that solar PV and batteries 

systems have the potential to reduce building electricity 

consumption Global Warming Potential (GWP) impact 

by up to 46% (Yan et al. 2020). Yet, the LCA of building 

electricity consumption does not only involve the 

stationary building elements, but also the dynamics of the 

grid supply, and as such, results are sensitive to many 

technical and environmental factors. For example, the 

temporal variation of the electricity supply mix can 

amount to a difference in GWP of up to 36%  (Roux et al., 

2016). A review of published Dynamic LCA (DLCA) 

studies performed by Beloin-Saint-Pierre et al., (2020) 

found at least nine different methods to assess the EI of 

buildings. The review found that the resulting DLCA for 

all impact categories will vary when temporal dynamics 

of systems are accounted for, and that the chosen impact 

categories influence the magnitude of the perceived 

beneficial or detrimental environmental performance of 

the technologies considered. The different trends are to be 

expected, for reason of diverse scopes and types of 

building systems analysed, yet, a lack of methodological 

consistency hinders the capacity to compare between 
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studies, and highlights the necessity to use harmonized 

methods (Bare, 2011; Huijbregts et al., 2017). This study 

will address some of these aspects and evaluate the EI of 

the electricity consumption of a Multi-Family House 

(MFH) in Switzerland, focusing on the sensitivity of the 

LCA results to the size of the system, the intra-annual 

temporal resolution of the EI category, the extra-annual 

evolution of the electric grid supply sources, and the 

impact category used for the assessment. Additionally, a 

carbon payback time is computed, in order to assess if 

annual EI reductions can compensate for the embodied 

emissions of the battery, before it reaches its operational 

end of life. A panoply of LCI data is found for batteries, 

depending on many factors such as the provenance, type, 

and usage. This study provides, in a Swiss context, an 

assessment of generalized GWP indicators for residential 

PV-battery systems, that should be sought when striving 

to achieve specific environmental goals. 

Methodology 

This section describes the models and databases 

developed for the main elements influencing the EI of 

building electricity consumption considered in this study. 

First are described the case study MFH characteristics, the 

PV and battery system installed, and the Swiss electricity 

grid mix. Then are presented the key performance 

indicators used to assess the performance of the building 

electricity supply system, followed by an explanation of 

the elements for which a sensitivity analysis is performed. 

All simulations were performed with an hourly timestep 

resolution. 

Building characteristics 

The thermal and electric demand are based on the energy 

consumption data of a MFH in Gland (Switzerland) 

collected over the year 2017. This MFH was constructed 

in 2013 and meets current Swiss thermal performance 

standards for new residential buildings (Camarasa et al., 

2017). The general characteristics are as follows: the 

Energy Reference Area (ERA), which is used in 

Switzerland to normalize and quantify the energy 

consumption performance of a building is 2663 m2, the 

average annual electricity consumption is 88592 kWh, 

and the specific annual thermal demand is 35 kWh/m2. 

The Space Heating (SH) and Domestic Hot Water (DHW) 

are provided by an Air-to-Water Heat Pump (AWHP) 

technology. A preliminary simulation compared the EI of 

the MFH when using a variable or constant 

Coefficient-of-Performance (COP) of 2.85 and found that 

the latter resulted in a 5% lower GWP impact. While 

keeping in mind this possible margin of error, for the 

scope of this study it was deemed sufficient to use the 

constant COP. The average load of the MFH tends to be 

higher in winter, and throughout the year the daily peak 

load occurs in the evening, approximately around 19:00, 

while a smaller peak is observed around 7:00 in the 

morning. The characteristics of the load can influence the 

effectiveness of a self-generation system, and, such as in 

this case-study, can support the use-case of a battery to 

meet the peak loads that occur during hours of low to null 

PV power generation. 

