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Electricity generation from photovoltaic (PV) plants plays a major role in the decarbonization of the energy
sector. The core objective of this paper is to identify the most important conditions for the future development of
PV in order to achieve its greatest possible benefits of PV systems for society. This analysis is based on the
documentation of the historical deployment of quantities of PV and on the lessons learned regarding cost de-
velopments. In addition, the improvements of PVs technical and environmental performance parameters are
investigated. A major result is that the impact of PV feed-in on network capacities may be substantial. Hence,
classical energy-based network charges are inadequate. Changes in tariff and pricing structures are needed
especially on retail level. The major conclusions is that customers should also receive time-variable price signals
that tells them the real-time value of electricity in the system and provides incentives for taking electricity from
the grid or feed-in. In addition, the tariffs should have components for maximum power from and to the grid.
Another conclusion is that on retail level grid parity already today provides sufficient incentives to purchase a PV
system in many countries without additional financial support.

1. Introduction

In the course of climate change mitigation, there is an urgent need to
reduce global greenhouse gas (GHG) emissions [1] to which the elec-
tricity sector contributes approximately 38% and is one of the most
important sectors to be addressed in this respect. Renewable electricity
plays a major role in the decarbonization of all end-consumption sectors
either through direct electrification by an adaption of their processes or
indirectly via a transformation of electricity into renewable gases, liquid
fuels or heat. A promising and already established technology for
renewable electricity generation is photovoltaics (PV). Despite its in-
vention already in the 19th century, only in the late 1980s, the first solar
PV systems have been implemented and paved the way for autark,
decentral electricity production. In the early 1990s, the first
grid-connected PV power plants were installed in Japan, Italy, Australia
and Germany [2].

The potential benefits of solar PV systems range from widely
emission-free electricity generation during the operational phase,
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allowing electricity pro-sumers to cover at least part of their demand.
There is great value in PV for society, and it could become a major source
of electricity generation [10]. Developing countries can provide elec-
tricity to rural areas without grid connection which may help to replace
fossil fuels for housholds. Additionally, the integration of PV systems
with agricultural activities, so-called agrovoltaics, makes it possible to
diversify farmers’ incomes and increase local energy independence.
Eventually, large-scale renewable electricity generation may decar-
bonize the electricity system and be transformed into gases such as
hydrogen, methane, or kerosene, especially in industry and transport.
However, several challenges remain to be addressed. Historically,
the electricity system has mainly constisted of fossile fuel based gener-
ation plants and therefore quite flexible in their operation. Renewable
technologies, by contrast, are dependent on the availability of hydro,
wind and solar power and imply variable electricity production. With
the increasing use of variable renewable energy sources (VRES) the
matching of supply and demand, as a result, is characterized by
increasing storage and other supply and demand-side flexibility options
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Frum the supply side, batery storsge can buffier the discrepancy with
demand. Nevertheless it i£ obvious from economic and environmental
point-af-view that not every peak in solar PV electricitiy production
should be stored., Fram the demand side the change of the role of
households from pure consumers o prosumagers’ - consumers who also
produce and store electricity - also requires different approaches 1o
ensure their most beneficial integration into existing systems. Properly
designed new pricing and tarfl sytems could provide an incentive 1o
shift consumption o match electricity supply. Hirschhaugen et al. [11]
argue that beside the potential of prosumsage for decarbonization, this
rype of change o the energy system is also often regarded as a threat,
especially by utilities. Optimal solutions regarding storage and grid
interaction still feed o be foimd. In 1994, when PV was nol even a aiche
technology, Haas [12] analyzed the value of PV electricity for wiilities
and already more than 20 years ago documented the challenges wilities
face with PV today. Schill e al [13] highlight the economic system
inefficiency as a potential disadvantage of growing solar prosumage and
self-consumption wsing decentral storage. Obviously, this wend adds
hardly coptrallable consimption and production unild 10 an energy
system. System cost can be reduced if decentralized siorage is operated
following requirements in the distribution grid and made available 1o
further electricity marker sctivities instesd of mainly forusing on
self-comgumption. All these challenges therelfore ask for a solution and
an oplimal strategy - from societys point of view - for integrating PV in
the electricity system. In this context an effective regulatary framework
and appropriate il sysiems are required for all electricity users 1o
guide future consumer chaices [14].

The core objective of this paper is 1o identily the most important
conditions for the future development of PV in order 1o achieve the
greatest possible benefits of ils continuously growing marketl penetra-
tigen for society. In this contest especially the need for ferther promotion
strategies and for a redesign of network tadlf and pricing systems is
imvestigated. The later is especially importan for grid-parity conditions
to bring aboul a fair network eost allocation among all customers
active pro-sumers (owning a PV system) and passive congumers (just
consiming energy from the nepwork). This analysis is based on the
documentation of the historical deployment af quantities of PV and on
the lestons learned regarding cost developments. In addition, the im-
provemsents of PV technical and environmental performancs parame-
ters are investigated and documented over about the last 25 years.

The major new contribution of this paper is 1o cloge a research gap
regarding a holistic assesement of PV's role in electricity sysems. It
includes the simultanesus consideration of the economic and environ-
mental isswes (embedded energy) as well as promotion policies for PY
systems — in the past, present and future.

This paper is structured & follows: Section 2 outlines the current PY
market sinsation in leading countries. Section 3 documents the histarieal
development of PV dystems concerning codts and economics including
the issue of grid parity. The future prospects of PV including costs,
embedded energy and associated emistions in the PV system production
process are analyzed in Section 4. In Section 5, the requirement for new
pricing and tarlf schemes o efficiently integrate PV electricity in elec-
Lricily dystems 4 digcuseed. A summary of major Andings, conelugions
and an outlook complete the paper.

2. Global PV installation

During the las decades, global PV system installation increased
substantially. Small-seale PV unils ez on rooflops were the driver 1o
make PV the et growing technology for electricity generation [3]
revolutionizing the rraditionally known ways of energy production and
consumption. Decentralized, dmall-scale PV sylems have a substantial
impact on the role of the end user in the energy system, which is a main
focias af this work. PV applications such as rooftlop PV systems, enalble
electricily consumers (o produce their own electricity onsite and wm

o ‘peg-simers’ [4]. Through stocage, they can optimize their

self-genermihon for  profit maxdmiscon and  beoome  so-called
‘prOgLEmERers’

In 2019, global anneal solar PV system installations aceounted fos
111 GW, compared to 295 GW in 2012 [2]. Woeldwide cumulative PV
capacity grew o 623 GW by the end of 2019 [2], and another 127 GW
were added globally in 2030 [5]. Fige 1 and 2 show yearly and cum-
Llative PV system installation for a selection of countries. Yet, in the
period before 2012, European countries such as Germsany, Spain and
Naly were the drivers of PV deployment. After 2012, ather regions such
as China, the US, India and Japan have taken over the lead. Moreover,
PV has been the technology with the most deamatie eost reduction per
MWh of about BO% berween 2005 and 2015 [ [6,7]1]. Between 2010 and
2020, the cog decreated by 82%, with a 13% decrease only between
2018 and 2019 [E].

