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A B S T R A C T

This paper describes a techno-economic evaluation of case studies performed at the Skagerak EnergyLab. The
EnergyLab consists of a 1.1 MWh battery energy storage system (BESS) and a 800 kWp photovoltaic (PV)
power plant installed in a football stadium. The aim of this paper is to analyse the installation’s performance
by studying a variety of cases involving operation strategies for peak shaving, self-consumption maximisation,
energy arbitrage and feed-in limitation. The software tool SimSES is used to simulate BESS degradation.
Moreover, the Norwegian economic and regulatory framework is used as a basis for an economic evaluation.
An important outcome of this work is that a BESS that offers stacked value by combining peak shaving, energy
arbitrage, self-consumption and the replacement of a backup diesel generator, may represent a feasible option
in Norway. The techno-economic analysis also demonstrates that the profitability is heavily dependent on the
operation strategy of the BESS.
1. Introduction

Battery energy storage systems (BESSs) are making their way into
the distribution grid. Such systems can be beneficial for stakeholders
at several levels by providing services for the grid or by acting as cus-
tomers or a market participants. A BESS can typically provide services
such as peak shaving, self-consumption maximisation of photovoltaic
(PV) electricity, energy arbitrage, voltage regulation, frequency control
and backup power.

This study analyses the potential of replacing mandatory diesel
backup generators in football stadiums with a combined PV-BESS sys-
tem. Although this is a niche application, it can easily be reproduced
for other stadiums or even adapted to other infrastructures with backup
systems. In addition to the replacement of backup diesel generators,
we assess the feasibility and costs of (stacked) operation strategies for
industrial applications in a Norwegian context.

Currently, the most profitable application of BESSs is in the provi-
sion of frequency containment reserve (FCR), as has been demonstrated
in Germany [1] and Norway [2]. FCR is not within the scope of
this study due to small market size, high market saturation and the
legal problems of combining behind-the-meter and front-of-the-meter
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applications [1]. It has also been previously analysed in a BESS-related
Norwegian context in [2].

1.1. Batteries in Norway

Very few customers have installed BESSs in Norway, and a previous
study [2] has shown that current battery prices make it economically
unviable for a customer to purchase a BESS for peak shaving and for
boosting self-consumption of PV-generated electricity. Most residential
customers have an energy-based grid tariff and pay according to the
amount of energy they use per month. Thus, they have no incentive
to reduce their peaks. Industrial customers however, often have a
capacity-based grid tariff and it is probable that such customers, operat-
ing with quite high load peaks compared to their ‘‘usual consumption’’,
have more to gain from using a BESS for peak shaving.

1.2. Lithium-ion battery costs

In the last ten years, the costs of lithium-ion (Li-ion) batteries have
decreased quite dramatically, and current costs are reported to be in
the range of 400 to 1000 EUR/kWh [3,4]. However, a recent literature
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review of BESS costs in Germany [1] revealed that ‘‘(...) the market
lacks transparency and that underlying assumptions about prices and
battery dimensions often do not correspond to reality’’. The authors
reported that industry storage system prices currently are between 1000
EUR/kWh and 1500 EUR/kWh inclusive of VAT. Recent studies have
shown that the cost of investing in a BESS based on Li-ion batteries in
the period from 2020 to 2035 will continue to fall, at least within the
next 5 years, although the size of the fall is highly uncertain, reported
to be between 16% [5] and 33 % [4]. Due to this uncertainty, a con-
servative approach for the economic assessment is pursued, in which
the price reduction of BESS is not taken into consideration. Moreover,
potential electricity cost savings will depend heavily on the grid tariff
the customer pays. Since BESS prices are highly uncertain, there is a
need to study the profitability of industrial storage systems, and to
find out the levels of investment that make such systems economically
viable.

1.3. Techno-economic analysis of BESS

Several techno-economic and cost-benefit studies of PV and BESSs
have been presented in the literature. Many of these focus on residen-
tial systems in which the BESS is used to increase self-consumption
and/or perform peak shaving [6,7] and [8]. In [7], the authors demon-
strate how different peak shaving strategies influence net present value
(NPV). In [8], the authors found that battery ageing, in particular,
impacted on the economic analysis, and that the battery had to be
replaced one to three times over the 20-year analysis period. It is
not our intention in this paper to investigate a residential BESS, but
to look into aspects related to an industrial BESS application in a
football stadium. Ref. [9], presented an investigation of the impact of
battery degradation on energy arbitrage revenue related to grid-level
energy storage. The authors found it important to integrate degradation
into the analysis of battery profitability since this enabled a better
assessment of the cost-effectiveness of energy storage investments. In
this paper, we investigate operation strategies, including peak shaving
and feed-in limitation, as well as energy arbitrage. A German case
study [10] has shown that batteries used in peak shaving applications
can shorten the payback period for large industrial loads, and that
different variations in peak shaving strategies may have an impact on
the economic result and battery ageing within the system.

1.4. Battery degradation

Battery models used in power system studies have often ignored
degradation [11], which means that the operation strategy has not
taken into account how BESS use affects ageing. The operation strategy
greatly affects battery ageing and degradation because cyclic degra-
dation depends on the state of charge (SOC), charging/discharging
current, depth of discharge (DOD) and temperature [12]. As is stated
in [13], research is needed to identify models that reflect cycle life char-
acteristics of BESSs as a means of capturing the financial results linked
to business cases, such as NPV analyses and improved optimisation
approaches for stacked benefits.

A number of different degradation models have been presented in
the literature: These include a non-linear Ni-Cd battery model that was
used to evaluate BESS degradation for micro-grid operation [14]. This
paper involved the determination of an optimal dispatch of the battery
using a non-linear mixed-integer problem. Another approach, discussed
in [15] involved calculating degradation costs using a capacity fade
model.

The advantages of a more accurate non-linear battery degradation
model, with linear optimisation for battery dispatch are presented in
[16]. In this paper, a linear approach to an energy arbitrage scenario is
presented involving variable electricity prices, and in which a marginal
cost model is used in order to introduce less complex linear mixed-
integer optimisation. By expanding on this approach, we consider and
2

analyse in detail the value of a stacked operation used to replace a
backup generator in a football stadium. As part of a second step, we
use the non-linear capacity fading of the battery model to calculate the
replacement of the battery.

1.5. Value stacking

Value stacking, which involves the simultaneous performance of
multiple services, often increases the BESS profitability, as discussed
in [17]. However, it is likely that it also increases degradation due
to the increased use of the BESS. It has also been shown that more
detailed ageing models can result in more cost-aware battery dispatch
strategies [18]. The authors highlight that multiple service use of a
BESS often enhances profitability. An example of application stacking,
performed by applying the same software tool as in this study is
discussed in [19]. The main difference is that the reference describes
German regulations and prices, and is not directly applicable to football
stadiums with their specific load profiles and needs. Neither [18]
nor [19] present an NPV analysis, but suggest that such work should be
carried out in the future. In this paper, we close this gap by presenting
a specific application within a Norwegian context, involving a BESS
installed in a football stadium. We evaluate the profitability of the BESS
for different multiple service cases and for different battery costs, as a
basis for determining the BESS cost that results in optimal profitability.

