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1- Introduction
Need for flexibility

Balancing of the
power system

Delayed

investments in

the grid
Intermittent

power
productions
need more
flexibility

“If you want more renewables on the grid, you need more batteries.
It’s not going to work otherwise.”

Andrés Gluski, the CEO of AES Corporation



1- Introduction

Battery storage capacity and prices

Lithium-ion battery pack and cell prices, 2013-2023
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Prices for lithium-ion batteries steadily declined over the last decade with a spike in 2022,

but dropping again in 2023 150%_300%
increase in 2030 in
Sweden
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1- Introduction

Solar and battery combination
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2- Aims

Solar PV park case

Creating a techno-economical Case study
framework for solar parks Fyrislund, Uppsala PV park
combined with battery storage
operating on Frequency
market and day ahead market

VASAKRONAN



Investigating the economic
benefits of using stationary
battery storage for peak shaving
in a church powered by a PV
system. Stacking:

e Participating in local energy
market

 Maximizing Self
consumption

e Arbitrage optimization
* Frequency market

Case study
Karlstad, Kila Kyrka

2- Aims

Church case



3- Method

Techno-economical analysis
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3- Method

Inputs



Frequency market services
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4- Results

Solar PV park case

Yearly Revenue [MSEK/MW]
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4- Results

Solar PV park case

FCR: Frequency containment reserve
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4- Results

Church case

e Data from Kila Church shows that installing battery is not
economically feasible if it is not participating in the frequency
regulation market.

A 120 kWh / 60 kW battery has a 1.6-year payback operating in peak
shaving and multimarket (FCR-D).



* The Economical value of Battery in Sweden is due to Ancillary services

5- Conclusion and Future outlooks

e Low synergy when combining PV parks with Battery storage (FCR)

* The degradation is low when operating on Ancillary services

* Battery storage benefits churches economically, environmentally, and socially.

Future outlooks:
* Including other ancillary services

* Include electric vehicles in the system

Preliminara framtida volymbehov kapacitetsmarknader for balansering
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ECONOMIC ESTIMATIONS OF A PV PARK
COMBINED WITH STATIONARY BATTERY
STORAGE OPERATION ON DAY-AHEAD AND
FREQUENCY REGULATION MARKETS
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Kq--ﬁ. HYBRID PARK. STATIONARY BATTERY STORAGE, FREQUENCY REGULATION MAR-
KETS, ANCILLARY SERVICES, ECONOMIC ANALYSIS

Abstract

BSS:

A age o hat
ihe BSS should provide 10 maimize peofss. This sty aims o determine the mant profiable statcgy and sire of inegrated

par
(FRM). The Frequency costrol services activate in resposse 1o chaages in the electricty grid fregueacy, with BSS ssppocing
during frequency fuctuations. The focus of this study is on the primary regulation within FRM. In this stody. a BSS operation
alprthm i xalused n conomic terms. The algeithn mpeets inoss ke kel pries, fes, i, PV poducion,

2 Swedish PV

alooe, and PV-BSS combination.

Results bighlight that standkalome BSS scenarios

PV park
superior 1o PV-BSS combination cases. sbowing 3 735 Internal Rate of

e

Retum (IRR) for a 1000 kWhA400 kW BSS configuration. PV park alone purticipation in FRM and DAM shows masginal

benefits compared 1 oaly acting oa the spot market. The seasisivity analysis examining changes in prices foe both DAM asd

FRM relatie to 2022 reveals  significant segative change in revemue in 2020, which is explained by the higher and more
Lasty, o el of bids

102022, FCR.
5 the acceptance rae may decrease.

1 Introduction

Accoeding 10 the Intermsioeal Energy Agency (EA), unllry
scale solar PV and onshore wind e considered the
costeflective options for new electricity ;«alnnmm
‘countries [11. In 2022, the growth rate of solar PV geseration
has increased by 26%, ah;mqwxlmkm,mk\vhh-
2023 0 2030 in the Net scenario [2]

sion syssem operator (TSO), o addressimbalances. Frequency
regulation (FR) ancillary services, which encompass actions

by SYK [5]. SvK classifies FR services into four types: Fast
Frequency Reserve (FFR), Freqocncy Contsisment Reserve
(FCR). automatic Fregoency Restoeation Reserve (4FRR), and

The three

Additiocally. Ih:ml‘ll:ekﬂnﬂymm&ulmw R

dependeacies are driving the ransition 10 3 more renewable
combination,

cmergy

Sweden sims 10 achieve complctely resewable electricity
production by 2040 (3} As a conseguence, wind 2ad solar
power capacity have increased in Sweden in recent years [4)
However, these encryy production techologies are weather
dependent, which creates challenges to eficiently integrating