The growing share of PV electricity generation diring the lagy de-
cades implies both (long-term) economic and environmental benefins
bt can aleo lead 1o challenges concerning the funher integration af
large amounts of PV into existing electricity systems.

While in the early years of PV, grid-connected, distributed in-
stallations have dominated, from 3012 onwards, centralized, wrility-
arale systems picked up mainly due 1o the new introduction of avc-
tions [s=e Fig. 5).

This section analyses the major recent developments and trends
regarding PV system capacities. Growth rates have inereased between
2007 and 2010 in lualy, France, Australia and Germany, followed by an
acreleration in the Chinese and Indian markets between 2000 and 20013,
Fig. 4 shows the growth rates based on the development of the anmal
and cumulative installed capacity shown in Figs. 1 and 2. A slighn dip
felboweed globally, and growth evened our towards 2018, Nevertheless,
during the las few years, it seemed 1o pick up again in all countries bur
haly, Germany and France, where yearly capacity installations stag-
nated since 3013 around 4- 20

The countries leading the path lowards a growing share of solar PV
capacity have changed throughout the last decade. From the 19008 1o
2003, Japan was an early adopter of PV technolagy and ranked nimber
o in installed PV capacity and anmial energy praduction in TWh [9].
Starting in 2003, Germany implemented very ambitious and highly
subsidized promotion schemes and guided increased PV installation
until 2004, A% can be seen from Fig 5, in 2009, Germany wil leading
with 46% of global cumulative installed PV capacities, followed by
Spain and Japan, with only 17% and 12% respectively ([2,9]). 2012
marked the starting point for these countries to be overtaken by China,
representing the marker leader in 20019 with a 34% share of the cumu-
Lative installed capacity, fallowed by the USA accounting for 1 3%, Japan
remaining steady ar 11%, and Germany ranking fourth with 8% (see
Fig. 6) Furthermare, ranking Srd in the annual installations as deseribed
in Fig. 1 in the last years, India is on the rise with highly competitive
prices on solas PV indtallation already achieving a share of 6% in 2019
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Fig- 1. Development of new installed PV capacities per year in different
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Fig. 4. Growth rates of PV capacity by country [29].

while not even having started seriously uniil 2002, This developasent
can mainly be explained by atteactive promotion schemes, which have
brought down the costs of investment, as well as technological leaming,
which has decreased production costs.

3. Historical development of costs, economics and efficiency

Investment eost development is of major importance for PV market
competitiveness. In this section, the historical development of module
and ydtem investment costs and the eleciricity generation codis ane
reviewed. The economics and profitability of PV systems differ by
country depending on the amount of solar irradiance and the market
siruciure concerning the market share of large centralized sysiems
delivering electricity 1o the wholesale electricity markets compared 1o
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Fig. 5. 23 GW Cumulative installed PV capacities warldwide by the end of
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Fig. . 623 GW cumulative installed PV capacities worldwide in 2019 [ [2,9]].

smmall, distributed systems mainly for own-consumption. The eare
mechanisms that lead 1o a decrease in PV system prices are technological
learning and economies of scale. It s well known that the technology
ool i expected o droop as it i deploved more widely. Some major
references in this context are [ [17 20]].

31, Global PV system prices

Fig. 7 illustrates the historical developement of modile prices globally
and for Japan, Germany and the US in USDVWp. Since the early 1990z,
prices have virtually crashed. The steepest price decreage is visible be-
pween D010 and 2012 when global ineentives on PV syslem invesdments
and large utility-scale systems were implemented. Between 2012 and
2019, prices decreased sbower and seemed 1o stagnate during the last
Wiy VEATS.

PV misdule oost is only one part of the otal PV system cost. The total
et of PV ingtallations [PV system cost) has decreased for uilinyscale
PV systems berween 2007 and 3019 from about USD 5,3,/ Wp to about
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Fig. 7. Historical development of module prices worldwide (LUSD/Wp)
[2,21-F3].

USD 0.BS/Wp, mainly due to the sharp decreace in PV module prices
[24]. Additionally, electronic ocomponents (BOS) and other costs
(design, fees, ete. ) contributed o the price decrease [24]. However, with
the price of PV modules falling much faster than the other two compo-
nents, the share of PV module cost is declining, In 2007, the average
share of PV modiles in the total eost of wtility-scale PV sysbems
aceoiimnted for 6%, BOS costs for 19%, and other costs for 15%. 2019,
PV module costs only made up 2B.5%, while BOS costs represenied
2B.5% and other coss 43% [24). The price of monocrystalline PV
madules dropped to an average value of abour 021 USD/Wp at the end
af Q1 2020 (the price range was 0.20-0.38 USD/Wp) as achieved in
Large tenders in Chinay [24]. The price of PV modiles in a tender for a
total insralled capacity of 1.31 GW using mono-facial PV modules of 540
Wp with delivery in 1,/2022 is abour 0.24 USD/Wp [25].

Based on data by Red. [26], Fig. & shows the development in the cost
of wotal installed residential solar PV in USDYEW. France, Japan,
Australia and laly experienced a remarkable cost decrease from 2010
evening oul after 2016. Germany shows the most consistent reduction in
PV system cost, being placed quite centrally among all regions in 2019
The USA has the by fr highest cost per KW sinee 2015,

The cost redwction between 1980 and 2012 was brought abour by
several low-level mechanisms of which efficiency gaing made up 23%,
nif-4ilicon materials cost 21%, the silicon price 16%, silicon usage 14%,
the waler area and plant size each 11%, and 7% by the vield [7]. In the
more recenl period betwesn 2001 and 20012, plant size represented the
major contributor with 37%. Concerning high-level mechanisms, the
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Fig. 8. The development of residential PV system imvestment cost in selected
countries from 2000 to 201% (adapted from Befs. [22, 26]L

wiaki davess 1o the cot docding wibie LED dad sconasmdet of 2l with
S50% and 22% respectively betwesn 1980 and 2012, Between 2001 and
2012, the disribution was more balanced, with both contributing
around 4086 [7].