1.6. Batteries installed in football stadiums

As noted previously, this paper studies the BESS installed at the
Skagerak EnergyLab, which is situated in the Skagerak Arena football
stadium. The EnergyLab consists of a BESS and PV system. Football
stadiums differ from other industrial customers due to their distinct
load profiles. Load peaks are high when the flood-lights are on, which
only occurs during matches for a limited number of hours on a limited
number of days per month. Such a scenario might thus be ideal for
the use of a BESS to achieve peak shaving. We take this opportunity to
note that the Amsterdam Arena has also installed a BESS. A previous
study [20] has described how the BESS of the Amsterdam Arena could
perform voltage control to relieve voltage issues in the grid (front-of-
the-meter). However, the authors did not investigate a value stacking
approach (behind-the-meter). This present study focuses on the behind-
the-meter corporate benefit to a stadium owner. The authors see a
great potential in this niche application, as there are currently 948
football stadiums in the EU, in which diesel backup generators could
be replaced with a BESS.3

1.7. Contribution and structure

The aim of this study is to analyse the performance of the BESS
currently installed in the Skagerak EnergyLab by investigating a num-
ber of operation strategy cases for peak shaving, self-consumption
maximisation, energy arbitrage and feed-in limitation. The novel aspect
of this approach is its focus on the profitability of a BESS in a football
stadium that exhibits a high load due to flood-light operation. We
shall also analyse how multiple service operation may influence the
profitability of the BESS when degradation is taken into account. The
work has been carried out as part of the research project ‘IntegER’
(Integration of energy storage in the distribution grid), which aims
to generate new knowledge and practical guidelines that will enable
energy storage systems to be integrated into the Norwegian distribution
grid. The project partners are mainly distribution system operators
(DSOs), and valuable knowledge and experience has been obtained by
means of a number of battery pilot projects, of which the Skagerak
EnergyLab is one.

3 See supplementary material for a list of football stadiums in Europe.
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Fig. 1. Flowchart of method.
This paper is organised as follows: Section 2 describes the simula-
tion methods and parameters, including system boundaries, technical
and economic inputs, operation strategies, and the methods used for
technical and economic evaluation. The case studies and input data
from the EnergyLab are also introduced. Section 3 presents the results
from the case studies. Section 4 compares the technical assessments,
and Section 5 the economic assessments, of the case studies. Finally,
Section 6 contains some concluding remarks and an outlook.

2. Method

The techno-economic analysis method is shown in Fig. 1. Parame-
ters such as the size of the BESS and PV system are entered as input,
together with load and PV generation profiles, which in turn depend
on the system boundaries. The simulation is run for a ten-year analysis
period, since this is the assumed lifetime of the BESS. The simulation re-
sults form the basis of the techno-economic evaluations, which include
key performance indicators (KPIs) such as self-consumption ratio, self-
dependency ratio and the calculation of NPV. The following subsections
describe the individual steps.

2.1. System boundaries

This work comprises an analysis of the real-life BESS installed in
the Skagerak EnergyLab pilot, which is owned by the DSO Skagerak
Nett. However, the aim of the pilot project is to demonstrate its benefits
to a variety of users, so in this study the BESS is assumed to be
owned and operated by the stadium for the main purpose of covering
the flood-light load and minimising electricity costs. It is therefore
also assumed that the BESS is operated from behind-the-meter of the
stadium, following the definition of behind-the-meter as in [19]. Fig. 2
shows a simplified overview of the grid set-up at Skagerak EnergyLab,
with node P1 indicating the main connection point to the external
power grid. This node is also connected to the BESS, PV plant and
flood-lights, as well as to other loads such as apartments and offices.

2.2. Parameters and profiles

The aggregated load profile for node P1 is shown in Fig. 3. During
a football match, the BESS should be equipped to cover the flood-light
load (which is a part of the load at node P1). The load data indicates
when a match is taking place. Peaks that are significantly higher than
the remaining load are assumed to represent the flood-lights use during
football matches. The flood-light power is 320 kW.

Since no production data from the installed PV system were avail-
able for 2018, irradiation data were used to create a PV generation
profile. The profile is the same as that described in [21], where (1)
was used to calculate the power (in kW) generated by the PV system.

𝑃𝑃𝑉 = 𝑐𝐹 ⋅ 𝜂𝑃𝑉 ⋅ 𝜂𝑏𝑜𝑠 ⋅ 𝑆𝑃𝑉 ⋅ 𝑝𝑟𝑎𝑑 (1)

where 𝑐𝐹 is a correction factor, assumed to be 0.95, 𝜂𝑃𝑉 is the con-
version efficiency of the PV modules, assumed to be 0.158, 𝜂𝑏𝑜𝑠 is
the system efficiency, assumed to be 0.91, 𝑆𝑃𝑉 is the PV surface, set
to 5330 m2, and 𝑝 is the global horizontal irradiance in kW/m2,
3

𝑟𝑎𝑑
Fig. 2. Overview of electricity flow at the Skagerak EnergyLab.

Fig. 3. Load profile for node P1, based on measured hourly data from 2018.

retrieved for the year 2016 from a weather station located 2 km from
the stadium [21]. The resulting PV profile is shown in Fig. 4.

The input load and generation profiles are from a single year (2018),
and are then used for each of the ten years of the analysis period. The
load is assumed to be constant throughout the analysis period, while the
PV system is assumed to age by a factor of 0.5% per year. Table 1 shows
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Fig. 4. PV generation profile used in the simulations, based on hourly irradiation data
from 2018.

Table 1
Technical parameters for BESS, PV and load.

Component Property Value

BESS

Nominal energy capacity 1100 kWh
Nominal power capacity 800 kW
Type Li-ion
Nominal voltage 400 V
Maximum SOC 95%
Minimum SOC 5%
Standby power consumption 0 kW
End of life SOH 80%
Inverter efficiency Power/eta characteristic

PV
Nominal power 800 kW
Profile type Calculated hourly data
PV ageing per year 0.5%

Load
Total consumption (FL) 15.9 MWh
Total consumption (P1) 1752 MWh
Profile type Measured hourly data (2018)

the specification parameters of the BESS, PV and load at the Skagerak
EnergyLab. The BESS was sized in accordance with the criterion that
its energy capacity must cover the flood-light load during a football
match (1.1 MWh), and that its power capacity should be equal to the
PV generation (800 kWp). The simulation is carried out in hourly steps,
since this is also the given resolution of the generation and load profiles.

2.3. Economic parameters

The economic evaluation is based on the results from the simulation,
combined with input economic parameters. In Norway, an industrial
customer pays a grid connection cost, a capacity-based grid tariff cost, a
spot market cost and a fixed annual fee. A consumer that also produces
energy at certain hours during the year is called a prosumer. Prosumers
receive a feed-in remuneration per kWh that is equal to the spot price.
However, if the feed-in is greater than 100 kW, the prosumer must pay
a fee of 0.0134 NOK/kWh [22].4 Table 2 shows the grid tariffs for a

SO operating in Norway.

.4. Simulation - degradation model

The use of the BESS, including ageing characteristics that depend on
attery type, is simulated in SimSES using an existing model of a nickel
obalt aluminium oxide (NCA) battery [24]. This NCA technology is
ommonly used in grid storage projects [25].

4 1 NOK equals approx. 0.09 EUR.
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Table 2
Grid tariff for industrial customer [23].

Season Fixed grid tariff
(NOK/year)

Consumption-
based grid tariff
(NOK/kWh)

Capacity-based
grid tariff
(NOK/kW per
month)

Summer (1/4-30/9) 22,000 0.036 51.00
Winter (1/10-31/3) 22,000 0.042 57.00

Fig. 5. The SimSES battery degradation model [31].

