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PV generatioris one of the RE generation with variability and limited-predictabilltydiffers from the
traditional thermal and reservoir-type hydro power generation whose outputfully controllable
(dispatchable). PV output varies periodically in a year and in a dayirgdilarly due to weather
condition High penetrations of PV generation will cause the issues not only of voltage amed fiow
fluctuation in a local distribution system, but also of the demand-supphance of a whole power
system, which will result in the problems including frequency fluctuation arfitwtly of demand-
supply management.

Accordingly, in order to realize high PV penetratiora power system, it is crucial to evaluate the
impact on its operation planning and augmentation planning, to envision thedytower system. In
the planning of operation and augmentation, it is necessary to identify gaps in currgnsyRtem
technology and electric power systems, to analyze, how large numbers afisBAllations can be
successfully integrated to a total power system including the technology of smart grids.

The IEA TASK14 Subtask3 deals with the PV integration to power systemifie total power system
view point, based on the PV generation forecasting, power system operation and pgstems
augmentation

The current study has mainly focused on the system level aspects of demand andimlppting of a
power system assuming a strong transmission system, althougtedirainount of description about
the aspect of issues of transmission congestion and the requirement of reinforcemndrégxpansion of
transmission network is found in this report.

The report begins in Section 2 with a discussion of impacts of PV peoeteatd new technologies
and then reviews the statef-the-art technology for system operation planning and system
augmentation planmig (Section 3). Section 4 collects the case studies of system operation plameing
augmentation planning including issues, solutions and R&D activities of the memigries.

Impacts of PV Penetration (from Section 2.1)
3RZHU 6\VWHP

Electric power systems have a various scale ranging from a system ddildewedred GW class of
developed country on a continent, a system of téfé/ class on an island, to a system of several tens
kW class in a rural area in a developing country. The mission of a pgstensis to deliver power to
the customers in a cost effective, reliable manner to support qualityfafihdustrial production and
social activities.

A commercial power system, alternating current system, transmits andildigts power to the
demand utilizing various voltage levels depimpbn the distance and the capacity, using a transformer
to interconnect subsystems of different AC voltages with power plants and denigihelsnain impacts
of PV penetration on a power system come with the natural variability amiteli predictability of the
power output, and the reduction of the operational amount of dispatchable gatoes.

At the system level, integration of PV into a power system rises various cledlénga system
operation and, accordingly, in a system augmentation. Among the challenges, the incceagaédxity

! RE source generation technologies are divided into two categories: one is dispatchable
generation, such as geothermal, hydro with a reservoir, and CSP (concentrated solar power)
with thermal energy storage, and non-dispatchable generation, such as PV, CSP without
thermal energy storage, wind, and run-of-river hydro.
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of matching between demand and supply is the most typical impact when PV orablgaenewable
generation penetrates into a power system to have a substantial share in the market.

0
%DODQFLQJ 2SHUDWLRQ DQG JHQHUDWLRQ GLVSDWFK

The total power demand, which reflects all the changes of all individual demandss daring a day,
a week, and a year. In current power systems, where dispatchable thermal anddggydation have
a substantial share, the balance of demand and supply is ensured by contto#iggneration of the
dispatchable generators in a demaadé-supply balancing area. When the balance is lost or
insufficient, the power system frequency (nominally 50Hz or 60Hzeor gystem voltage of a power
system will fluctuate and the quality of supply is reducedhke worst case, a blackout occurs because
many devices in a power system including power plants, which are designedetate within a
specified range of frequency deviation, are disconnected from the power system.

In order to keep the powebalan® in a system, it is necessary to schedule the generation of each
dispatchable generation unit. In a power system, the balancing between demand aplg¢ 8ipealized
through sophisticated generation schedule to make the best use of the features of eaetagon unit
and system: the hourly balancing through generation unit start and stop schedtiimpalanéng in
minutes through centralized automatic generation control specifying tteelgpetion of each unit, the
balancingin seconds through independent governor control of each unit, and the remamisigatch
is transformed into a fluctuation of the system frequency. Because the balarezjngements vary by
time, by day, by season, reflecting the variation of the demand and sspplsture including the share
of variable renewable generation such as PV changes, the key concept to accommaganaunt
of variable PV generation is the flexibility of a power system to coge twé balancing. (The flexibility
will be discussed in Sections 2.2 and 2.3.)