The specific investment cost also influences the cost of electricity
(COEL' The OODE i derived from the annual system cost, including
yearly capital expenditure decived from the capital recovery factar (o)
and operational expenditiures, financing and taxes divided by the elee-
teicity oulpul achisved by the installed eapacity also depending on PV
module efficiency (q) [ 27]. The cosis of one k'Wh PV electricity (5, ) are
caleulated secording 1o equations (1) and (2) [28]).

I':H=Tu+cmu=h_;n§:‘“r+fm (USD / kWh) (1
. .
E:MJL (2]

W+r—1

T Full load houss (hoyear), Ap Area of the PV plant (m®), Q,y Solas
irradiance (KWh/m®), n PV system eficiency, « Capital recovery factor,
L Initial investment (USDYEW), Cogay Operating and maintenance cosl
(USD,/kWh), n Depreciation lime (years), r Inleresl cae.

The ODE repretents the togal lifetime cost relative 1o the produced
energy and largely depends on the cell efficiency and output generated
from a specific installed capacity. I, therefore, decresges with the
armouml of Full-load hours of operation related o the installed systesm
capacity. [REMA [29] states that berween 2010 and 2017, the COE af
residential systems has declined globally a1 a robust pace. “PV is an the
way 1o become the cheapest electrcity generation source in many
countries worldwide™ [15]. The hisorical development of elestriciny
generalion oosts in different countries is deseribed in Fig. 9. However,
Auistralia and even more $o the US achieve a rather Low cost of electsicity
from PV compared (o i cost per KW, This difference can mainly be
explained by solar insulation in the respective country and the resulting
outpist that can be achieved with & particular capacity investment.

As explained, the cost decrease was mainly achieved by R&D and
ecanomies of scale, which drove technalogical learning for the innova-
tive module parts. Furthesmore, support schemes had 1o be imple-
mented for solar PV syatems 1o enter a highly competitive energy mar ket
with many mature and cheap traditional technologies.

3.2 Major proworion strategies
Because of the very high cosis for the sew PV technology when firet
entering the market in the 1990, weveral stralegies 1o promote PV have

been implemented. Thens are comprebensive surveys on thess arategies
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Fig- 9. The development of the cost of electricity (COE) in the residential sector
in selected countries from 3010 to 3019 adapied from Ref [26] and own
calculations.

! Mote that we do not use the so-called LOOE method o avoid discounting
energy at the same mate as capital.



in the early years af PV deployment [30,31]). Four different categories of
promotion schemes can be differentiated: (i) eardy schemes: (i)
feesd-in-tarilf (FIT): In 1998, Germany wis the first country o implerment
a FIT scheme for PV electricity that is fed into the distribution grid, ficst
known a3 “kostengerechie  Vergiltung” and in 2004  named
“feed-in-tasifl™—a groundbreaking step: (i) in paralle]l other countries
implemented so-called net-meterdng; (iv) fnally sinee abour 2012 bid-
ding/tendering programs have becoms popular. ther sehemes suich ad
green certificates with qusta systems or investment subsidies were used
bt pever kad a significant impact. A crucial international analysis of the
impact and effectivensss of FITs for the development of solar PV i3
provided by Dijlgraad et al. [32]. They state that the literarure so far has
underestimated s impact and that well-designed FITs in terms af
magmnitude, consistency and duration could reach much fierther than the
formecly applied measures.

While in the beginning, FIT: where the favorable promotion toal,
bidding schemes or auctions have developed more or less suceessiul-
ly—specifically in developing countries o &chieve a specific scape of PV
syslem generalion—and can be eardied oul using different approaches
[33]. Avctions are particulady popular in developing countries with
high solar cadiation and low manufacturing cost. They are mainly
knovwen far their efficient and effective way o scale up the use of RESs,
MNevertheless, also in developed countries, auctions are becoming the
standard promotion instrument. By competitively defining the support
lewels, seting technology standasds, and controlling the capacity
expansion based on the demand, the expandion’s demand, efficiency,
and effectivensss shall be guaranteed. In the case of a well-designed
awction, the bidders offering the lowest COE are selected. However
[33], find that avctions do not always fulfil their expected purpase, and
the redults depend on many aspects of the auction and the general
regulative stuation.

All in all, auctions may ead 1o 4 decrease in the cost of new tech-
nologies and establish a competitive market along with other RE tech-
nologies. In 2016, auctions achieved consistently low utility-scale PV
prices in developing countries for the frst time [ 34]. Avctions achieved
legs than USD 0. 1/kWh in India, Zambia, Brazil, South Africa, Peru ete.
And even lets than USD 0.04,/kWh in Chile, Mexios and UAE, leading 1o
a paradigm shift in the eleciricity sector in many more developing
countries. The price decrease also opens broad aceess 1o cheap elec-
tricity in developing countries with high solar radiation. Brazil has
lomg-term experience in the Geld of promoting renewables through
awcltions [35]. The first large-dcale auction on PV eapacity was held in
Oetober 3014, and Brazil has supported the introduction of this tech-
nology through long-term contrsets thal redisce the investment risk. The
Brazilian auction achieved a significant price reduction af 17%
compared o the starting price, a high average capacity Factor of 253%,
and introduced the echnology in utility-seale generation. Recent de-
veloprments, hiwever, showed extremely compelitive auctions around
USD 20/MWh (gee Fig. 10), which contributed to the inerease of the
utilivy-seale market from 30017 onwards

3.3 The impact of PV on the slectriciny mrarker prices

The current market structure and miles of price determination first
need 1o be understood 1o grasp the effect of PV feed-in on electricity
market prices [4]. Prices in a functioning marketr are usually defined
where supply and demand match and are balanced —ar the intersection
af the merit order supply curve and electricity demand &1 every podnt in
time. A all poswer plants in a market are involved in determining the
electricity price, alse RES: have their specific impact, which may differ
from experience with traditional and more fexible generation technol-
ogied. This phenomenon is already known gince valatile hydropower
was first used for electricity generation. RESs influence electricity prices
in formerly regulated markers an least st the conceived marginal cosis of
electricity generation. Later, with the st experience af wind booms
[about 2007-2009, in Denmark already earlier), temporarily strong
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Fig. 10. Bidding prices for PY systems achieved between 2013 and 2020 in
different coumiries word-wide, Source [34,56].

winds in the systems even lesd 1o negative electricity prices [37 39]).
However, these effects mostly happened an off-peak limes, sometimes
because of wrong or careless wind forecasts.