Several software tools have been developed with the aim of studying
energy flows in a system containing a BESS (with and without degra-
dation). These include PerModAC [26], StorageVET [27], Blast [28],
SimSES, HOMER [29] and SAM [30]. In this study, the open-source
tool SimSES5 was used because it offers a holistic approach, combined
with a degradation model for Li-ion batteries.

The degradation model in SimSES has been introduced in [31]
and explained extensively and verified in [32]. The battery model is
implemented in the form of a single-cell electric circuit model based
on measurement data and a full cell characterisation. Implementation
of the degradation model in SimSES is shown in Fig. 5.

This tool has been used previously for several applications [33,34],
although not in a Nordic country. Since the code is open-source, addi-
tional operation strategies and economic evaluations have been added,
and the code adapted to the Norwegian context. More information
regarding SimSES can be found in [31] and [32].

2.5. Simulation - operation strategies

BESS usage is determined using a number of different operation
strategies: self-consumption maximisation, the prioritisation of flood-
lighting for football matches, energy arbitrage, peak shaving and feed-
in limitation. For the maximisation of self-consumption, an existing
strategy available in the SimSES tool was used, while the remaining
strategies were developed specifically for this study. The strategies
are based on a perfect forecast, which assume that the load and
PV generation are known. This assumption is not far from reality in
terms of the flood-light load because football matches are scheduled
in advance. In contrast, other loads derived from offices, shops and
apartment buildings are more difficult to predict.

Five case studies were carried out in order to see how the various
operation strategies affected the techno-economic analysis. Brief de-
scriptions of these cases are given in Table 3, and each case is described
in more detail in the following. As previously mentioned, the simulation
is carried out in hourly steps.

2.5.1. Case 1: Self-consumption maximisation, covering only flood-lighting
load

In Case 1, only the flood-lighting load is considered, with the
operation strategy solely targeted at maximising self-consumption. This
strategy already existed in the SimSES software, where it is called

5 https://gitlab.lrz.de/open-ees-ses/simses.

https://gitlab.lrz.de/open-ees-ses/simses
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Table 3
Case descriptions.

Case no. Case name Description

1 SC_FL Self-consumption maximisation. Only flood-light
(FL) load was used in the simulation.

2 SC Self-consumption maximisation.

3 SC_FLprio Self-consumption maximisation with prioritisation
of flood-lighting.

4 OPT Optimised usage in order to minimise costs,
including energy arbitrage. Reserved for
flood-lighting on match days.

5 OPT_aPS Optimised usage in order to minimise costs,
including peak shaving, self-consumption
maximisation, feed-in limitations and energy
arbitrage.

OSPVHomegreedy. The strategy is rule-based and follows the sequence
given in Algorithm 1.

Algorithm 1 Self-consumption maximisation
𝑆𝑂𝐶𝑏𝑎𝑡, Battery SOC in %
𝑃𝐿, Load of node P1 in kW
𝑃𝑃𝑉 , PV generation in kW
𝑃𝑟𝑒𝑠 ← 𝑃𝐿 − 𝑃𝑃𝑉

for t=1:8760 do
if 𝑃𝑟𝑒𝑠 < 0 and 𝑆𝑂𝐶𝑏𝑎𝑡 < 95 then

𝑃𝐵𝑐 = −𝑃𝑟𝑒𝑠
else if 𝑃𝑟𝑒𝑠 < 0 and 𝑆𝑂𝐶𝑏𝑎𝑡 = 95 then

𝑃𝐺𝑝 = −𝑃𝑟𝑒𝑠
else if 𝑃𝑟𝑒𝑠 > 0 and 𝑆𝑂𝐶𝑏𝑎𝑡 > 0 then

𝑃𝐵𝑑 = 𝑃𝑟𝑒𝑠
else if 𝑃𝑟𝑒𝑠 > 0 and 𝑆𝑂𝐶𝑏𝑎𝑡 = 95 then

𝑃𝐺𝑝 = 𝑃𝑟𝑒𝑠
end if

end for

2.5.2. Case 2: Self-consumption maximisation
This case is similar to Case 1, except that it considers the entire node

P1 load.

2.5.3. Case 3: Self-consumption maximisation while also prioritising flood-
lighting

Case 3 is similar to Case 2, except that flood-lighting is prioritised.
This means that the BESS is reserved for days on which matches are
scheduled in order to ensure that it can cover the flood-lighting load.
This strategy is rule-based and follows the sequence given in Algorithm
1, as well as that in Algorithm 2.

2.5.4. Case 4: Energy arbitrage
Case 4 utilises an optimisation strategy to perform energy arbitrage,

thus taking advantage of daily energy price fluctuations. A daily oper-
ating schedule is obtained from a model predictive control (MPC). It
uses an optimisation algorithm, which has a rolling horizon looking an
additional day ahead of the scheduled one. This optimisation approach
is based on that described in [35]. This strategy considers only costs
and revenues associated with energy purchase/feed-in, thus ignoring
the peak load grid tariff, which is considered in the next strategy. The
optimisation is described in the following.

The objective function, involving cost minimisation, is shown in
(2). The costs in question here are the energy costs 𝐶𝐺𝑝,𝑡, the energy
revenues 𝐶𝐺𝑓,𝑡 and the cost of storage degradation 𝐶𝑆𝑡𝑜𝐷𝑒𝑔,𝑡.

min𝐶𝑡𝑜𝑡 =
𝑛
∑

𝑡=1
𝐶𝐺𝑝,𝑡 − 𝐶𝐺𝑓,𝑡 + 𝐶𝑆𝑡𝑜𝐷𝑒𝑔,𝑡 (2)

where 𝑡 is the timestep, and 𝑛 the number of timesteps.
5

Algorithm 2 Prioritising flood-lighting
𝑆𝑂𝐶𝑏𝑎𝑡, Battery SOC in %
𝑃𝐿, Load of node P1 in kW
𝑃𝑃𝑉 , PV generation in kW
𝑀−1, Set of hours one day ahead of a match
𝑀 , Set of hours on match day, before match
𝑁 , Set of hours on match day, during match
𝑃𝑟𝑒𝑠 ← 𝑃𝐿 − 𝑃𝑃𝑉

for t=1:8760 do
if 𝑡 ∈ 𝑀−1 then

𝑃𝐵𝑑 = 0
else if 𝑡 ∈ 𝑀 and 𝑆𝑂𝐶𝑏𝑎𝑡 < 95 then

𝑃𝐺𝑝 = max(𝑃𝑟𝑒𝑠, 320)
else if 𝑡 ∈ 𝑁 and 𝑃𝑃𝑉 < 320 then

𝑃𝐵𝑑 = 320 − 𝑃𝑃𝑉
end if

end for

Energy purchase costs are calculated from (3):

𝐶𝐺𝑝,𝑡 =
𝑛
∑

𝑡=1
𝐸𝑝,𝑡 ⋅ (𝑐𝐸,𝑡 + 𝑐𝐺𝑢,𝑝) (3)

where 𝐸𝑝,𝑡 is purchased energy, 𝑐𝐸,𝑡 is the spot market price and 𝑐𝐺𝑢,𝑝
is the grid usage price for the load, also called the consumption-based
grid tariff, for timestep 𝑡.