3RZHU 6\VWHP 2SHUDWLRQ 30DQQLQJ

Under a set of operational conditions such as composition of generajersgrator characteristics,
automatic generation control and economic load dispatch, an opefaans a generation schedule
typically for the next day. In the schedule, start and stop timing and generationdéealch generator
are decided to fit the predicted demand of various levels during the day. pétion plan of a power
system, called as unit commitment, is a result of large-scale optimiizptanning considering economy,
stability and security of the power system operation. The economy is mdependent on the
operational cost of each power plant including fuel cost and generationesféigiof a thermal unit. The
operational stability is mainly related to the total capability ofgdherators to change its output. The
security isensured through the reserved generation units which may work in a sudderaise of
demand or in a sudden loss of generation due to a generation failure. If ihex enough balancing
capability in a power systenit, may be necessary to curtail the variable PV generation to secure the
stability of the system operation, even if it redigthe economy of the system.

In the context of operation planning, the natural variation of PV generation incrélasasquirement
demandand-supply balancing capability of a power system which results in partiahtyperof some
power plants. The uncertainty of PV generation requires additional operation of ggoemunits with
lower economy in preparation for the event of reduced PV generation. These changes bringhebout
reduced economy of the existing generators and the increase of stresses of the generators.

2 System operators typically operate within the bounds of a regulatory or market framework.
The real time operation is done by TSO or ISO, and a utility operator, in a deregulated market
and traditional utility market, respectively.
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There are many countries where electricity is traded in a power market. The tradewaate for
various, short or long time frames. In the competitive circumstances, the gflamit commitment is
decided patrtially in the market.

In the unit commitment including the power market operation, PV forecastsp&ayrucial role to
decide the performance of a power system operatio

In the power system operation planning, in order to keep the viabilityhef analysis, we need to
include the parameters such as maintenance schedule of power system elements

3RZHU 6\WVWHP $XJPHQWDWLRQ 30DQQLQJ

In years, demand and generation mix changes in a power system. In orcfuce C@ emission in
the energy sector, it is widely recognized that energy demand will increase asregogrows in
general, the existing power demand will reduce through energy efficiency, mwarteoy demand will
be electrified, and more energy will be supplied by variable renewable generatiooh wdads to a
larger power demand and supply structure withhigher share of variable renewable generation
including PV.

In the current practices of power system augmentation planning, a planner, follasitegia such as
economy, reliability, environmental, stability and security, optimize the futuregyosystem. When a
power system augmentation is planned including RE such as PV, it is usuatiyt@iind the optimum
path to integrate RE into a power system.

In order to develop such a future power system, the power system augmentation ptarmist have
the new functionalities so as to accommodate substantial variable renewadrergtion, while
satisfying the existing planning criteria and constraints. The impacBVopenetration on the power
system come with the variation and limited predictability of PV genematamd the reduction of the
operational amount of dispatchable generators. Possible countermeasuragiénanprovement of
load following capability and reduction of minimum operation of exiséing new thermal and hydro
generators, improvement of PV forecast, demand activation (see Sectioari3)tilization of energy
storage including a pumped storage power plant and batteries.

In the augmentation planning, there should be a set of indicators to evaluatatassvf a power
system in a specific time resolution (for example, a year) and &@¢ertain period (for example from
now to 2030). ndicators can be decided and based on the objectives of the augmentation planning
such as energy security economic efficiency and environmental compatibility which rsugpe
ultimate objective, sustainability. Theindicators will be further discussed in Section 3.

In the power system augmentation planning, the parameters which are used in the opepkionng
are necessary to estimate the operational performance of each augmentation scenarios.

In the augmentation planning, the time horizon is the most important paramefemajor thermal
generation needs several years of legal procedures and construction period. Theutistigienerators
also need long time for being properly dissemethtThe augmentation planning usually has 10 to 20
years of study period.