Photovoltaics and battery installation 

Based on the hourly irradiance delivered by the 

HelioClim-3 model (Espinar et al., 2012) for the year 

2017, and the drawings of the building, the expected PV 

production was estimated using the pvlib python library 

(Holmgren et al., 2018). Both South-East (SE) and South-

West (SW) facing configurations were simulated, and the 

SW was found to be more advantageous as it 

accommodates more modules and is likely to maximize 

the building self-consumption as most of the electrical 

consumption is concentrated in the evening hours. The 

simulations resulted in the design of a 21 kWp PV array 

fitted to the roof of the MFH. The PV-battery system is 

AC coupled, and the battery performance is based on the 

published Powerwall characteristics (Tesla, 2019). The 

battery is sized according to a rule of thumb suggested by 

the Swiss Federal Office of Energy SFOE (2018), which 

suggests that the nominal capacity of the battery (kWhc) 

should be approximately 1.5 times the nominal PV 

capacity (kWp). The battery control approach is a simple 

rule-based mechanism aimed at achieving higher 

self-consumption and self-generation. This basic control 

can be commonly applied in regions where a significant 

portion of the electricity tariffs are based on energy 

consumption. This control has no predictive capacity, and 

the PV energy produced is directly fed to the building 

when possible, while any extra PV power is stored in the 

battery, up to the extent of its capacity. The following 

describes the general rules under which the battery 

operates: 

1. 𝑃𝑔𝑟𝑖𝑑
𝑡 = 𝑃𝐿𝑜𝑎𝑑

𝑡  +  𝑃𝑐ℎ𝑎
𝑡 − 𝑃𝑑𝑖𝑠

𝑡 − 𝑃𝑃𝑉
𝑡   

2. 𝑃𝐿𝑜𝑎𝑑
𝑡 ≥ 0, 𝑃𝑃𝑉

𝑡 ≥ 0 

3. 0 ≤  𝑃𝑐ℎ𝑎
𝑡 ≤  𝑃𝑐ℎ𝑎,𝑚𝑎𝑥 , 0 ≤  𝑃𝑑𝑖𝑠

𝑡 ≤  𝑃𝑑𝑖𝑠,𝑚𝑎𝑥  

4. 𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦
0 =  𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑚𝑎𝑥   

5. 𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦.𝑚𝑖𝑛 ≤  𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦
𝑡 ≤  𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑚𝑎𝑥   

6. 𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦
𝑡 =  𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦

𝑡−1 + (𝜂𝑐ℎ𝑎𝑃𝑐ℎ𝑎
𝑡−1 − (

1

𝜂𝑑𝑖𝑠
) 𝑃𝑑𝑖𝑠

𝑡−1)  Δ𝑡 

7. 𝑃𝑐ℎ𝑎
𝑡 ≤ 𝑃𝑃𝑉

𝑡 − 𝑃𝐿𝑜𝑎𝑑
𝑡 ,  𝑃𝑑𝑖𝑠

𝑡 ≤ 𝑃𝐿𝑜𝑎𝑑
𝑡 − 𝑃𝑃𝑉

𝑡  

8. 𝑠𝑖𝑔𝑛(𝑃𝑐ℎ𝑎
𝑡 ) + 𝑠𝑖𝑔𝑛(𝑃𝑑𝑖𝑠

𝑡 ) ≤ 1 

The first rule ensures that the sum of the power drawn 

from the grid is equivalent to the sum of the powers of 

building load, battery, and PV. The second rule sets the 

sign of PV and load powers. The third rule keeps the 

charge/discharge power of the battery within its technical 

limits. The fourth rule assumes that the battery is fully 

charged when it starts operating at t=0. The fifth rule 

warrants that the battery will not go beyond or below the 

allowed state of charge. The sixth rule ensures that the 

stored energy in the battery is equivalent to its previous 

state with the addition/subtraction of the 

charged/discharged energy during the timestep Δ𝑡, 

accounting for the charge/discharge efficiencies. The 

seventh rule states that the battery can only charge from 

the PV and cannot discharge into the grid. The eight rule 

states that the battery cannot be charged and discharged at 

the same time. Within this set of rules, the battery is 

operated to maximize the self-consumption of the on-site 

produced power, independently from the EI indicator of 

the grid. 
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Grid Emissions 

The EI of the grid depends on the share of energy sources 

that supply it at a given time. These sources vary on an 

intra-day and seasonal basis as a function of the climatic 

conditions, the electricity demand and the power plant 

type and availability. The Swiss electricity grid is 

dominated by hydropower and nuclear power, which 

during 2017-2018 constituted 44% and 35% of the grid 

mix, respectively. Switzerland imports and exports 

energy, mostly with its neighbouring countries, Austria 

(AT), Germany (DE), France (FR), and Italy (IT). The 

fluctuation in the sources of electricity results in a variable 

environmental footprint of the consumed electricity in 

buildings. Following the analysis of relevant datasets 

available for the Swiss grid and the neighbouring 

countries, an automated harmonization procedure was 

developed. This database is merged with two national 

sources, Swissgrid (www.swissgrid.ch) and the Swiss 

Federal Office of Energy (www.bfe.admin.ch). All 

import, export, and generation data is consolidated in a 

database and a regression approach is used to fill data gaps 

(Beloin-Saint-Pierre et al., 2019).  A depiction of the 

resulting database can be seen for year 2017-2018 in 

Figure 1, and year 2017 was used for the simulation. 

 

 
Figure 1: Swiss grid supply mix 

The electricity production data and the chosen 

environmental LCI databases, ecoinvent v3.4 (Wernet et 

al., 2016), and KBOB (KBOB, 2016), do not describe the 

energy production sources with the same level of detail. 

Therefore, a mapping file was created, and a matrix-based 

calculation was performed to connect the two databases 

for each of the energy sources found in the Swiss grid, 

according to the specific technology and country of 

provenance. The resulting disaggregated Swiss grid 

content is then multiplied with the corresponding impact 

category indicator, such as to establish its hourly 

environmental impact in terms of global warming 

potential, cumulative renewable and non-renewable 

primary energy, and ecological scarcity. 

Key Performance Indicators (KPIs) 

The performance of the system is evaluated in terms of 

the energy sources used to meet the loads as well as the 

environmental repercussions from an LCA perspective. 

The energy-wise performance of the system is evaluated 

in term of the Self-Consumption (SC) and 

Self-Generation (SG) achieved. The SC represents the 

proportion of on-site PV energy (𝐸𝑃𝑉) generated which is 

utilised in the building (equation 1). 

𝑆𝐶 =  𝐸𝑃𝑉,𝑢𝑠𝑒𝑑 𝑖𝑛 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔  /𝐸𝑃𝑉,𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑  (1) 

The Self-Generation (SG) represents the portion of the 

annual electrical energy demand that is covered by the on-

site PV (equation  2) (Salom et al., 2014)  

𝑆𝐺 =  𝐸𝑃𝑉,𝑢𝑠𝑒𝑑 𝑖𝑛 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔/𝐸𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑   (2) 

The environmental performance of the system accounts 

for the EI of both the PV and the battery. In the model, the 

electricity consumed in the building comes from three 

possible sources: (i) the grid (EG); (ii) PV directly self-

consumed (EPV-DSC); (iii) PV energy stored and 

discharged from the battery (EPV-BAT). The annual GWP 

Impact (𝐼𝐺𝑊𝑃) is the sum of the hourly energy consumed 

by the building from each source multiplied by their 

corresponding GPW impact indicator (equation 3). 

𝐼𝐺𝑊𝑃 = ∑ 𝐸𝐺
𝑡 ∗ 𝐺𝑊𝑃𝐺

𝑡 +  𝐸𝑃𝑉−𝐷𝑆𝐶
𝑡 ∗ 𝐺𝑊𝑃𝑃𝑉−𝐷𝑆𝐶  +8760

𝑡

 𝐸𝑃𝑉−𝐵𝐴𝑇
𝑡 ∗ 𝐺𝑊𝑃𝑃𝑉−𝐵𝐴𝑇     (3) 

The GWP indicator of grid energy (𝐺𝑊𝑃𝐺
𝑡 ) changes for 

every hourly timestep, based on the grid mix database 

developed. The GWP of PV energy which is directly self-

consumed (𝐺𝑊𝑃𝑃𝑉−𝐷𝑆𝐶)  is constant with a value of 0.083 

kg CO2eq per kWh used in the building. This value has 

been calculated by considering the LCI of the PV 

installation manufacturing (taken from ecoinvent V3.4) 

and the specific on-site production for 25 years lifetime. 