The power system functions ax 20 interconnected network
that equires continsous regulation to maintain bakaace. In the

system. Deviations in froquency activate sandby capacity

it 0rg/10. 10480 2023 2800

services are; FCR-Normal (FCR-N), FCR-Disturtunce
upwards (FCRD sp), and FCR-Disturbance downwards (FCR-
D down)i6]. Histrically, FR services were entrely met by
hydropumer 5], Recestly, SvK his predicted that the

services market will reach a value of 3 blfion SEK in 2023,
50 percest increase from 2021 [7). Thas, integrating diffe-
et actors ino the ancilary service FR muarkets becomes an
strctive optcmn.

Acconding 10 the Intcmational Reacwable Encry Agency
(IRENA), the most important services which Batery Siorage
Systems (BSSs) can provide 10 the system operatoe are: fre-
quency regolaion, Rexible rampiog, and black stan services
18], However, revemes from these services are mostly dificult
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Abstract

In Sweden, Svenska Kyrkan (the Church of Sweden) has over 3300 churches. A majority of the churches are
clectrically heated U
the grid and the church organization through increased grid fecs. Simultaneously, interest in deploying Battery
Encrgy Storage Sysicms (BESSs) is growing. A significant challenge s determining the specifc sevices the
BESS should pr for the owner. For with the help of a battery, the
‘church consumption peaks can be shaved. Additionally, when the Battery Energy Storage System (BESS) is not
‘used for this purpose, it can instead be employed to support the grid through participation in the frequency

with the BESS providing support during frequency floctustions. The objective of this study is to investigate the

‘cconomic value of installing BESS in 2 church powered by 2 PV system. Various frequency regulation services,

with a focus oa primary reserve, are explored. The model operates on other eacrgy markets, which are local

flexibility and day-ahead markets. The inputs include sclected services, fecd-in and food-oat profiles, historical

frequency data, and frequency regulation and energy market prices over the year 2023. The case study involves
s pmdy 4 5 &

present value and iod, whereas technical and are
the battery degradation and CO2 emission equivalents, respectively. This study indicates that the investment in

stacked with Peak Shaving (PS).
The resalts show a 1.6-year payback period for a 120 kWh/60 kW BESS. A sensitivity analysis explores future
changes in prices of the frequency regulation market and BESS shows that FCR-D Up has more seasitivity for a
drop in the prices in the future. Nevertheless, FCR-D Down has more economic potential value. Conclusively,
BESS would be a bencficial investment for churches and facilities with similar Joad and PV power generation
profiles, both from an economi and socictal perspective.

Keywords: Stationary Batiery Storage, Frequency Regulation Markets, Ancillary Services, Techno-economic
Analysis

1. Introduction
In 2015, the United Nations lunched Agenda 2030 to promote sustainsble development through goals aimed at
reducing povery. addresing climate acton, and ensuring affordsble and rlsble cncrgy fo al (Swedish UN
Association, 2015). 2030
“omission, 2015). Additionall; i
Wmumﬂmmmmd.wmfmmdmm aimed at enbancing encrgy
savings, diversifying energy supplies, and promoting clean energy (European Commission, 2022). Sweden has

seta goal o achicve completely renewable elecricity production by 2040 (IRENA., 2020). Consequently. wind
indahl etal., 2022). He these

2id and ensuring por stabilty. ives drive the growth of nd

Copenhagen.

Denmark
22nd Wind & Solar Integration Workshop (WIW 2023) 26-28 September 2023

VERY SHORT-TERM SCENARIO-BASED
PROBABILISTIC FORECASTING OF PV PARK

POWER PRODUCTION
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Keywords: PROBABILISTIC SOLAR PV PARK POWER PRODUCTION, SCENARIO FORECASTING.
MARKOV-CHAIN MIXTURE DISTRIBUTION MODEL (MCM), PERSISTENCE ENSEMBLE, CLIMATOL-

oGY
Abstract

Grid-connected photovoltaic (PV) parks are increasing in number and size. For local optimal battery control, electricity market
participation and generally for delivering ancillary scrvices to the grid from PV parks, it is impornt to be able to forecast
park power generaton. This sudy ivestigaes short-term probabilstic forecasts and scenario-based forecass on PV park

clear-sky index for with two M; hain mixture

M) models, Persistence Ensemble (PeEn) and

Climatology. The models were trained on, and used 1o forecast, a § minute resolution data set of PV park power generation for
two years from Vasakronan AB's PV park in Uppsala, Sweden. The study shows that the MCM models outperform the PeEn
and Climatology for five minute ahead forecasts in terms of continuous ranked probability score and in terms of point forecast
MAE. It is also concluded that PeEn outperforms the Climatology, which despite lack of accuracy has highest similarity in result
outpat. In terms of scenario-forecasting. where the two MCM models are compared to outputs from the Climatology, all models
have smilar CDF goodaess-of it In terms of autocorrlaion.the MCM models are superior. Base on the results,the MCM

model, regardiess ofseting 3 benh

forecasts.