Countermeasures (fron$ection2.2)

The variability and uncertainty introduced by wind and solar generation teobied calls for a higher
level of system flexibility. The amount of flexibility needed to accommodatearineduction of new
wind and solar facilities depends on the amount of variable renewable greajgacity and the existing

(o A£] ]0]8C Jv SZ <C+S uf[* JV(E +SEN S pappropriate hititigdios Jhetkodd Z  u}e$
depend on economics and the characteristics of the specific system, includingrtbeation sources,
infrastructure, and operational practices. This section describes a few of the matraidze generally
recognized as efficient integration mechanisms, grouped in four categdrjeSystem Operations, 2)
Forecasting, 3) Market Design and 4) Planning.
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JOH[LEOH UHVRXUFHV

Increasing the flexibility of generation sources is one mechanism for addressiagagon variability
and ensuring the balance of demand and supply. It can be important to considéexitglity of new
generating capacity additions. It is also possible to enhance the flexibiligxisting conventional
generators to allow for quicker responses to changes in variable output. Thbldleperation of
conventional generators often results in increased fuel, maintenance and capital castgltheve to
be balanced against the benefits of increased levels of renewable energy in the system.

Aside from flexible conventional generation sources, resources that enhance the fiexabithe
system, such as storage systems and demand response, can help operators balamcarsfese Fly-
wheels, pumped-hydro storage and compressed air energy storage are examples of sistges
that are able to respond to dispatch requests at quicker rates. Demand respomsedize the costs
of maintaining additional spinning reserves, particularly during extreme eveiutgeof or under-supply
of variable renewable energy power.

*HRJUDSKLFDO GLYHUVLW\

Geographical dispersion of supply can be helpful in smoothing the variabilignefvable energy
sources. Figur&3 shown below was produced by simulating the output of over 25 solar Rérpo
plants located throughout a large geographical area (roughly half the sitalgf. The variability
caused by cloud cover was reduced as the outputs of a higher number of solaryptastsombined.
The resulting output profile (shown in a solid, blue line), is not ontyenpredictable and steady
through the day, it also matches day-ahead forecasts more closely.
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Similarly, larger balancing areas, with a larger pool of availablergéon and demand, will generally
be more capable of integrating larger amounts of variable renewable energy soMianrasbility in load
and in generation can be smoothed out when balancing occurs over a larger artéeerfore, large
balancing areas can provide access to additional flexible generatdrthianot be available in smaller
areas. Combining adjacent balancing areas within the same synchronous area can be emplayed as

% The source of this simulation was the Western Wind and Solar Integration Study Phase I
that the U.S. National Renewable Energy Laboratory conducted in 2013. The actual
geographical area was Southern California.
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mitigation strategy to increase resilience and promote the integratibrvariable renewable energy
sources in existing grids. Alternatively, cooperation across existiagdiag authorities can achieve the
same purpose through the optimized share of balancing activities between areas.

JRUHFDIVWLQ

Forecasting can reduce the uncertainty associated with variable renewable energy gemeratio
technologies. This allows generators or grid operators to plan geoaraervice obalancing service
ahead of variations in the output of solar and wind generators and reduce thé ¢éveperating
reserves needed, thus lowering the cost of balancing the system. &hortforecasts assist in the
dispatch ofquickstart generators, demand response mechanisms, or other methods to qbaldgce
demand and supply.

Forecasts are more widely used to predict wind power generation variability,dbart forecasting is
emerging. Cloud movements are the primary cause for solar variabilityddsesiiurnal cycles. Sky
imagers can be used to produce short-term forecasts, whereas satellite images caedbi® psedict
changes in solar power production over a span of a few hours.

ODUNHW GHVLJQ

As challenges arise in several power markets where variable renewable generatiensihlstantial
share, there are mangn-going studies and discussions about the improvement of the power market
design.

In our report, TASK14 experts approached the subject of sub-hourly scheduling and capalcdis.
However, There are many other discussions about the relationship between optimwer system
operation and the market design.

Sub-hourly schedulingMarkets operating with an hourly schedule or using a fixed hourly energy
delivery scheme are not as efficient at integrating larger levElgadable renewable energy sources,
b ue 8Z C }v[8 Z A Vv}uPZ (o £]]0]3C 8} JuRlv & §] A]E] vio}3€
Markets operating at 5- or 15-minutes intervals are more efficierttaatdling both load and generation
variability, and minimize reserve requirements. Additionally, some markets hamextinew ancillary
ramping products to encourage generators to perform in a flexible manner and emssffficient
system-wide ramping capability.