The GWP of PV energy discharged from the battery 

(𝐺𝑊𝑃𝑃𝑉−𝐵𝐴𝑇) includes the emissions attributed to both 

the PV and the battery. The LCI value for the battery in 

this study is 185 kg CO2eq per kWh of storage capacity 

(kWhc) and the battery life is 5000 cycles (Stolz et al., 

2018). These result in a GWP of 0.037 kg CO2eq per kWh 

discharged (kWhd). The final sum of emissions of both the 

PV and battery is thus estimated as a constant value of 

0.12 kg CO2eq/kWhd. The GWP impact is frequently used 

to assess the EI of competing technologies, yet it only 

describes a specific facet of the environmental footprint, 

and LCA studies have suggested many complementing 

indicators. Each of these factors can present a different 

perspective on the environmental utility of a technology 

or process, and there is no scientific consensus on how to 

narrow down which indicators should be used (Campos-

Guzmán et al., 2019). Therefore, just as was calculated 

the GWP impact of the building electricity consumption 

(equation 3), so is calculated the non-renewable primary 

energy (CEDnr) impact, which according to a review by 

Díaz-Ramírez et al., 2020 is the second most commonly 

used indicator, and can be required for certification 

purposes in the building sector (Vuarnoz et al., 2018). The 

CEDnr of the grid varies on an hourly basis, based on the 

hourly grid mix dataset, while the CEDnr from PV directly 

consumed in the building is a constant 1.094 MJ/kWh. 

The CEDnr impact indicator of the battery itself is 

calculated as 0.645 MJ/kWhd, based on 3225.6 MJ/kWhc 

and a lifetime of 5000 cycles, resulting in a total impact 

of 1.739 MJ/kWhd when adding the impact of the PV 

energy stored. Generalizing the analysis for stationary 

residential PV-battery systems, a generic GWP indicator 
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is calculated for three environmental performance levels, 

namely: 

1. Zero percent GWP impact reduction – the breakeven 

GWP indicator, above which the PV-battery system 

would provide no annual CO2eq emissions savings. 

2. 15 percent annual GWP impact reduction – this value 

provides an idea of the PV and battery emissions that 

would allow each of the design alternatives in this 

study to obtain 15% annual CO2eq emissions savings. 

3. 30 percent annual GWP reduction – this value 

provides an idea of the PV and battery emissions that 

would allow each of the systems in this study to 

obtain 30% annual CO2eq emissions savings. 

Additionally, a Carbon Payback Time (CPBT) of the 

battery (𝐶𝑃𝐵𝑇𝐵𝐴𝑇) is calculated by dividing the total 

embodied kg CO2eq. emissions of the battery by the saved 

emission per year (𝐶𝑂2𝑒𝑞.,𝑠𝑎𝑣𝑒𝑑) it provides with respect 

to the emissions of the electricity consumption of the 

MFH without a PV and battery system. In this case, the 

numerator is 185 kg CO2eq/kWhc, while the denominator, 

which accounts for the difference in the quality of the 

energy source, is calculated for each hour according to 

equation 4. 

𝐶𝑂2𝑒𝑞.,𝑠𝑎𝑣𝑒𝑑 =  ∑ [𝐸𝐵𝐴𝑇
𝑡𝑡=8760

0 ∗ (𝐺𝑊𝑃𝐺
𝑡 − 𝐺𝑊𝑃𝑃𝑉)] (4) 

A simplified ageing calculation method is applied to 

estimate the lifetime of the battery (equation 5), in order 

to evaluate if the CPBT occurs within this timeframe. In 

this study the ageing due to cycling is simplified to a 

linear degradation of 0.004% per Equivalent Full Cycle 

(EFC), while the calendar ageing is assumed to be 0.0084 

per year (Segundo Sevilla et al., 2018).  