This fundamental approach bas led o a quite different price devel-
opment in several European electricity sub-markets between 3000 and
2017 (see Fig. 11} High valatility and considerable differences betwesn
electricity spol market prices have been observed in different sub-
markets within this period. Daly tended 1o experience higher prices
and volatility throughout the horizon due 1o s over-reliance on im-
parted electricity and congested cross-border transmission lines, In the
case of the ELSPOT, which includes Sweden, Norway, Finland, and
shares of Denmark, the paiern is different with high shares of hydro-
electric power and a weak interconnection with continental Europe.
her markets—even the solated Spanish market—show price conver-
gence. The rexson for high prices in 2008 in Continental Europe was the
Low hydrapower availability, while the price deerease after 2008 may, al
least 1o some extent, be associaled with the economic ¢risic.

Ot the one hand, the meril arder effect played a role in inereasing
renewable electricity sources pushing raditional power planis out of the
market. On the other hand, the low COZ prices do nod le=ad o higher
pricing of the remaining foasil-fuel-based plants. The price dip in 2020 i
assnciated with the reduced demand caused by the COVID-19 pandemic.

The massive ntegration of electricity from RES (especially wind and
PV) was most propounced betwesn 2011 and 2016, The increase in
electricity generation from these sources led 1o the displacement of
conventional power plants and this, tegether with low prices for emis-
sion allowances, led wo a significant and relatively long-lasting decline in
electricity prices. The rend reversed in betwesn 2017 and 30192020
and the first half of 2021 are affected by the COVID-19 pandemic and the
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associated decline in consumption and stagnation in prices.

Similar challenges may arise with the further fesd-in of PV elec-
tricity, which differs substantially in timing and variability compared to
wind availabdlity. Fiz. 12 shows the merit order sapply curve with and
withowt PV capacities during the peak time of a summer day and the
short term marginal costs of conventional electricity capacities. On swch
a sunny day with strong solar irmdiance, PV electricity generation shifts
the supply curve to the right, which sssentially pushes nclear and fioscil
fuel-genemation “out of the market”. Suppose the impact of PV eleciricity
feedkin, e.g. on a sumny day in October, which is not a peak period for
solar genermtion in Germany, can be as dramatic as is shown in Fig 12
In that case, one can expect much mare damatic impacts on markes
prices during summer moaths.

Fig. 1% shows the impact of increasing PV capadity an electricity
prices oo an exemplary day due to a change in the residual load by PV
feedkin, especially during noontime. The result is a shape resembling a
duck—the so-called “duck curve”. With more electricity conswmed
onsite, the grid can be relieved from the noon peaks, and distribuabed
producers can optimize their eoonomic benefit (see Section 3040

4. Grid parity and the role of battery starge

Fig. 14 compares the cost of electricity foom PV systems to househald
electricity prices for the sxamples of Germany, Aunstria and the Czech
Republic and the resulting grid parity. According to the commanly used
definition, grid parity is achieved when the COE of an alternative spurce
[rg. a decentral PV generation plant) & lower than the price of elers
tricity from the grid. For small-scale systems (about 3 EWp), the so
called grid parity was reached in Germamy already in 2012, when the
PV electricity generation ost crossed housshold ebectricity prices, in
Austria and Czech Republic kxter. Mote, that grid parity depends oo solar
inzalaticn, the magnitude of the housshold eledricity price and the size
of the PV system. In total, for Germany, the situstion for PY grid parity
hionseholds cam be considered rather promising. Howeser, the markes
remains very sensitive due to fts dependence on imports from China and
adequabe financial support from the government. Hence, full sconomic
competitiveness is not automatically achieved with grid parity but
sirongly depends on the feed-in price for excess ebeciricity. If storage is
added to the PY system, the COE & higher, and grid parity will take a few
years longer.

The share of electricity =if-consumption is of specific relevance for a
cost-effective PV splution. The mif-consumption mabe is the mtio be-
tween the PV energy nsed directly or to charge the battery, and the
overall produced PY energy [41]. Using self-genemated eleciricity pro-
vides a means to lower the electricity bill and avoid exressive penetms
tion of F¥ generated electricity in the grid netwaork. 1§ an onsite FY
system covers the wholde building demand, the actual s=lf-comsumption
accounts for abowt 25-30% in residences and even more in commer-
cial buildings; the rest needs to be fed into the grd. If the total revenue
or saving from the use of the installed PV system for s=lfconsumption
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Fig. 14. Historical development of PV cost for small systems wp o 2020 in
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and remuneration from grid feed-in is greater than the anoual cost of
setting up and maintaining the PY system, subsidies might no more be
necessary. The condition for the economic effectiveness of the PV system
from an end-users point of view & defined in Equation (2]

Eoy Powe ¥+ i Pruiis = oot + Couns (%

E_y;y Own consumption of PV electricity (KWhfyear]l, py,, Variable part af
housshald electricity price (USDyEWh], B,y o PV electricity fed into
the grid (kKWh,/year), P Feed-in tariff for PV electricity (USD/kWh).

For the economic evaluation from the podnt of view of consumer with
awn P¥ systems, howewver, the relatively higher costs for grid feed-in and
grid withdranwal dioe to changed tariff stnectures must also be taken into
account. There are two methods fo inrease the direct consumpiion
(" Self-Consumption™) of solar electricity. One is to use ntelligent control
systems, which do load managemeni eg switch on major loads
{washing/dryer machines, heat pumps, refrigemiors, air-condiboners)
whe=n the sun is shining.

The second approach requires a means to store the energy, either as
electricity in a battery gforage or as “product” (storage for heating and
comingpumped water), for use at might or miny days. Storing electricity
may have the additional advantage of making energy offers to the
neiwaork operator when it is profitable. It is, howewver, mibher dowbeful
whether there is an economic incentive to implement gorage for the
awners of small PV systems. Nevertheless, some fraction of the elec.
tricity generated usually has to be sold to the grid o use the feed.in
remunemation. The fact that the costs of PV-genemited electricity can
be equal to or lower than residential electricity costs is not yet sufficient
to suppart a selfesnstaimed and unsupported market.



Fig. 15 shows the potential self-consumption of a resdential PY
system for an exemplary household and the remaining grid consumption
and excess generation. In times with low or oo PV production, the
housebhold will consume electricity from the grid and pay the whalesale
price plus taxes and other charges. However, in the case of excess PY
production, the housshold demand will be covered from own produc-
tion, and excess electricity will be offered to the grid at a FIT or the
market price. Therefore, a clear cost advantage arises for the electricity
consamer. In times of high supply, the electricity is used directly and to
charge a battery to be stored shart-term. This way, more PV electricity
can be wsed later during low resource availability by discharging the
battery. The amount of produced electricity exceeding the battery -
pacity and direct consumption is fed into the grid. Since the pattern of
solar irradiance is valid in the whole region, all PV systems will fiesd
electricity into the grid at the same time, around noon, Imposing =ab-
stantial pressure on the grid. The question arises if more of thes peaks
need to be stored to avoid grid congestion and use all solar ebectricity or
if intelligent control systems can achieve demand.-side management.