Capacity marketsBecause solar and wind have very low marginal costs, they can bid at a very low
price in wholesale markets and exert a downward pressure on electricity pricesme markets, this
can raise longer term concerns about the integration of large wamt® of renewable energy because
owners of other types of generators may not earn enough revenues and loseathibiy to operate.
Additionally, lower wholesale prices may reduce the incentives to build addltigeneration plants
and consequently increase the risk of capacity shortfalls. Ideally, energy-onlgsatelelectricity
markets should provide enough incentives (in the form of higher wholesale prices) foag@serhen
demand outpaces supply. However, in markets where this is not the cagdere regulators have
capped wholesale prices to contain volatility, capacity and availability can be rewdndmagih a
separate mechanism designed to incentivize the necessary level of installed capadhyg foture.
Capacity markets have emerged as a complement to energy-only electriciketsido compensate
owners of dispatchable resources for guaranteed deliverability. Critics alwatecapacity markets
increase electricity costs over energy-only markets and commit futumeniives to existing
technologies, thereby limiting investments in alternative and innovative generation tdafies.

30DQQ&RBSUHKHQVLYH $SSURDFKHYV

Comprehensive planning approaches that integrate transmission, distribution, ajeareand system
performance goals, from distribution to bulk power system across an engitwank, greatly facilitate
and reduce the implementation costs of variable renewable energy integratian cdbrdination and
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integration of planning processes helps regulators prepare for the potential isyghat variable
generation may have on the system and evaluate the available options to optimimgagion and
transmission costs.

Planning processes that integrate multiple jurisdictions facilitate trarsomnsexpansions and the
geographic distribution of renewable energy sources. Integrating local andnedgitanning efforts
helps promote the cooperation or enlargement of balancing authorities, diversifieaémnd supply
and eases the integration of higher levels of variable renewable energy generation.

Resource planning takes many different forms around the world. However, the experiencetardiff
countries shows that there are a few practices that can be applied in manyediffeegulatory
contexts. Three key principles that have been identified include:

1. Integrating the planning of generation, transmission, and system performance

2. Ensuring institutions and markets are designed to enable access to physical capacity

3. Building from local and regional planning to better integrate and coordiméteration across
jurisdictions (Cochran, et al. 2012).

Planning processes that optimize generation, transmission and other resoamress an entire
network greatly reduce the need and cost of variability mitigation mechanisms.

Demand Activation (fronSection2.3)
'HPDQG $FWLYDWLRQ DQG 'LVWULEXWHG (QHUJ\ ODQDJHPHQW

As discussed in Section 2.2, there is a need to secure flexible restugse with the variability of
renewable generation, and the traditional generation is the first and largestbiligxi resource.
However, when the share of variable renewable increases, the share of thermal and hydro power plants
which currently provide flexibility to a power system, necessarily decreases. For the, fittuge
necessary to identify new flexibility resources.

Demand has been used for demand and supply balancing since thes188ihg called as demand
side management (DSM). DSM has two areas of energy efficiency, reduction of,emedgload
levelling, reduction of peak load. The load levelling is often callecaddmesponse, which means that
a demand responses to a signal of cost, incentiva oontrol. However, as far as it is a human who
make a response to the signal, its acceptability and reproducibility are low and the effectiveness of DSM
is limited. US DOE states about the Demand Responst aa v (E *%o}ve Je S E](( 1E %
established to motivate changes in electric use by end-use customers in resfmebanges in the
price of electricity over time, or to give incentive payments designed tocimdower electricity use at
Slu » }( Z]IPZ u EIl 8 % E] « }JE AZ v PE] & o] ]0]8C Jei }% E ]I X _X

The demand response has been introduced in the field of industries with resooiréege DRs and
also in the field of households and small businesses where is with the diss@emiaBsmart meters.
Recently, in line with the development of information and telecommunicationrieldgy, new devices
are becoming available including, innovative distributed energy managememnsystuch as HEMS
and BEMS With these devices which can control appliances and equipment, it is expected that
demands in houses, commercial buildings and factories cafattéevated_automatically, for example,
in response to a price signal.