Feed-in remuneration is calculated from (4):

𝐶𝐺𝑓,𝑡 =
𝑛
∑

𝑡=1
𝐸𝑓,𝑡 ⋅ 𝑐𝐸,𝑡 (4)

where 𝐸𝑓,𝑡 is the amount of feed-in energy during timestep 𝑡.
Storage degradation costs are approximated from (5):

𝐶𝑆𝑡𝑜𝐷𝑒𝑔 =
𝑛
∑

𝑡=1
𝐸𝐵𝑐,𝑡 ⋅ 𝑐𝑆𝑡𝑜𝐷𝑒𝑔 (5)

where 𝑐𝑆𝑡𝑜𝐷𝑒𝑔 is the specific degradation cost of the BESS in NOK/kWh
and 𝐸𝐵𝑐,𝑡 is the energy charged into the battery during timestep 𝑡.

Storage costs are predicted in the optimisation using a linear model,
as opposed to the non-linear ageing model that is used to simulate
battery degradation resulting from its operation. The marginal costs
of energy arbitrage operations are described in [16] and comprise
storage degradation costs and the costs resulting from energy losses.
In the optimisation, the latter are already included in the energy
system simulation that incorporates efficiencies for BESS charging and
discharging, and for the inverter. The figure given in [16] is used as an
estimate of degradation costs, amounting to 1.28 EURct/kWh, which is
equal to 0.128 NOK/kWh at an exchange rate of 10 NOK/EUR (as of 12
August 2019). This factor is calculated based on the model described
in [36], and includes two different cycle ageing mechanisms, the first
being current-independent ageing that is driven by power throughput
and which occurs while charging and discharging, and the second being
current-dependent cycle ageing that occurs during charging. Calendar
ageing effects are not considered because only additional costs resulting
from operation are included in the calculations.

Constraints to the optimisation are given by (6) and (7):

𝑃𝐺𝑝,𝑡 + 𝑃𝐺𝑓,𝑡 + 𝑃𝐵𝑐,𝑡 + 𝑃𝐵𝑑,𝑡 = 𝑃𝑟𝑒𝑠,𝑡,∀𝑡 (6)

where 𝑃𝐺𝑝,𝑡 is the electricity purchased from the grid, 𝑃𝐺𝑓,𝑡 is the
feed-in power, 𝑃𝐵𝑐,𝑡 is the battery charging power, 𝑃𝐵𝑑,𝑡 is the battery
discharging power and 𝑃𝑟𝑒𝑠,𝑡 is the residual load after subtracting PV
generation, for timestep 𝑡.

𝑃𝐵𝑐,𝑡 ⋅ 𝜂𝐵𝑐 +
𝑃𝐵𝑑,𝑡 = −

𝐸𝑏𝑎𝑡,𝑡 − 𝐸𝑏𝑎𝑡,𝑡−1 (7)

𝜂𝐵𝑑 𝛥𝑡
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𝐸𝑏𝑎𝑡,𝑡 is the energy in the battery during timestep 𝑡, 𝜂𝐵𝑐 is the efficiency
hen charging and 𝜂𝐵𝑑 is the efficiency when discharging.

.5.5. Case 5: Peak shaving, energy arbitrage and feed-in limitation
As in Case 4, Case 5 also uses optimisation, but here the peak-load

nd feed-in costs are included in the objective function. This strategy
hus contributes to value stacking. The objective function is shown in
8) and, as in Case 4, also minimises the costs:

in𝐶𝑡𝑜𝑡 =
𝑛
∑

𝑡=1
𝐶𝐺𝑝,𝑡 − 𝐶𝐺𝑓,𝑡 + 𝐶𝑆𝑡𝑜𝐷𝑒𝑔,𝑡 + 𝐶𝑃𝑇 ,𝑡 + 𝐶𝐺𝑢,𝑓 ,𝑡 (8)

where 𝐶𝑃𝑇 ,𝑡 is capacity-based grid tariff costs and 𝐶𝐺𝑢,𝑓 ,𝑡 is costs for
feed-in above 100 kW, in timestep 𝑡.

The costs of purchased energy and storage degradation, as well
as the feed-in energy revenues, are calculated in the same way as
previously described for arbitrage. The capacity-based grid tariff costs,
𝐶𝑃𝑇 ,𝑡, are charged monthly and depend on the peak load power. To
decide on the peak load value for any given month, an initial limit is
set for the first day, and is then adjusted if necessary on a daily basis.
The algorithm is described in Algorithm 3, and is only applied on days
when no matches are played.

Algorithm 3 Determine peak shave limit in Case 5
𝑃𝐿, Load of node P1 in kW
𝑃𝑃𝑉 , PV generation in kW
𝑃𝐺,𝑚, Peak shave limit of the month
𝑃𝑜𝑣𝑒𝑟𝑙𝑖𝑚, Power above 𝑃𝐺,𝑚 (costs increased)
𝛥𝑃 , Step size for limit increment (10 kW)
𝑚, Current month of simulation
𝑑, Current day of simulation
𝑃𝑟𝑒𝑠 ← 𝑃𝐿 − 𝑃𝑃𝑉

for 𝑚=1:12 do
𝑃𝐺,𝑚 = 0.75⋅max(𝑃𝑟𝑒𝑠,𝑚)

end for
for 𝑑=1:365 do

𝑒𝑥𝑖𝑡 ← 0
while exit == 0 do

Run optimisation for Case 5
if 𝑃𝑜𝑣𝑒𝑟𝑙𝑖𝑚 = 0 then

exit ← 1
else

𝑃𝐺,𝑚 ← 𝑃𝐺,𝑚 + 𝛥𝑃
end if

end while
end for

The capacity-based grid tariff cost is calculated as in (9):

𝑃𝑇 = 𝑃𝐺,𝑚𝑜𝑛𝑡ℎ ⋅ 𝑐𝑝𝑡 = (𝑃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝑃𝑜𝑣𝑒𝑟𝑙𝑖𝑚) ⋅ 𝑐𝑝𝑡 (9)

here 𝑃𝐺,𝑚𝑜𝑛𝑡ℎ is the highest peak shave limit of the month in ques-
ion, 𝑃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the initial peak shave limit from the first day of that
onth, 𝑃𝑜𝑣𝑒𝑟𝑙𝑖𝑚 is the increase in peak shave limit in kW and 𝑐𝑝𝑡 is the

apacity-based grid tariff cost in NOK/kW.
The grid usage cost is calculated as:

𝐺𝑢,𝑓 = 𝐸𝐺𝑓>100 ⋅ 𝑐𝐺𝑢 (10)

here 𝐸𝐺𝑓>100 is the energy in excess of the feed-in limitation (100
W) and 𝑐𝐺𝑢 is the grid usage price for feed-in in excess of 100 kW
assuming a fixed grid tariff of 0.0134 NOK/kWh [22]).

.6. Economic evaluation

The economic evaluation is performed using an NPV calculation.
our different costs and revenues are considered, as shown in (11),
6

Fig. 6. Illustration showing how the economic evaluation is performed, involving costs
and revenues over the 10-year analysis period.

which is taken from [37] and adapted to this specific Norwegian PV-
BESS case study. The costs saved by not using a backup generator
during football matches is included, because the generator is replaced
by the BESS.

NPV = Inv. costs + Cashflow diff.+
Disc. costs + Residual values

(11)

The investment costs are calculated as:

Inv. costs = −(𝑆𝐵𝐸𝑆𝑆𝑃𝑟𝐵𝐸𝑆𝑆 + 𝑆𝑃𝑉 𝑃𝑟𝐵𝐸𝑆𝑆 ) (12)

where 𝑆𝐵𝐸𝑆𝑆 and 𝑆𝑃𝑉 are the BESS capacity in kWh and the PV system
size in kWp, respectively. 𝑃𝑟𝐵𝐸𝑆𝑆 and 𝑃𝑟𝑃𝑉 are the BESS price in
NOK/kWh and the PV system price in NOK/kWp, respectively. It is
assumed that the BESS costs include the costs for the inverter.