In areas with a well-established grid infrastructure, the main
contribution of battery stomage to scial welfare is a relief of the distri-
bution grid from high grid feed-in at around noon. Fig. 16 sh the

4. Future prospects for PV electricity

4.1, Giobal PV potennial

This section analyses the global PY capacity development antil 2050,
Such projections depend on and change with global and national palicy
decisions and the applied scenario estimations. The actual PV system
growth depends on the techoology's economic performance and asso-
ciated cost depending on fimancing options, support schemes and scial

The IEA has published a yearly world energy outlook in
which also the trend of solar PY markets is estimated towands 2040 and
2050, Due to mare ambitious global climate goals—also demanding
changes in support schemes and market frameworks—and respective
made]l adaptions, the forecast has changed yearly and projected cumu-
lative installed capacity has grown.

Cloete et al. [45] critically reviewed the [EA forecasts on PV cumu-
lative installed capacity in an independent global energy forecast based
on different policy scenarios Current Policies Scenario (CPS), New
Policies Scemario (MPS) and the Sustainable Development Scenario
(SD&) (== Fig. 1EL The forecast by IEA [15] is assumed to build the

difference betwern uncoordinated and coordinated charging. In the first
case, excess PV electridty & stored at maximum capacity untl the
storage is full, still keading to substantial PV feed-in from that point on.
In the coordinated scenario, charging ooours at a constant lower rate
thromghout the peak phase, resulting in swecessfol peak shaving. In
winter, there is no salar PV generation available for storage.

To determine which constellation of storage and PV size leads to the
highest amount of PV self-consumption, Fig. 17 describes four cases of
storage availability for a ousehold in Germany depending on the size of
the PV system: a PV system only, a PY system plus battery storage, FY
plu= heat storage—to use excess electricity for residential heating ar
domestic hot water preparation - and finally a combination of the three.
The graph illustrates the percentage of sif-consamption depending on
plant size and availability of battery or thermal storage. In this soenaria,
Weniger et al. [12] assamed a yearly electricity demand of 4.700 EWh, a
battery starage capacity of 5 kWh and heat storage of 800 L

A poaling effert - different end wsers join and pat together thesir
production - can furthermore increase the self-consumption of distrib.
commundties can enable sharing processes of the electricity prodoced by
several bouseholds, including battery electric wehicles” (BEV) charging
demand. Such strategies can significantly impact the profitability of
onsite PV systems and the pepetration of distributed renewable geners
ation. As already disrussed above, heating systems, especially those
based on electricity (eg. heat pumps), provide an additional local
fAexibility option. The costsaving potentials of onsite PY sysiems
significantly depend oo the retail price development and the interest
rate [43]. In addition, despite increasing onsite FY generation, gas
heating remains the cheapest option versus pellet heating, heat pump
and district beating. Note that this depends significantly on the COg-e-
missian price [43].

Amopagst the drivers of the penetration of local renewable genemation
from PV systems are energy cooperabives or communities. The large.
scale potentials of roofiop PV systems in energy communities on the
national level was amalyzed by Ref. [44]. This work mvalves deter-
mining the cost-optimal omsite PV capacities based on different settle-
ment patterns. The ooordination and billing within such energy
communities  and demand  shifting 0 reach @ maEximum
self-consumption share require oew ways of data management and
procesxing and intelligent controd systems.

e case. The author's prediction primarily meets the prajections
aof the IEA 505 scenario, with a dightly higher increase from 2025 on-
wards. The IEA projections seem to be mther reserved, requining
adjustment with every new edition of the WEQ from 2006 ap to now.

A six-fold growth of cumulative PV capacity between 2018 and 2030
is expected, with a compound annual growth mte of almost %% wntil
2050 [46]. Detailed data for different world regions is provided by
IRENA [416] (see Fig. 19). Growth is projectsd to accelerate from 2050,
with Asia leading, followed by Morth America and Europe. The yearly
PV electricity development per region in Fig. 20 shows that China takes
over the keading position of the U5 in 2025, Both countries anre expected
to be overhauled by India in 2035 whase PV investments are assamed 1o
take-off in 2030, Euwrope's yearly PV system capacity installation is ex-
pected to accelerate fraom 2030 on.

4.2 Expecied fishre cost development of PV systems ord smoll baitery
shorege

The PV capacity increase and the cost development per kW influence
each other in both directions. The PV module prices may decrease doe to
a production increase and the associated technological leaming effect
driving the techoology towands matarity and competitiveness. The PV
system costs and ecoopmic performance differ befwesn centralized
utility-scale systems—delivering electricity to the wholesale electricity
markets—and  distributed, residential systems mainly for  self
cansumption of PV elecinicity.

The cost development in the PV market mainly depends on four
aspesci

1. Cost reduction of modules due to techoological learning;

2, System cost reduction due to technological learning;

3. Tramsaction cast (related cost soch as marketing, ransportation,
distribution channels etc.1;

4. Amount of peak shaving and the associated decrease in the full kad
howrs achieved by PV systems.

Fig. 21 describes the different categories in which cost reductions are
possible. They focus either on the balance of system (BOS) part,
incheding wires, cables, switches, ebc., or the technological learning rate
associated with the innovative elements in the inverter or the PV
maodule,

Fig. 22 shows the recent developments, and an outlook on battery
investment ost decreasing from USDA300/kWh in 2006 to USD 420/
kWh in 2014 by the effects of technological learning and promotion
schemes. The different references provide forecasits for batteries,
lithium-ion packs and cells and are therefore not all directly comparable.
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Fig. 17. Shares of self-consumption in single households In Germany for
different cases of storage avallability depending on the size of the PV system

(kWp) (based an [42]).

Usually, a battery system is built up from several cells that form a pack,
complemented by power electronics [19]. The forecast by Dorr&Seba
[50] for US Lithium-lon batteries is characterized by a steep decrease
after 2020 and arrives at a similar level as the Hoppmann [51] resi-
dential PV battery cost estimation and the lithium-ion pack forecast by
Blocmberg [52] by 2025 with around 100 USD/kWh.