𝑘𝑊ℎ𝑐
𝑦

=  𝑘𝑊ℎ𝑐
𝑦−1

∗ (1 − 0.00004 ∗ 𝐸𝐹𝐶 − 0.0084)(5) 

Sensitivity Analysis 

In order to expand this work beyond the performance of a 

single specific case-study and offer a broader perspective 

on the potential of stationary batteries for EI mitigation, a 

sensitivity analysis is performed by varying technical and 

environmental factors. Since building self-generation and 

storage system design is mostly influenced by technical 

and economic restrictions (equipment size, available 

space in/on/around the building, efficiency and price) 

they vary from case to case. Therefore, alternative designs 

are tested, and each system is characterised in terms of 

two general indicators. The Generation Multiple (GM) 

relates between the peak power of the generation system 

(G) and the peak power load (L) (i.e. 𝐺max 𝑘𝑊/𝐿max 𝑘𝑊) 

(Salom et al., 2014). In this case, the GM calculation will 

use the peak registered hourly kWh/h consumed as the 

peak load of the building, although on a higher resolution 

the actual peak during that hour could have been higher. 

A GM higher than 1 indicates that the peak load of a 

building could be entirely met by the PV power produced, 

with no need for extra power from the grid or a battery, 

albeit only if the peak load and PV production occur at the 

same time. A value lower than 1, indicates that there is no 

possibility for the PV system alone to generate enough 

power to meet the peak load. The Battery-PV Ratio (BPR) 

divides the nominal capacity of the battery by the nominal 

PV capacity. Above a certain BPR value, the incremental 

useful energy stored in the battery is insignificant, as there 

is not enough PV power produced to charge the additional 

battery capacity. A study by Barzegar et al. (2018) found 

that the incremental benefits above a BPR of 4 kWh/kWp 

are insignificant when simulating with low, average, and 

high residential consumption profiles. Thus, the BPR ratio 

can be used to assess if the battery is oversized, and in this 

study, all designs evaluated will remain below 4. Twelve 

self-generation system design alternatives are tested and 

are presented in Figure 2 in terms of their GM and BPR 

characteristics. Each alternative design is described by a 

nomenclature "X_Y" where "X" indicates the PV nominal 

capacity (kWp) and "Y" the nominal battery capacity 

(kWhc), where 21_27 represents the preliminary 

dimensioning of the system previously described in the 

PV and battery modelling section.  

 
Figure 2: Alternative PV and battery systems 

The environmental performance assessment of these 

twelve designs will be performed for three cases; (i) Base 

Case, (ii) Timestep, (iii) Grid Supply. The following will 

provide more details about each case: 

Base Case (BC) – use the contemporary hourly Swiss grid 

mix to evaluate the GWP and CEDnr impact of the 

electricity consumed by the MFH.  

Time-Step (TS) – demonstrates the difference between 

using hourly grid GWP indicators or an annual average 

(as is commonly used in classic LCAs). The choice to 

compare between hourly and average annual impact 

indicators is based on findings of Beloin-Saint-Pierre et 

al. (2019), which examined the impact of four different 

timesteps and found that the electricity consumption 

GWP impact was most sensitive to this time resolution 

difference.  

Grid Supply (GS) – investigates the dynamic aspect of 

possible changes in the grid supply sources over the 

lifetime of the PV-battery system considered in the LCA. 

In 2017 and 2018, nuclear accounted for 26.4% and 

30.5% of the production mix, respectively, of which 18% 

and 22.7% was generated in Switzerland, respectively. 

However, according to the Energy Strategy 2050, by 2035 

Switzerland plans to gradually phase out all locally 

produced nuclear energy (Redondo and Van Vliet, 2015). 