The cashflow difference is calculated as:

Cashflow diff. =
𝑛
∑

𝑡=1

|𝐶𝐹𝑤𝑜𝐵𝐸𝑆𝑆+𝑃𝑉 | − |𝐶𝐹𝐵𝐸𝑆𝑆+𝑃𝑉 |

(1 + 𝑖)𝑡
(13)

where |𝐶𝐹𝑤𝑜𝐵𝐸𝑆𝑆+𝑃𝑉 | and |𝐶𝐹𝐵𝐸𝑆𝑆+𝑃𝑉 | are the cashflows without and
with BESS and PV, respectively. In the case where BESS and PV are not
used, all electricity is purchased from the grid. These are discounted
over the analysis period, where 𝑖 is the interest rate, 𝑡 is the timestep
and 𝑛 is the analysis period of ten years. Other discounted costs are
calculated as:

Disc. costs =
𝑛
∑

𝑡=1

−𝐶𝑟𝑒𝑝𝑙 − 𝐶𝑂&𝑀 + 𝐶𝑔𝑒𝑛

(1 + 𝑖)𝑡
(14)

here 𝐶𝑟𝑒𝑝𝑙 is the replacement cost of the BESS, assuming that it is
eplaced during the analysis period. 𝐶𝑂&𝑀 is the cost for operation and
aintenance (O&M) of the BESS and PV. 𝐶𝑔𝑒𝑛 is the cost that is avoided

y not having a backup generator. The costs for a future replacement of
he BESS are assumed to be same as in the first year, to keep consistent
ith the conservative approach of the economic assessment, which is
lso reflected in the conservative BESS degradation calculation. All of
hese factors are discounted over the analysis period with the residual
alues being calculated as in (15).

esidual values =
𝑛
∑

𝑡=1

𝑅𝑛,𝑃𝑉 + 𝑅𝑛,𝐵𝐸𝑆𝑆

(1 + 𝑖)𝑡
(15)

where 𝑅𝑛,𝑃𝑉 is the residual value of the PV system and 𝑅𝑛,𝐵𝐸𝑆𝑆 the
residual value of the BESS following the analysis period.

Fig. 6 provides an illustration of how the economic evaluation is
performed, and Table 4 shows the parameters used as input.
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Table 4
Economic evaluation parameters.

Parameter Assumed value

Interest rate 5%
Inflation rate 3%
Real interest rate 1.94%
Analysis period 10 years (assumed lifetime for BESS).

SOH where BESS is
replaced

80%

Residual value of BESS Calculated according to the SOH at the
end of the analysis period, e.g. a SOH of
95% gives 75% of residual value.

Saved generator costs 10,000 NOK/football match. This
assumes 18 matches a year (based on
data from 2018). These costs include
those incurred by having the backup
generator operational in reserve (CAPEX,
OPEX and other costs).

Capital expenditures
(CAPEX)/investment costs
of a PV system

1000 NOK/kWp

Lifetime of PV system 20 years

Residual value of PV
system

50% of CAPEX after 10 years

CAPEX/investment costs of
a BESS

Output of the economic analysis (varies)

Operation and maintenance
expenditures (OPEX)

1% of CAPEX of the PV system, and 1%
of (the varying) CAPEX of the BESS

2.7. Technical evaluation

The different cases were compared and evaluated by examining
annual energy flow, the SOC of the BESS and the subsequent state
of health (SOH) over the analysis period. The following relative key
performance indicators were also studied:

• PV self-consumption rate (SCR): the amount of energy produced
by the PV system and used to cover the load.

• Self-dependency rate (SDR): the relative amount of consumed
power provided either directly by the PV system, or provided by
the PV system via storage in the BESS.

• Relative battery usage (RBU): the number of hours during which
the BESS was used to cover a load, divided by the number of hours
(8760) in a year.

. Results

As mentioned previously, load profile and PV generation values
ere given for a single year, and it has thus been assumed that the load
nd generation are equal over the ten-year analysis period. The SimSES
imulations and economic evaluations for the five cases where thus
arried our for a ten-year period. In order to obtain a simplified picture
f how the different operation strategies affect the profiles, the results
or each case are presented for a single reference week. The week
hosen was from Tuesday 22 May to Monday 28 May 2018 (Fig. 7).
he figure shows PV generation and the load profile for node P1 during
his period, and also includes the residual load profile, which is the
oad or generation as seen from the connection point to the grid. The
eference week exhibits days with high electricity consumption and low
eneration, as well as days with high generation and low consumption.
football match took place on Sunday 27. May as indicated by the

istinct load peak for the Sunday evening.

.1. Case 1: Self-consumption maximisation, covering only flood-lighting
oad

This case simulates the use of the BESS to cover no loads other than
lood-lighting (FL). Since flood-lights are used only 18 times during the
7

Fig. 7. Load, generation (PV) and residual load profile (load and PV) during the
reference week (21–27 May).

Fig. 8. Case 1: Residual load profile with and without the BESS, with the BESS charging
and discharging during the reference week (21–27 May). The BESS is presented from
a generator perspective (i.e. charging negative values and discharging positive values).

year (based on data from 2018), no economic benefit of this usage is
expected. It is thus considered as a reference scenario.

Constant electricity consumption of 320 kW is assumed during
flood-light use. The operation strategy selected is the maximisation of
self-consumption, meaning that the load is covered primarily by PV
production, and only secondarily by the BESS. Electricity is only taken
from the grid if the battery is empty. The battery is charged as rapidly
as possible using power provided by the PV system. The results of Case
1 for the reference week are shown in Fig. 8. The only load registered is
during the match, and is covered mostly by PV generation and in part
by the battery. As the figure shows, the BESS is hardly utilised at all.
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Fig. 9. Case 2: Residual load profile with and without the BESS, and with the BESS
charging and discharging during reference week (21–27 May). The BESS is presented
from a generator perspective.

3.2. Case 2: Self-consumption maximisation

In Case 2, for which the operation strategy remains self-consumption
maximisation, the BESS is used to cover the load at node P1. Intuitively,
this increase in load should lead to higher BESS usage and thus greater
profitability from the battery, compared to Case 1. There is an in-built
constraint on match days, however, because the BESS is charged the
night before match days in order to ensure that it is fully prepared when
the match begins. The dates when matches take place are included
in the operation strategy, ensuring that the BESS can be operated
differently on these days. Results for the reference week are shown in
Fig. 9 and clearly show that the BESS is used more, but not every day.
During the match, the load is covered by both PV generation and the
BESS. However, the BESS becomes fully discharged during the match,
resulting in a grid load demand that is quite close to peak power. This
is the reason for introducing a constraint on match days in Case 3.

3.3. Case 3: Self-consumption maximisation with flood-lighting prioritised

The aim in Case 3 is to use the BESS for self-consumption maximi-
sation, while at the same time prioritising flood-lighting in order to
make sure that the BESS is able to cover the load peak required during
matches. In order to ensure that the battery is not empty on match
days, a new operation strategy must be adopted. This involves not
discharging the battery on the day before a match, and reserving the
BESS to cover flood-lighting only on the match day itself. After match
day, the BESS is returned to self-consumption maximisation mode. The
results of Case 3 for the reference week are shown in Fig. 10, where
the SOC plot shows that all the energy in the BESS has been consumed
by the end of the match.