Figure ES2 depicts the concept to activate demand. A centralized energyamardgwhich prepares
unit commitment schedule for the next day, decides the hourly or time-dependent powearsdiac the
next day using PV and wind generation forecast. The centralized energy management squuisehe
prices to a decentralized energy management such as HBEMS house. The distributed energy

4 ( Home Energy Management System )
5 ( Building Energy Management System )



management system optimizes the power use of the house for the next day by migjroashwithout
reducing service level by scheduling the period of EV charging and veatiindn In an urgent situation,
air conditioner might be controlled to reduce the peak load. A battery in ildibg will be a good
resource to provide additional flexibility at the demand side.
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Electric vehicles, which are becoming popular these days, are emerging large ¢gemvands. The
charging of EV which will tend to occur after each trip of individual wdkde one of the focuses of
demand activation, because there is a certain allowance for charging pertbdeath EV without
reducing the service level.

There will be many other demands which have a potential to be activated. Deawindtion will be
an innovative and dominating countermeasure for the flexibility of a future posystem. Its wide
deployment will require large investment and various changes of technologgstnfcture, institution,
economy, peoplg acceptanceand security. For the substantial deployment of variable renewable
generation such as PV, the activated demand is expected to increase the flewitidityisnecessary to
balance the additional variation with limited predictability of PV gerieratin order to follow the
change of PV generation due to time and weather, dag-ahead and real time pricing and responsive
distributed energy management systems will be applicable.

%H\RQG (QHUJ\ DQG ,QWHJUDWLRQ RI 39

Under the emerging impacts of variable renewable generation on some psysems, there are
beginning many discussions going on by various stakeholders suchudetoeyy operators, utilities,
manufacturers, customers to optimize flexibility resources including dematihtion (auto-demand
response) in a power system operation and augmentation.

In Japan after the East Japan Earthquake of March, 2011, and in the United Statggttiattack of
Hurricane Sandy in October 2012, many people experienced the blackout ¢hrsiddsdays. These
days, there are emerging critical natural disasters of climate change whiehrhare serious impacts
on peoplef life and business continuity. Under the situation, thé&éncreasing concern about the
stable supply of energy and power. Considering the nature of PV resources whigreisevenly
available at and near the living and business spaces, PV is expected to have a mdgenimpe asan
energy/power source with a demand in case of shortage of power supply. And thibwutistt energy
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management is expected to have another value for the pegplée and business continuity @
energy management system.

For a demand, the decentralized energy management traditionally has a ofakeepng appropriate
environment, economy, and security for a demand such as a house, a business building, ancdban EV. F
example, at a house, a home energy management system is supposed to keep coeforiadp space
while saving cost, reducing environmental impacts, and keeping security.

Although with the above-mentioned values for a power system and energy use, it ikalptthat so
many people or business entities will deploy the decentralized energy managesysigm which
needs initialand operational cost, and conveys limited amount of the financial benefit of demand
response tean owner under constraints of energy use.

The distributed energy management is expected to contribute to the evolafan power system to
accommodate high penetration of variable renewable generation including PV. Thbutéd energy
management is also expected to contribute to the evolution of a life and essithrough optimization
and security of energy use optimization and offering additional value tolpsfife and business. The
house or a business where the new values are realized will evolve to beralsmuae and a smart
community, and PV will be more integrated into buildings and communities with enhanaed val

Impacts of Other Variable Renewable Energy (fr@action2.4)

Wind energy is similarly to PV a temporally and spatially fluctgagiectricity resource. Unlike PV
wind power is also available during the night andtisn the Northern hemispheret usually more
abundant in winter than in summer.

Also, wind energy from offshore-wind farms usually generates more energpgialéd capacity due
to better wind conditions and thus can be regarded as an additional renewable enptigy avith
unique characteristics.

In the future, the impact of supply characteristics of fluctuating renewabittglominantly determine
how the energy sector will look like in respect to storage, load managemequirements, backiyp
capacity and load factors of conventional power plants. Two waeksou*SE& S]J]vP ~v}Eu o_ <]Su
supply and demand variations in a very advanced future energy scenarioaechby fluctuating RE is
shown in Figure ES3 a) and b) (left: week in winter / right: week in summer).
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All three fluctuating renewable energy sources are important if impact on the energy sylstemd s
be optimized. For Germany an analysis has shown that the residual load of the electricity sector is
smoothest when different energy fluctuating renewable energy sources are combined. With residual
load, the instantaneous electricity demand less the energy production from PV, wind enelydon-
offshore is meant.