Since the PV system lifetime is normally considered 

between 20-30 years (Frischknecht et al., 2015), and that 

certain current battery technologies, under standard 

operation, could last over a decade (Pellow et al., 2019; 

Peters et al., 2017), it seems appropriate to investigate 

what would be the EI mitigation impact of the PV-battery 

system in a near-future grid without a national nuclear 
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energy source. Multiple scenarios have been considered 

for the future Swiss grid supply (Densing et al., 2016), and 

this study will portray a pessimistic scenario, in which it 

is assumed that all the indigenous nuclear supply was not 

replaced by other national renewable energy production 

sources but rather imports. It is also assumed that, on an 

aggregated national scale, electrification trends (such as 

brought on by electric cars and HPs) are balanced by the 

enhanced efficiency of building thermal envelopes and 

electrical technologies, resulting in no large change in the 

national electricity demand magnitude. It is also assumed 

that the reduction of nuclear production does not affect 

the quality of imports. The hourly GWP factor is 

calculated by the following procedure for each timestep: 

1. Definition of the share of imports (I), share of 

national production without nuclear power (CH) and 

share of Swiss Nuclear (SN) production. 

2. Calculation of the GWP impact of both the Swiss 

indigenous mix without nuclear (GWPCH) and of the 

imported energy (GWPI) 

3. Calculation of the total GWP impact of the Swiss 

mix without indigenous nuclear (equation 6) 

𝐺𝑊𝑃𝑡 = (𝐼𝑡 + 𝑆𝑁𝑡) ∗ 𝐺𝑊𝑃𝐼
𝑡 + 𝐶𝐻𝑡 ∗ 𝐺𝑊𝑃𝐶𝐻

𝑡     (6) 

Results and Discussion 

The resulting proportion of the electric load supplied by 

the grid, the PV, and the battery for each design 

alternative in the BC case is depicted in Figure 3, and the 

resulting SC and SG in Figure 4. 

 
Figure 3: Energy supply by sources 

 
Figure 4: Energy self-consumption and self-generation 

It can be seen that there are trade-offs to be made between 

battery and PV capacity. In the case of the initial 21_27 

design (GM=0.5, BPR=1.3), with a PV array sized 

according to the building roof characteristics, the battery 

increases the SC by 16%, as compared to the parallel 

PV-only case (21_0). As this PV capacity is relatively low 

in comparison to the load, the energy produced by the PV 

is mostly consumed directly. Thus, as for all designs with 

a GM of 0.5, the SG does not increase significantly with 

additional battery capacity, as there is not much extra 

energy produced that can be stored in the battery. For all 

designs, the incremental SC and SG per battery capacity, 

when increasing the battery capacity from 0 kWh to 

27 kWh is positive. However, this value decreases when 

increasing the battery capacity further. All systems with a 

GM of 2.2 achieve an SG above 0.35, with a maximum of 

0.6, while the systems with a GM of 1.3 can reach similar 

levels, but only if equipped with a battery. As for the 

environmental performance facet of these systems, in 

Figure 5 can be seen the seasonal hourly difference 

between the GWP impact indicator of the energy drawn 

from the grid and from the battery (i.e. 𝐺𝑊𝑃𝐺
𝑡  minus 

𝐺𝑊𝑃𝑃𝑉−𝐵𝐴𝑇). The dark line is the median value, and the 

range represents a confidence interval of 95%. Positive 

values represent periods where the grid GWP is higher 

than the GWP of the battery discharge, and it is therefore 

preferential to use energy from the battery.  Results 

indicate that, in general, the value of using energy from 

the battery rather than from grid is positive over three 

seasons. Negative values, which indicate hours during 

which the grid has a lower GWP than the battery, are 

observed in spring and summer, overall occurring in 35% 

of the hours simulated. This low grid GWP could 

originate from the increased availability of indigenous 

hydropower (due to snow-melting) in Switzerland during 

that period of the year, as well as a reduced need for 

import due to lower demand. The grid is less polluting 

than the battery by a maximum of 0.08 kg CO2eq/kWh, 

which in terms of absolute magnitude is 5.75 times lower 

than the peak benefits offered by using the battery instead 

of the grid (0.46 kg CO2eq/kWh less polluting). 

 
Figure 5: Difference between GWP of a kWh consumed 

from the grid and the battery. 