3.4. Case 4: Energy arbitrage (optimisation)

In Case 4, self-consumption maximisation strategy is abandoned.
Optimisation is performed for the purposes of energy arbitrage (to
minimise energy costs), assuming perfect forecast of spot market fluctu-
ations, as described in Section 2.5.4. As in Case 3, the BESS is reserved
8

Fig. 10. Case 3: Residual load profile with and without BESS, and with the BESS
charging and discharging during reference week (21–27 May). The BESS is presented
from a generator perspective.

Fig. 11. Case 4: Residual load profile with and without BESS, and with the BESS
charging and discharging during reference week (21–27 May). The BESS is presented
from a generator perspective.

for flood-lighting on match days only. The capacity-based grid tariff is
not taken into account in the optimisation in this case. The result for
the reference week are shown in Fig. 11. Since the operation strategy is
contingent on the electricity spot price, the price fluctuation in Norway
for the week 21–27 May 2018 is shown in Fig. 12. The results show that
energy stored in the battery was used primarily during periods when
the electricity price was high, with feed-in is being avoided when the
prices were low.

In order to illustrate how 2018 spot prices compare with other
years, box plots of the years 2015–2019 are shown in Fig. 13. 2018
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Fig. 12. Electricity spot price for the reference week (21–27 May 2018).

Fig. 13. Box plot of electricity spot prices in Norway (2015–2019).

exhibited a median spot price of 419 NOK/MWh, which is the highest
of all the five years considered. When comparing 2018 to the average
of all five years, it is found that the 2018 median spot price is 20%
higher than the average median spot price. Further, the figure shows
that 2018 has a high interquartile range (the difference between the
upper and lower quartile). The interquartile range is 135% higher than
for the average of all the five years. The difference between the 91st
percentile and the 9th percentile for 2018 was 121 NOK/MWh.

Since electricity costs involve additional components, such as the
capacity-based grid tariff and the power-dependent grid usage price,
these are included in the Case 5 optimisation.

3.5. Case 5: Energy arbitrage, peak shaving, feed-in limitation (optimisa-
tion)

Case 5 is based initially on Case 4, but the capacity-based grid tariff
and grid usage costs are now included as optimisation constraints, and
the BESS is not explicitly reserved for flood-lighting on match days.
This means that the optimisation will decide when to charge the BESS
and the peak shaving limit.

As noted in Section 2.5.5, this case is somewhat similar to Case 4,
but the objective now is to minimise all energy costs, including the
capacity-based grid tariff.

The results for the reference week are shown in Fig. 14. On the
9

match day, the BESS peak shaves such that electricity taken from
Fig. 14. Case 5: Residual load profile with and without BESS, and with the BESS
charging and discharging during reference week (21–27 May). The BESS is presented
from a generator perspective.

the grid is lower than in Case 4, meaning that the BESS is covering
more than just the flood-lighting load. It is also clear that the BESS
is charging and discharging during periods when this is economically
most beneficial (arbitrage). We note also that feed-in from the PV
system exceeds the 100 kW limit on several days, meaning that the
costs incurred for feed-in over 100 kW are not high enough to affect
the use of the BESS.

3.6. Comparison of all cases

The technical results for the five cases are summarised in Table 5
for the ten-year analysis period.

4. Technical assessment

Based on the analysis of the various cases described in the preceding
sections, we will now compare factors such as degradation of the BESS,
energy flows within the system and some relative key-performance
indicators (KPIs).

4.1. Degradation of the BESS

The SOH of the BESS over the 10-year analysis period is shown in
Fig. 15, and clearly illustrates how the different operation strategies
have affected degradation of the battery. In Case 1, degradation is
approximately linear because the load is quite low (flood-lighting only).
Degradation here is due mainly to calendar ageing, as opposed to cycle
ageing. The SOH value is 0.86 at the end of the analysis period. In Cases
2, 3 and 5, degradation is affected more by cycle ageing, resulting in
SOH values of 80% after 8.3, 8.5 and 8.7 years, respectively. The BESS
is then replaced, as is illustrated by a return to an SOH value of 100%.
In Case 4, the SOH value is 0.826 after ten years, showing that it was
not replaced during the analysis period.
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Table 5
Technical results for Cases 1–5 for the ten-year analysis period.
Ten-year simulation parameters Case

1 2 3 4 5

Total load (GWh) 61 6307 6307 6307 6307
Total generation (GWh) 2989 2989 2989 2989 2989
Total feed-in (GWh) 2924 457 463 740 939
Total purchased energy (GWh) 7 3877 3875 4097 4377
BESS: Energy in (GWh) 51 550 507 203 437
BESS: Energy out (GWh) 40 448 413 164 358
BESS: Energy losses (GWh) 11 102 94 39 80
Relative losses (losses/feed-in) 0.213 0.186 0.186 0.190 0.182
BESS usage (hours with discharge/total hours) 0.005 0.126 0.116 0.040 0.079
Number of battery replacements 0 1 1 0 1
BESS: SOH end 0.857 0.960 0.968 0.826 0.972
Self-consumption ratio 0.022 0.847 0.845 0.752 0.686
Self-dependency ratio 0.890 0.385 0.386 0.350 0.312
Maximum power drawn from grid (kWh/h) 320 733.6 731.6 766.7 726.8
BESS: Full equivalent cycles (–) 111 1258 1160 461 1002
Fig. 15. State of health (SOH) of the BESS for the five cases over the ten-year analysis
period.

The degradation of the BESS for all cases is almost linear, in contrast
to what is reported in the literature [15,38,39]. Nonetheless, an almost
linear behaviour is also shown in [40], in which an NMC cell model was
applied. But the non-linear behaviour can still be seen at the beginning
of the degradation. In this study, however, the default NCA model of
SimSES was used, based on the degradation characteristic of [24]. It
seems that it does not show the same non-linear degradation at the
high SOH states, as other battery types, e.g. shown in [15,38,39].

In the cases we analysed, the capacity fade in relation with the full
equivalent cycles are shown in Fig. 16 and Table 5. In SimSES, the ca-
pacity degradation is calculated as a superposition of the calendar and
cyclic ageing. A quasi-linear ageing behaviour is reported especially for
calendar ageing of NCA Li batteries [41] and a non-linear ageing for
cyclic ageing [38]. In the five analysed cases the amount of equivalent
cycles are between 111 cycles in Case 1 and 1258 cycles in Case 2. This
means that in all cases, but especially in case 1, the calendar ageing
outweighs the cyclic ageing by far. This effect can be seen clearly in
Case 1, which shows an almost linear degradation and very few full
equivalent cycles in the ten-year lifespan of the BESS. Thus, the curve
is very steep. In Case 2, in which the BESS cycles by the factor of 10
more than in Case 1, the curve is less steep. Furthermore, it can be seen
that it is not as linear as for Case 1, due to the cyclic ageing which is
reported as being non-linear. It can be deducted from Fig. 16 that the
calendar ageing of the Rosenkranz NCA BESS model [24] implemented
in SimSES has a very high rate of degradation. This may be attributed
to the old battery type, compared to more modern cell chemistries and
10
Fig. 16. State of health (SOH) of the BESS for the five cases over full equivalent cycles.

cell technologies. Therefore, in addition to the economic assessment on
the original case, we also present a sensitivity analysis of degradation
where the BESS is not replaced. Further, the authors of this study
suggest to integrate a NCA BESS model to SimSES based on more recent
battery cells.