4.3. Energy payback time and embedded greenhouse gas emissions of PV.

maodide prodrction and efficiency of PV modules

One of the major remaining barriers to the broader deployment of PV
systems is the magnitude of embedded energy and respective CO,

in

L

emissions associated with the production of PV modules. While PV
systems do not cause any direct emissions during the electricity gener-
ation phase, emissions are still released during the production phase of
PV cells and panels, BOS components and battery storage if imple-
mented. The whole life cycle of these components has to be considered.
The production of silicon—one of the mast important materials of PV
systems—still reqquires a CO; source, which is often provided by coal or
ather fossil fuels, to react with silicon dioxide. There are three PV system
generations, which significantly differ in terms of energy intensity,
material and manufacturing costs, technaology life cycle, and embedded
emissions [55].

¢ Generation 1 PV cells consist of a crystalline silicon (c-Si) base
structure (e.g. single-crystalline silican (sc-Si) and multi-crystalline
silicon (mc-Si) cells). The production is energy-intensive, including
high-cast material and preduction processes and a bad life cyde
emission factor.

* Generation 2 includes thin-film solar cells:
o amorphous silicon (a-51),
o cadmium telluride (CdTe) and cadmium sulfide (CdS),
o copper indium gallium selenide (CIGS)/copper indium selenide

(as),

o gallivm arsenide (GaAs) and
© Si based tandem/multi-junction modules).

Their efficiency suffers from minimized material requirements and
low-cost manufacturing. The materials used are also geographically
concentrated and hard to mine.

¢ Generation 3 builds on non.silicon based technologies
© organic/semi-arganic PV panels (OPV),
o perovskite solar cells (PSC),
o dyesensitized solar cell (DSSC), and
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o quantum dot {QD) cells).

In this new approach, low production cast meets high efficiency for
better life cycle emission factors.

As can be seen from the literature review, the recycling or disposal
phase is often neglected, sometimes due to the absence of appropriate
data [55]. Most approaches caly include cradle-to-use or to-gate.

An indicator that reflects the overall efficiency of PV electricity
generation is the Energy Payback Time (EPBT). The EPBT expresses how
many years it takes to produce the energy invested in producing the
actual PV panels and BOS components (overall embedded energy). A
simple formula is applied that expresses EPBT as the ratio between the
total energy input and the annual (average) energy production. Yet
again, this is a partial, simplified assessment that does not include the
energy required for component disposal and material recycling (silicon
or other materials).

The energy payback time Typy (in years) is calculated as:

Y )
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Fig. 20. Yearly PV electricity generation projections until 2040, based on WED
2018 [15]).
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Fig. 21. Cost reduction untll 2050 for respective parts of a PV system (2,
47,48).
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by the PV.System (KWh,/m*yr).

The total energy embedded in PV panels and BOS components die.
pends on the type of pamels and the technology used for PV moduale
production (resulting in a signdficant reduction of silicone needed). The
EFBT value is also significantly influenced by the PV panel efficiency,
the arientation of the FY panels to the sun and the geographical location
of the PY plant [56). EFBT valoes range betwesn 3.6 and 5.8 years
(Barcedona) and 37-7.8 years (Exeter and Dubling for building inte-
grated PV systems [57]. EPBT shows a decreasing trend, both due to
more energy-efficient PV panel producion and increassd panel effi
ciency. Shorter EPET times are typical for ground-mounted PV power
plants. For example, Wa et al. [55] repart an EPBT of 2.3 years fora 1
MW FV plant with muolti-5 papels at slar radiation of 2017
k'ﬂl'l'i,."ml.-"jﬂr. This value incledes both the cost of the actual FY panel
production and the BOS equipment while also including transpart.
Significantly lower EFBT values of absut 1.1-1.3 years for southern and
central Enropean countries are reported [59].

The opposite can be the cse for inappropriately designed and
operated antanamcus applications. For various reasans (e.g. doe to kigh
electricity prices), not all PV electricity generation is wsed sfficiently.
For example, autonomous applications in Tanzania (with 1900 kWh,
m/year of salar radiation) show an EPBT of 17 years or higher [60].
Another indicator that takes into account the specific 00y, emissions
refated to the PV module and BOS component production, instaliation
nnsite and final dispasal (reprocesxing) is the sowcalled carbon footprine.

The specific COy emissians per EWh PV electricity are described in
Equatian [5].
iy,

0, (3}

Ol =

C0% e, Overall embedded C0y emissions for production, installation
and dispasal of a PV system (KWh/m), LTy PY system lifetime (years).

A carbon footprint of 27-81 §00%q/kWh can be foand for PV in-
stallations using different module types [61]. Specific OO, emisions
between 20 and 45 500, /kWh for monocrystalline PV modules and

2544 gll02eqkWh for multi-5] modules were investigabed [56]. A
similar rmange of values for specific C0, emissions was found by Lovwen
et al. [62] alMW%Mdmmhﬂkmmmﬂ
with the carbon foctprint associated with electricity generation from
canventional power plants. The carbon footprint of coal-fired pawer
plants amounts to approximately 980 g0y, kWh [63].

Diifferent parameters need to be considered to improve the PV gys.
tems’ life cycle emixsion factar, such 2 the primary snergy consumption
and emissians abang the life cycle, besed on the materials and energy
ueed, and the potential cell =fficisncy to generabe the maxdmem oatpat
[&4]. In an analysis for different silicon heterojunciion cell designs, a
decreaze in the lifecycle GHG emissicns of complete PV systems from 35
o abouat 30 @O0 kWh in 2030 was prediceed [64]. 45% are made up
by BOS components, aboat 25% by the module and 15% by the silicon
feedstnck & ingot. The main GHG emissiors reducton was achieved in
the silicon feedstock with 72%, followed by the cell with 44% and
wafering and madule with about 33% each (z=e Fig. Z1). The EBPT iz
expected o decrease below one year in 3020 Abowt 45% of this
reduction are associated with the B0S, 22% with the module, and 18%
with silicon feedstock and ingnt.
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Flg. 22 Reduction of GHG emlisiors and EPET for PV Sysiem compLencs
berween 2016 and 2000 (adapted from Ref. [G4]).



Several pther indicators are also wsed to assess the envircnmental
impacts of PV power generation, e.g. the Environmental Payback Period
[EFBF). EFBF relates, e.g. the embedded Oy effects of solar PV sysierms
to those of the usual electricity mix at the location of the PV system
installation. This indicator expresses the specific O0n emisions and
other enviroomental indicators and describes the value of replacing
conventional energy with PV electricity [65].