It can also be seen that, throughout the year, the 

advantages of using energy from the battery rather than 

from the grid during the evening, between 18:00-20:00, 

are lower. This might be counter-intuitive, as typical 

residential profiles have a peak demand during those 

hours, and many DSM algorithms are dedicated to 

reducing that peak, by curtailing and shifting loads and 

using battery stored energy if available. However, in the 

absence of widespread implementation of DSM and 

stationary storage, the network operator takes the role of 

managing the resources available and can perform a 

planned dispatch of stored hydropower during those hours 

of peak demand.  Thus, the use of available hydropower 

storage in Switzerland provides, from an EI perspective, 

a compensation mechanism that reduces the EI of 

uncontrolled evening-peaking residential electricity 

consumption. Yet, a large deployment of advanced 

building self-generation and storage systems, along with 

intelligent management control mechanisms, could 

provide some flexibility that would relax the dispatch 
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constraints of the network operator, and thus increase the 

environmental advantages of using battery stored energy 

during the evening peak load hours. In terms of the non-

renewable primary energy consumption, the seasonal 

median hourly difference between the grid and the battery 

in 2017-2018 can be seen in Figure 6, where the positive 

values indicate that the CEDnr indicator of the grid is 

consistently higher than the battery. This situation is 

explained, from a LCA point of view, by the fact that the 

nuclear electricity carbon intensity is considered low, yet 

it is assumed to have a high non-renewable primary 

energy factor due to the Uranium fuel life cycle (from 

extraction to its use). As such, in terms of CEDnr in the 

Swiss context, it is always advantageous to use energy 

directly from the PV or from the battery over energy from 

the grid. 

 
Figure 6: Difference between CEDnr of a kWh consumed 

from the grid and the battery 

The BC case building electricity consumption IGWP and 

ICDEnr for each of the design alternatives are presented in 

Figure 7 and Figure 8, respectively.  

 
Figure 7: Annual IGWP of each alternative design 

 
Figure 8: Annual ICDEnr of each alternative design 

In general, the PV and battery system can provide the 

MFH with annual emissions savings which range between 

975-2782 kg CO2eq. The smaller 21_0 PV-only system 

(GM 0.5, BPR=0) provides 7% annual savings of CO2eq. 

emissions, and in all the GM=0.5 designs, most of the PV 

generation is consumed directly by the building, 

consequently the added batteries do not provide enough 

energy to compensate for their embedded emissions and 

do not offer additional annual CO2eq emissions savings. 

The PV-battery systems with a GM of 1.3 and 2.2 provide 

an average annual CO2eq. emissions savings of 14% and 

17%, respectively, offering 2-3% more savings than their 

PV-only counterpart. As for the CEDnr impact, it can be 

seen that a PV-battery system can reduce the EI by 20% 

to 46%, as compared to the 0_0 system, with values 

ranging between 91 and 252 GJp/year. Thus, when using 

this category, the environmental advantage of the battery 

can be 2.5 times higher than the same design computed 

with the GWP indicator. When using the CEDnr indicator, 

the systems equipped with a battery offer a higher 

environmental performance than their PV-only 

counterpart, with a reduced impact ranging between 8% 

and 23%. Using annual GWP indicator, in the TS case, 

underestimated the IGWP by up to 23%, as compared to the 

BC case with an hourly GWP resolution. In the TS 

simulation, the PV-battery systems resulted in an annual 

IGWP reduction of 10% and 23%, for the smallest (21_0), 

and largest (103_81) systems, respectively. The reduction 

is even higher in the GS case, when the contemporary 

hourly grid GWP impacts are changed and all indigenous 

nuclear power was substituted by imports. In such case, 

the grid GWP indicator surpasses the battery GWP 

indicator in 95% of the hours simulated and adding a PV 

and battery to the system can reduce the IGWP of building 

electricity consumption by up to 32%. In the GS case, the 

battery can increase the savings by up to 13% more than 

the equivalent GM case with BPR=0. When comparing 

between the impact of identical designs in the BC and GS 

case, the results of the entirely grid dependent 0_0 design 

increased by 38%, while for 103_81 (SG=0.6) the GWP 

impact difference is lower (21%). The TS and GS 

comparisons demonstrate that intra-annual and extra-

annual variations to the grid supply structure over the 

lifetime of the PV-battery system can lead to significant 

LCA result differences. Moreover, as can be understood 

from the BC IGWP and ICDEnr results that the choice of the 

categories used for the analysis can be as important as that 

temporal resolution of the simulation. Consistent with 

(Roux et al., 2016; Schafer et al., 2018), the results 

illustrate the complexity of performing an LCA analysis 

of the energy supply system of a building, and the 

necessity for a harmonized procedure in the design phase. 