Fig. 17 displays the SOC of the BESS over a single year for all
five cases. It is clear from the figure that in Case 1 the BESS is used
very little compared with the other cases, and the SOC maintains a
level of about 0.95 for most of the time, dropping to 0.05 only when
football matches are played. The SOC profiles for Cases 2 and 3 are
very similar, reflecting the near similarity of their operation strategies.
In these cases, the average SOC is 0.2. In Case 4, the average SOC is
0.4. Note that in Cases 2, 3 and 4, the BESS is used very little in the
winter, probably because the PV production is low. In Case 5, the BESS
is used all year round as a consequence of taking the capacity-based
grid tariff into account. The mean SOC for Case 5 is 0.2.

4.2. Energy flow in the system

Fig. 18 shows the total feed-in energy to the grid for the ten-year
analysis period. In Case 1 this amounts to approx. 3000 GWh, which is
to be expected because the load in this case is allocated exclusively to
the flood-lighting. Cases 4 and 5 exhibit feed-in energies of 779 and 971
GWh, respectively. Cases 2 and 3 exhibit lower feed-in energies of 424
and 461 GWh, respectively, which is also to be expected due to their
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Fig. 17. State of charge (SOC) of the BESS for the five cases for a single year.

Fig. 18. Feed-in energy for the five cases for ten-year analysis period.

self-consumption maximisation strategies that minimise the amount of
PV generation entering the grid.

Fig. 19 shows the total energy charged by the BESS and the total
losses resulting from its charging and discharging.

There is a natural correlation between the energy used to charge the
BESS and its subsequent losses. In Cases 2 and 3 the BESS is charged
with 553 and 544 GWh, respectively. These values are higher than in
Case 5, where the value is 441 GWh. Case 1 involves charging with only
57 GWh, while the value for Case 4 is 208 GWh. Cases 2 and 3 exhibit
11
Fig. 19. Energy charged by the BESS and energy losses for the five cases for ten-year
analysis period.

Fig. 20. Relative KPIs for the five cases for ten-year analysis period.

the highest levels of losses of all five cases, amounting to approximately
100 GWh, while Case 5 exhibits 81 GWh. Cases 1 and 4 exhibit losses
of 13 and 38 GWh, respectively.

4.3. Relative key-performance indicators

A plot of the relative KPIs described previously in Section 2.7 are
shown in Fig. 20. As previously discussed, and illustrated in Figs. 19
and 17, the BESS was only rarely used in Cases 1 and 4, resulting in RBU
values of 0.005 and 0.041, respectively. The BESS was most extensively
used in Cases 2 and 3, resulting in RBU values of 0.128 and 0.124,
respectively. The RBU for Case 5 is 0.083. All cases exhibit an RBU
value of less than 0.13, indicating that the BESS was used for less than
13% of the time.

Since in Case 1, the load was allocated exclusively to cover flood-
lighting, the SCR value is 0.02. Cases 2 and 3 exhibit the highest values
for SCR (0.86 and 0.85, respectively). This is as expected because of
their self-consumption maximisation operation strategies. The SCR for
Cases 4 and 5 are 0.74 and 0.68, respectively.

The SDR is clearly highest in Case 1 (0.93), which is to be expected
due to the load difference. Cases 2 to 5 exhibit SDR values of 0.4, 0.39,
0.35 and 0.32, respectively.

In terms of the KPIs, it is interesting to compare Cases 4 and 5:
Case 4 exhibits a lower RBU, but higher SCR and SDR values than Case

5. Case 5 probably exhibits a higher RBU because the BESS is used
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Fig. 21. A comparison of NPV for the five cases.

o cover peaks and thus has a greater need than in Case 4 to charge
rom the grid between the peaks. Case 4 exhibits higher SCR and SDR
alues because more of the PV power is used to cover the load, and a
reater proportion of the load is thus covered by PV power. In Case 5,
he battery is used to peak shave, and is thus more dependent on the
urchase of electricity from the grid in order to recharge.

. Economic assessment

For all five cases, an economic assessment has been carried out in
he form of an NPV calculation, as described in Section 2.6. The NPV
alculation enables us to determine the break-even cost of the BESS.
hus, for a case to be financially viable, it is a minimum requirement
hat the NPV is equal to zero. The NPVs are calculated by applying
11) and using the parameters and assumptions listed in Table 4. It
s assumed that the cost of investment in a BESS is between 4000
OK/kWh and 10,000 NOK/kWh for a 1 MWh/1 MW BESS [3,4].

The SOH impact of replacing a BESS for the five cases is shown in
ig. 15. For Cases 2, 3 and 5, the calendric and cyclic ageing processes
nherent in the NCA model require a replacement of the BESS within
he ten-year analysis period.

.1. Variation of the investment cost parameter

Fig. 21 shows how the NPV varies with investment cost of the BESS.
f we assume investment in a BESS of 4000 NOK/kWh, none of the cases
re profitable. The best result is for Case 4, which achieves an NPV of
ero for an investment cost of 1320 NOK/kWh.

.2. Sensitivity analysis of degradation

Battery technology is evolving very rapidly, and there probably
xist different battery models that exhibit slower degradation rates
han the NCA Li-ion model used in these case simulations. In order
o demonstrate how this would impact on the economic assessment, a
ensitivity analysis was performed in which it was assumed that the
ESS did not require replacement in any of the five cases. (In the
irst instance, replacement was required in Cases 2, 3 and 5). The
esults of this assumption are shown in Fig. 22, in which the stippled
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ines indicate NPV development for Cases 2, 3 and 5 without battery
Fig. 22. A comparison of NPV for the five cases, including a sensitivity analysis
involving no replacement of the BESS for Cases 2, 3 and 5 (stippled lines).

replacement. In Cases 1 and 4, the solid and stippled lines are identical.
Without replacement costs, we can see that both Cases 3 and 5 could
be profitable, achieving zero NPV at investment costs of 3980 and 4930
NOK/kWh, respectively.

5.3. Sensitivity analysis of PV system costs

Since PV system costs are decreasing, it is possible that this may also
affect the economic assessment. In order to test this, another sensitivity
analysis was performed in which the PV system costs were set to zero,
in contrast to the original value of 1000 NOK/kWp that was used in
the main simulations. In this analysis, the replacement costs of the
BESS in Cases 2, 3 and 5 were included. The outcome of the sensitivity
analysis is illustrated in 23, from which we can see that Case 4 is
the most optimal, achieving an NPV of zero for an investment cost
of 6430 NOK/kWh. Cases 1, 3 and 5 also achieve zero NPV following
investment costs of greater than 4000 NOK/kWh.

5.4. Theoretical best case

In Fig. 24, both sensitivity analyses are combined, showing the NPV
obtained if there is no replacement of the BESS and with PV system
costs set to zero. Cases 2, 3 and 5 achieve zero NPV for BESS investment
costs of 13,460 NOK/kWh, 16,060 NOK/kWh and 17,530 NOK/kWh,
respectively. In other words, if we assume a maximum investment cost
of 10,000 NOK/kWh, these cases are very likely to be profitable.

6. Discussion

Since Case 1 was considered primarily as a reference case, with
the load allocated exclusively to flood-lighting, we will restrict our
discussion to the four remaining cases.

6.1. Technical assessment

The technical assessment demonstrated that when the BESS is used
to maximise self-consumption, as in Case 2, high SCR and SDR values

(0.86 and 0.4) are obtained. There is little feed-in energy to the grid
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Fig. 23. A comparison of NPV for the five cases, including a sensitivity analysis in

hich PV system costs are set to zero (stippled lines).