Fig. 24 describes the development of (a) average PV cell efficiency of
new modules an the market, b) energy payback time of new maodules, c)
primary energy pay-back time and, d)) specific greenhouse gas emissions
for three different types of new PV modules over time from 199520020,
Mono and Multi-crystalline modules belong to Genemtion 1 and CIGS to
Generation 2 of PV systems,

When it comes to constdering the embedded energy and emisions of
PV systems in their whole life cpcle and the entire magnitude of theic
use, however, also processes in which PY electricity may replace fossil
fuels with their given capacity need to be considersd. In particular,
sector coupling technaologies, such as power-o-x (PrX) techoologies, will
play a crucial rale bhere, enabling the masive development of variable
energy sources such as PY and wind power plants.

PiX is a general berm for transforming excess electricity from these
variable sources it specific other useable products such as hydrogen,
methame buat also chemical products such as ammaonia Hydrogen has
many passible uses referred o as Hydrogen-to-X (HiX). These include
techoologies such as HiP (hydrogen to power), HiG (Hz injection into
the nataral gas grid), HiG-M (synthetic methane prodwction from
hydrogen through methanation), HS (hydmgen ussd for liguid solar-
fuels), HrCh (hydrogen to chemicals such as methanol) [646]. For the
production of synthetic hydrocarbons, OOy directly captured from the
atmosphere can alse be ased [67]). Howewer, the PIX concept alse in-
cludes other stomge technalogies, such as energy storage in heat supply
systems called Power-to-Heat [65]. These technologies differ in their
efficiency, material and energy requirements and need to be assessed in
terms of the entire Efe cycle [69]). They will condition the development
of FY and wind power plants to integrate their tempararily excess pro-
duction suceessfully imto the energy system. Therefore, from the system
paint of view, they indirectly impact the costs of PV applications. The
emissions of a PV sy should be o | per kWh of PV eledricity
and per kWh of transformed energy used in other sechors.

4.4. Agrowoleoics: addinionod fend wse of wility-scole PY

The rise of utility-scale PV systems leads to extensive land wse that
can maintain its value for economic welfare by using it as agricultural
land benefiting from the shade provided by the modules. Agrovaltaics,
which connects agriculture with ebsctricity production from PV systems,
seeks to eliminate the criticism associabed with implementing large-
scabe PV systerms on agricultural land. The concept of agrovoltaics frst
appeared in 1981 [70] but has only begun to develop significantly in the
|zt decade [71]. Agrovodtaics as a combinabion of agricaltural activities
and PV provides several sigoificant advantages (i) variability of
ooncept, where FY technology can be combined with different agricul-
tural activities, such as growing wine, fruit trees, cooventicnal produc-
tion, pastures for livestock, etc., (6) redoction of PV land use and thus a
lznd lass for cooventional agriculture - this & especially importane in
areas with high soil fertility, (ifi} combining electricity production
apprapriately with other farmers” activities such as water pumping, crop
drying, rooling (iv) providing so-ralled noo-productive functions such
a5 shade oo hot summer days (for both crops and livestock), reduction of
soil heating and water vapor. In Europe, the share of projects focusing on
agrovaltaics is;n:mri:lg_'.

jw&m&mw Im the RES + call of the Modemizarion

Fund, financed by the income on emdssion allowances, by March 2021, abom
H.3% (more than 700 projects) of the projects focused on agrovoltales.

5. New tariff and pricing schemes for efficient PV integration

Grid tariffs are vsually imposed with an aim of an equal distribution
af the netwark operation costs among all customers [ 72]. With more and
mare consumers nstalling distributed elecericity generation systems,
such as solar PV systems and battery sorage to maximize their an-site
cansumption, the historical practice of wolumetric, energy-based
netwark costs caused by peak-feed-in are not reflected propery in the
tariff system. Gambardella et al. [735] argue that price responsive con-
sumers are a major charcteristic of renewable electricity markets. The
ourrently static eleciricity price that consumers are charged do not
reflect the variable marginal cost of electricity at different times of the
day and are to be rethought [74]. To successfully handle a growing
amount of VRES in the distribution grid, time varying electricity prices
are essential. Swch a sy change, ho . mequires the impl
mentation of advanoed metering infrastrocture that comes at additional
cast. The eficient grid cost recovery for distribation system operators
(D%0x) requires a new design of oetwork tanff schemes. The role of
D50 ideally could change to the active mansgement of electricity Bows
instead of simple grid reinforcements [75].

The challenge today is to develop a tariff scheme that achieves a fair
distribution of netwark charges that meet the network cost in this dy-
namic setting with an increasing share of reactive customers. As a po-
tential solution, some anthors suggest the switch to capacdty based grid
charges, while others favour a mix of capacity besed and time varying
energy-based tariff schemes, which could also add value to the operation
af decentralized batteries [72].

Energy-based tariffs are related to the volume of energy consumed
from the grid in kWh. This implies that a static, mostly sank, infra-
strscture cost, that also depends on the power consumed or fed-in, is
allocated based on the togal energy consumed inoa centain period [75].
Capacity besed tariffs are bosed on the maximum power conswmed or
fed-in to the nefwark, representing the maximom energy consompeion
in KW [75]. Capacity tariffs can also be designed as time of use tariffs,
varying during certain times of a day to even oat losd peaks through
demand side mamagement. In any case, the tariffs have to have com-
ponents for maximum power from and for maximuem power o the grid.

However, these energy based network charges are deemed inade-
quate given the increasing deployment of PV and battery storage. They
canont achieve a fair recovery of infrmstmoctural cost for all consumers
[72]. Corsumers with solar PV systems do not pay network charges for
the electricity produced on site and owne-used, bat still rely on the dis-
tribution grid, prssibly even mare than before. Begarding an aggregate
case of all the PV fed in, peak generation at noon may impose suhstantial
pressure on the distribution grid, which has an impact oo the overall
system and also om the costs of simple passive consumers. Currently, the
remaining grid cost is distribwted among a smaller amount of these
passive, grid relie=nt consumers. Additionally, with decentral production
and storage in place, PY owners are able to react to more dynamic
market prices. However, there is no easy and quick fix for distribution
nefwark tarff design, and regulators face many challenges for rede-
signing the distribution grid tarif and pricing systems.

A more dynamic market design will be crocial to appropriately
reflect the mare dynamic stroctore of decentral energy production.
Suppose grid costs are mainly sunk, and oo efficient, cost-reflective
tariffs are implemented, in a way that the actual infrastructure use of
passive and ako reactive customers i billsd accordingly. In that cage,
the passive customers are always worse off, and tools other than stan-
dard tariff options must keep distributional impacts under control while
limiting distortions [72]. lovestment distortions include the fact that
with net metering and the avoidance not only of grid electricity con-
sumption but alm network charges, the incentive to iovest into PV
y is disproparti ly high. With each additional prosumoeger
avoiding network cost bat still relying oo the netwark, the passive
cansumers need to bear mare of the sunk cost. According to Pallie et al.
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[76] & cost reflective tariff scheme mklodes a fxed price component, a
per KW peak tariff and a variable per KWh tariff/price.