Focusing specifically on the PV-battery GWP impact, the 

results depicted in Figure 9 show generic GWP factors per 

kWh discharged from the battery that would be required 

to achieve specified annual emission savings, and how 

they compare to the GWP indicator used in this study (red 

dashed line). These results were obtained by solving for 

the combined GWP of the PV and battery, while 

maintaining the current share of the PV and battery within 

the total GWP indicator of the discharged battery energy. 

From the top graph, it can be understood that if the 

combined GWP of the PV and battery were to be above 

0.22 kg CO2eq/kWhd then none of the designs would 

achieve any GWP impact reduction. In the middle graph 
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can be found values similar to the one used in this study, 

where designs 62_54 to 103_81 (left-to-right) indicate 

that a GWP indicator of 0.12 kg CO2eq/kWhd or below is 

required to achieve 15% annual reduction in emissions, 

while designs with a GM of 0.5 would require a GWP 

indicator below 0.05 kg CO2eq/kWhd to attain the desired 

goal. Finally, from the trend in the bottom graph it can be 

understood that, given the characteristics of this case 

study, it would not be possible for designs with a GM of 

0.3 to achieve a 30% IGWP reduction, while design 103_81 

would require a GWP below 0.08 kg CO2eq/kWhd to 

achieve it.  

 
Figure 9: battery discharge GWP impact indicator 

While all systems in the base case achieve some level of 

IGWP savings, the calculation of the end-of-life of the 

battery and the CPBT of the different PV-battery systems 

found that, for this case study, only the batteries in the 

system with a GM of 1.3 provided sufficient annual 

savings to compensate for their embodied CO2eq 

emissions within their lifetime. These findings suggest 

that in a low GWP impact grid context such as in 

Switzerland, smaller systems could require a load 

management strategy that accounts for the hourly GWP 

impact in their algorithm, in order to the increase the 

CO2eq. emissions savings and manage to breakeven with 

their embedded emissions. However, it should be 

mentioned that according to recent studies into second life 

stationary batteries, their lifetime could extend beyond the 

standard used in current practice, which is based on the 

automotive industry (Stöhr and Schneiker, 2018). 

Conclusion 

The environmental impact of the energy grid supply mix 

presents a seasonal and intra-day variation that can affect 

the estimate of a building's annual environmental 

footprint, typically performed using average annual 

values. Even if instantaneous values are used in the 

simulation of building performance, the control approach 

typically used to simulate buildings equipped with a 

self-generation and storage system does not consider this 

variability, leading to possible over- or underestimation of 

the system’s impact mitigation potential. The sensitivity 

of the results to this variability was demonstrated through 

a Swiss case study, where, in reason of high shares of 

hydropower and high imports during the winter, the grid’s 

environmental impact experiences such aforementioned 

seasonal and daily fluctuation. A Swiss MFH was 

equipped with a PV-battery system operated with a simple 

rule-based control algorithm that was unaware of the grid 

impact fluctuations. This resulted in an underestimation 

of the IGWP by up to 23%, depending on the system. Thus, 

a DLCA, that accounts for intra-annual variations of 

dynamic aspects of the system, could play an important 

role in the design-phase simulations of buildings that aim 

for a low environmental footprint. Furthermore, as it was 

observed that the battery struggled to compensate for its 

embedded GWP, but was effective in mitigating the 

CEDnr impact, future work that aims to assess the 

environmental mitigation potential of stationary storage 

will investigate its effectiveness when a multi-category 

and dynamic environmental indicator is integrated in an 

advanced building system control algorithm. 
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