Fig. 24. A comparison of NPV for the five cases, including a combined sensitivity
analysis showing the theoretical best case following no replacement of the BESS and
PV system costs set to zero (stippled lines).

(424 GWh) and a high RBU value (0.128) is achieved. This in turn re-
sulted in the most rapid rate of battery degradation, and replacement of
the battery after 8.3 years. When the BESS is used for self-consumption
maximisation with the flood-lighting as priority (Case 3), the technical
results are quite similar to those for Case 2, as we might expect. The
only differences are that the RBU, SCR and SDR values are somewhat
lower in Case 3, and the battery replacement occurs after 8.5 years.

In Case 4, the BESS was used for energy arbitrage, with use being
governed by electricity spot prices, though without consideration of the
capacity-based grid tariff. Compared with Cases 2 and 3, the technical
13
assessment showed that feed-in energy to the grid increased (779
GWh). The RBU value (0.041) is lower than for Cases 2 and 3, as are
the SCR (0.74) and SDR (0.35) values. Fig. 12 demonstrates that the
variation in electricity price is unlikely to be high enough to generate
benefits from using the BESS exclusively for energy arbitrage, due to
the losses resulting from charging and discharging. This result coincides
with an analysis of the marginal cost of BESS usage for energy arbitrage
described in [16]. This study shows that in most markets the costs
resulting from energy losses and battery degradation are too high to
be covered by possible revenues. Since the RBU value is low, Case 4
exhibits the slowest degradation rate, reaching a SOH value of 0.826
after ten years.

Case 5 ran with an operation strategy that combined the powering
of most services, while simultaneously aiming to minimise all costs,
including the capacity-based grid tariff. This resulted in the highest
levels of feed-in energy (971 GWh). The RBU value of 0.083 is lower
than in Cases 2 and 3, but higher than in Case 4. The SCR and SDR
values are the lowest of all. The battery degrades faster than in Case 4,
but degradation is slower than for Cases 2 and 3, resulting in a battery
replacement after 8.7 years.

On the basis of the technical assessment, Case 4 appears to be the
best option, not least because it exhibits the slowest degradation of the
BESS. Since we are assuming that the BESS is located at, and operated
by, the stadium, we may assume that it is important to have a high
SCR. If the BESS was owned and operated by a DSO, it would probably
be more important to reduce the feed-in power to the grid. Thus would,
for example, enable the avoidance of over-voltage issues in summer.

6.2. Economic assessment

The technical assessment was used as input to the economic assess-
ment, which is the main outcome of this study. An NPV analysis was
performed for all cases, resulting in a break-even cost of the BESS. For
a case to be financially viable, it is a minimum requirement that the
NPV is equal to zero.

As we demonstrated in Section 5, none of the cases are profitable
if we assume a BESS investment cost of between 4000 and 10,000
NOK/kWh (Fig. 21). In Cases 2, 3 and 5, the BESS had to be replaced.
Case 4 revealed to be the most profitable, with an investment cost of
1320 NOK/kWh, but still failed to achieve break-even criteria, even at
current battery prices.

The first sensitivity analysis showed that if the BESS does not
need replacement during the ten-year analysis period, Cases 4 and
5 may be profitable, assuming a BESS investment cost of between
4000 and 10,000 NOK/kWh (Fig. 22). Case 5 was the most profitable,
achieving zero NPV with an investment cost of 4930 NOK/kWh. In
other words, profitability depends on the operation strategy of the BESS
in combination with its battery technology. The sensitivity analyses
of BESS replacement indicated that ageing processes have a major
impact on profitability, and should play an important role in terms
of dispatch decisions and profitability evaluation. This conclusion is in
stark contrast to other battery technologies, such as vanadium-redox-
flow BESS, for which ageing plays no significant role [42]. This kind
of technology may be preferred in cases where BESS replacement is
required due to ageing.

The second sensitivity analysis, illustrated in Fig. 23, demonstrated
that if PV system costs decrease, all cases, with the exception of Case 2,
might be profitable, assuming a BESS investment cost of between 4000
and 10,000 NOK/kWh. Case 4 was the most profitable, achieving zero
NPV at an investment cost of 6430 NOK/kWh.

The sensitivity analysis in which both PV system costs and BESS
replacement cost were set to zero was considered to be the theoretical
best case (see Fig. 24). Case 5 was revealed to be the most prof-
itable scenario, achieving zero NPV at an investment cost of 17,530

NOK/kWh. This indicates that an operation strategy that combines
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several objectives is more profitable than single-purpose strategies,
even though it may result in higher degradation.

Our study shows that with future battery prices and a battery
technology which does not require BESS replacement, energy arbitrage
might become profitable in Norway. Energy arbitrage might be even
more profitable in countries that have a more fluctuating electricity
spot price. In [43], it was reported that the average electricity spot
price in Germany was 29 EUR/MWh in 2016. This corresponds to 322
NOK/MWh, which is similar to the previously mentioned average spot
price in Norway for the last five years. More interesting, the paper
also reports the difference between the daily minimum and maximum
electricity price. The majority of the days have a difference in electricity
price of between 15 and 45 EUR/MWh, corresponding to 166 and 500
NOK/MWh, respectively. As shown in Fig. 13, the difference between
the 9th and the 91st percentile was only 121 NOK/MWh for 2018
in Norway. In other words, these variations in electricity spot price
support the idea that Cases 4 and 5, which include arbitrage in our
study, might be even more profitable in a different country.

The main conclusion from the economic assessment is that it is
highly recommended to use the BESS for multiple services. Such a use
results in a more rapid degradation, which entails a replacement cost,
but it also provides more savings on grid tariffs. Our study indicates
that these savings will be higher than the cost of replacing the BESS.

7. Conclusion and further work

In this paper, we have described a techno-economic analysis carried
out on the BESS installed at the Skagerak EnergyLab pilot. The aim
of our study has been to analyse the performance of the existing
installation by investigating a number of cases employing a variety of
operation strategies for peak shaving, self-consumption maximisation,
energy arbitrage and feed-in limitation. The software tool SimSES was
used to simulating BESS degradation. A perfect forecast of electricity
pricing was assumed, such that the results can be regarded as the best
case.

The results from this study can be applied to other large-scale BESS
applications with high load peaks that occur for only a limited number
of hours during the year. More specifically, the use of a BESS in a
sports stadium has great potential. As mentioned previously in the
introduction, there are 948 football stadiums in the EU, where diesel
backup generators could be replaced by a BESS.

In conclusion, an important outcome of this work is that a BESS that
provides stacked value by combining peak shaving, energy arbitrage
and self-consumption, as a replacement for a backup diesel generator,
may represent a feasible option in Norway. However, there are a
number of research topics that we believe should be given further
consideration:

• Techno-economic analyses for different degradation models and
lithium-ion battery types, especially based on NMC or LFP cells.

• The inclusion of more services in operation strategies, e.g. fre-
quency control reserve.

• Investigations of how different BESS sizes would have influenced
the techno-economic analysis.

• A comparison with results of BESS use in stadiums in other
countries operating with different tariffs, spot prices and load.

• The inclusion of uncertainties in load, generation and spot price
forecast parameters.

• Our economic evaluation demonstrated that the operation strat-
egy combining the most services was the most profitable. A BESS
that combines more services requires a more sophisticated control
system, and it will be fruitful to investigate how such a scenario
may affect the economic evaluation.
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