Regarding the disusdon on rethinking traditional tariff schemes to
sucoessfully meet changing netwark requirements, Fig. 25 provides a
suggestion of a dynamic bidirectional tariff system incloding capacity
based and energy bemed tme varying tariffs, taking into account
different periods of PV generation and consumption during the day and
a maximum feed-in and grid electricity consumption amouant. In this
example four tariff components are applied:

» Tl: volumetric, variable feed-in anff per kWh

T1: Price fariff for
“energy to grid T1

CansumpliorFaed-in

24

13
Prica ftariff for
anargy frem grid T3

B
Hours al day

Fig- 25. Exemplary concept of a bidirertional tardfl system for power and en-
ETEY COIPOnENTS.

& TZ capacity based tariff per kW for the required maximmum power fed
imto the grid

» T volumetric, variable grid-oonsumption tariff per kKWh

& T4 capacity based tariff per EW for the required maximum pawer
t2ken from the grid

With this sef of time varying capacity based prices and tariffs as well
as time variable energy-based volumetric tariffs for electricity feed-in
and comsumption, the price reflects the carent situation in the distri-
bution grid and can provide the desired incentive towards the reactive
consumers. Peaks in eleciricity feediin or consumpiion are mone
expensive, and a situation of extensive PY feed i during noon can also
be priced accordingly to moeotivize decendral storage instead of addi-
tiomal grid feed-in. As a result, the capacity cost is distributed based an
the overall system situation and all oostomers are charged due to their
individual load oo the power grid. In this way every prosumer and also
the normal consumer can react accordingly.

Mew approaches to the definition of electricity tariffs require the
handling of different interests and azpects. On the one hand, active
oustomeTs — prosumers with own PV production - need incentives and
revards to adapt their elsctricity consumption and feed-in to the system
requirements. On the other hand, there will always be a significant
group of customers, espacdally bouseholds, which will oot have the
means ar the will to do so. The regionalization or individualization of
tariffs & a promising approach. Energy communitites, for example,
generate a (significant) part of electricity from their iovestments in RES
plants and the respective infrastructure and can balance the boad dia-
gram through internal measures [75]). Another critical aspect of the new
requirements in renewable energy systems are appropriate  riff
schemes to integrate the recharging of BEVs in a similar manner as solar



PV systems. A change in the charging tariff schemes for BEVs is requined
if the share of green electricity used should increase and load manage:
ment sither from the supply side ar the demand side needs o be applied
to support the grid infrastrocture [12,77,7E].

Mamy consumers could even choose not to switch to a varable tariff
if they hayve the chodce, to avoid potential cost increases. The key factors
are creating a suitable legislative envircnment and technical conditions
[=mart grids/smart metering], creating an appropriate incenbive scheme,
and increasing customer awareness. Customer information and infor:
mation suppart will play a key role in increasing demand -side fexibility
in the fuoture. A large stody amaong British electricity consumers cons
cludes that a significant amount of customers potentially accept one of
the dynamic tariffs (e.g. 1,3 of the respondents accept time-ofuse tarifis
[(TOUs tariffs]) [79]. Mevertheless, the results of this ressarch clearly
show a high aversion of electricity consumers to financial losses (doe bo
the choice of TOUs tariffs) - up to 90% of respondents associate a higher
weight to potential Anancial kasses than potential eoonomic gains. These
complex aspects on the customer side need to be considerad to create
dynamic tariffs as a steering measare sucressfully.

6. Major findings, conclusions and ontlook

In the next decades it is expacted that the investment costs of FY
systems are continuing to decrease beading to significant additional
deployments virtmally world-wide. In this context the following ssoes
are of core relevance: promotion strategies as well as new tariff and
pricing systems for grid-connectsd PY systems.

Hegarding promotion schemes for the futare two findings are
important: on the wholesale market level auctions are clearly most
attractive. On retadl level grid parity alresdy today provides in many
countries suffickent incentives to purchase a FY system withowt addi-
tional financial support and it is expected that this development will
coatime.

With respect to the tariff and pricing systems far feeding eleciricity
from F¥ {ar any other energy source] inbo the grid or aking elecricity
from the grid that severs changes have to be undertaken. The reason is
that PV fed into the grid - e. g at ooon - may have a severe impact on the
network capacities. Classical static energy-based network charges -
charging every costomer oaly for the net electricity consumption from
the grid over a certain perind— are inadequate and cannot achieve the
fair recovery of the infmstructure cost for all customers. The problem is
that currently “passive™ consumers carry the largest share of the: burden
of netwnck charges whils “prosumers”™ pary far less. In addition, declining
electricity prices during peak PV fesd-in at noon lead to a self
cannibalization effect of PV installabions and reduce their market
vahee, Now, the goal now i to implement a fair cost and tadff sysem
among all customers - those owning a PV system and passive energy
consumers. This new system should provide incentives as carrect as
passible far the PV system owners actively optimime their electricity
consumption prafile in line with the overall oeeds in the netwaork and o
maximize their selfsoomsumption to avoid excessive PV elecinicity being
fesd imto the grid at noon.

Hence, the major conclusion is that to bring aboat the utmost ben-
efits of grid-connected PV systems the main task is the introduction of
proper tariff and pricing stroctures on wholssale as well as on retail
level. Om wholesale level the PV ebectricity fed into the grid has to be
based an the current market prices at every spedfic point-of-time. On
retail Jevel consumers should alse recsive a cormesponding, fime:
variahle price signal that tells them the current value of the eledricity
in the system. This will give them a cormesponding incentive to e
electricity, to switch an devices, to charge/discharge a posdble battery
storage or an electric vehicke. In addition, the tariffs shoold hasve coms:
ponenis for maximum power from and fo the grid We are convineed
that decentral “prosumagers” are able and willing to react to variable
tariff schemes making it a suitable steering tool for investments and
demand side management. This has to be seen along with the

&}

development of smart metering, digitilzation and the introduction of
artificial intelligence.

Regarding future research mast important is to investigate how in-
centives to trigger gridserving respectively electricty system-friendly
behavionr should look Hke in detail depending on the specific. This
addresses in detail the proper design of tailor made tariff schemes, Gme-
af-use costs and feed-in prices depending on the specific grid conditions
and energy system characteristics of a location.
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