1 Introduction

Grid-connected photovoltaic (PV) parks, or utility scale PV, are
increasing globally [1] and in Sweden [2]. When connecting
PV parks to local battery storage, in particular with the intent to
participate on frequency markets or other ancillary services for
the elextricity grid the use of accurate forecasts of PV power
production can be useful for scheduling battery charging and
optimal dispatch production [3).

Forecasting can be divided into point forecasting, which
makes a point prediction. and probabilistic forccasting which
issues a predictive probability distribution as forecast. Proba-
billstic forecasts may be considered superior, as they contain
‘more information about uncertainty of the forecast [4]. When
it comes 10 solar forecasting research it is composed of both
point and probabilisic forecasting, the latter having increased
in the last decades [4-7].

Examples of probabilistic forecasting of PV park power pro-
duction include using ensemble learning. based on numerical

cather . with K.

models i
the GEFCom2014 dataset [3]. Another example includes using
a convolutional neural network in combination with quantile
regression (o both produce probabilistic and point forecasts on
data sets from PV parks in Belgium with 15 minute resolution

ak for very short PV park power production

(8], In [9]. Allesandrini and McCandless also used ensem-
ble members from numerical weather prediction and analogue
ensemble with Shaake shuffle to forccast both wind and PV
park power generation on a Kuwait location dataset with five
miute resolution data. Also, probabilistic co-located PV and
wind park power production forecast models based on numer-
ical weather prediction were developed in [10] and used to
forecast 15 minute data for a co-located PV and wind park
in Sweden. There is generally a lack of forecasts for sub-hour
very short-term PV park power production and for using data
driven models, in contrast to advanced NWP-based models.
There is also a lack of benchmarks, as has been a problem in
solar irmadiance forecasting (7],

Metrics for performance evaluation is a crucial part of both
probabilistic and point forecast evaluation. Metrics that have
been used in the PV park forecasting field include autocor-
relation cstimate for ensemblc members (9] and Continbous
Ranked Probability Score (CRPS) [$-10]. Also s wide range of
point forecast metrics have been used, including Mean Abso-
lute Error (MAE) (8] and Root Mean Square Error (RMSE)
18,91

1.1 Contributions in this study

“This study is the firs (o use the MCM model on forecasting PV
park power production. It also appears o be the first study 10

Recently work

Techno-Economical Assessment of Battery Storage Combined
with Large-Scale Photovoltaic Power Plants Operating on
Energy and Ancillary Service Markets
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Joakim Munkhammar®
“Department of Ciuil and Tndustrial Engincering, Uppsala University, Ligerhyddsviigen
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Abstract

As the interest in deploying Battery Energy Storage System (BESS) grows, a signifi-
cant challenge is to determine the specific services it should provide to maximize prof-
its. This study investizates the most profitable markets and sizes of grid-connected
BESS with utility-scale solar Photovoltaics (PV) power plants using techno-economic
analysis frameworks. The objective is to bility in energy and fre-
quency markets, focusing on primary regulation and energy arbitrage for Sweden and
‘Germany. The inputs are historical market prices, historical frequency data, and real
measurement power data from a utility-scale PV system. The economic metrics are
net present value and payback period, whereas technical metrics are battery degrada-
tion and equivalent cycle count. The results show that adding a BESS to an existing
PV park does not result in a lower payback time than if implementing a stand-alone
BESS. However, the payback period does differ between Sweden and Cermany, ie.,

being 1.1 and 5.8 years, respectively. This is explained by the lower frequency con-
trol prices for Germany compared to Sweden. The technical results indicate that the
BESS energy capacity after 10 years of operation is approximately 83% for Germany,
whereas, for Sweden, it is around 87%. Also operating the BESS on energy arbitrage
together with the primary regulation market showed a 4.8-year payback period with
. slight increase in los of energy capacity (from 83 to S0%) for Germany. Comneet-
ing the BESS to various PV ions showed a di n and
technical metrics, resulting in a best-case of a 4.7-year payback period. In that case,
it transpires that BESS has limited synergy with utility-scale PV due to favoring
primary regulation operation during periods of high PV power production. A sensi-

Preprint submitted to Elsevier August 16, 202/
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