Integration of technologies and institutions (From Section 2.5)

In order to realize high penetration of PV and other variable renesyads discussed in
the prior sections, it is essentially necessary to overcome the variability wHettsathe
demand supply balancing of a power system. Essentially, there is roaghes: theone
is to reduce the variability and the other is to enhance the fleigtili a power system.

Variability can be reduced, as discussed in 2.2.1, through smootkifegts of
geographical diversity of each of PV and other variable generation teches|ayd that
of technological diversity of various renewable energy generation technologieis.
means that, in order to realize high penetration of variable renewableeggion
including PV, it is essential to allocate appropriate amount andniglolgy to appropriate
locations.

Flexibility can be enhanced, as discussed in 2.1 and 2.2, thrdilighation of the various
resources of a power system: utilization of the traditional resources blguside such as
thermal power, hydro power and punep-hydro power is the most economical option.
Secondly, the generation of variable renewable can be curtailechadified so as to
reduce the variation or even to enhance stability of operation to sextent. Thirdly, as
discussed in 2.3, the resources at the demand side are and will batdgaibr the
flexibility.

With reliable transmission system and generation forecast technology, a psystem
or interconnected power systems can enhance the power system operati@ptonize
the utilization of the whole resources of flexibility against tsmoothed variability to
realize the stable operation under the high penetration of variableeveable generation
under the physical laws and operational and market rules. (Figur#&)2.5-



3.Distributed Energy Management and Demand Activation
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Figure 2.5-1: The enhanced power system operation by optimized utilization of the whole
resources of flexibility against the smoothed variability
Source: Ogimoto, Laboratory.

Methodology: State of the art (From Section 3)
2SHUDWLRQ 30DQQLQJ

Under the increased variability and uncertainty due to PV and wind generationraépat in order
to preserve reliability in an economic way, it is crucial tpriove the predictability and flexibility in the
operation of a power system.

To take into account the above uncertainties, a methodology was developed by the reseatoh
RSEon request of the Italian operator for renewables development (5SE

Given the unit-commitment and dispatching of the conventional generatosessed in the
sale/purchase session of the energy market and given the forecast of load and Hesvwwy and
WIND, the steps of the assessment of the balancing reserve are:

xthe uncertainty evaluatiohbased on the load demand, the wind and solar power generation and
the forced outage risk of thermal units;

xthe probabilistic combination of the above mentioned uncertainties and the consealenti
evaluation on the needed balancing reserve to match the demand for a given confidence level.

Figure ES4 depicts the basic flow scheme of the adopted methodologygaitrthe balancing reserve
calculation for one day ahead.

® Ricerca sul Sistema EnergetiafRSE SpA. Milan, Italy.
" Gestore Servizi Energetici.
8 Hydro power plants are considered highly reliable in compliance with the Italian practice. No
uncertainty is therefore associated with this kind of generation.
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MARKET GATE CLOSURE

UNCERTAINTIES EVALUATION & PROBABILISTIC COMBINATION
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REQUIRED POWER BALANCING RESERVE for the specified hourly time horizoly aftthadial
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Under the high variability and unpredictability, in a power system operattois, ¢rucial to assure
reserve margin at a least cost and maximum reliability including the teahand regulatory measures

discussed before.

$XJPHQWDWLRQ 30DQQLQJ

In the last few decades, the increasing penetration of variable generation teaieslbmost notably
wind and solart has required changes in the way the electricity grid is operated. The daily and deasona
variability patterns observed in wind and solar technologies present declgal to their efficient
integration into existing electrical grids. Given the complexitynofiern grids, it is necessary to employ
computational simulation models to fully understand the effects ofddtrcing increasing variable
generation levels, devise effective mechanisms that facilitate their integration, pinlize costs.

The design and complexity of the optimal variable generation integration model will depend on the
goals of each study, as well as the levels of added solar PV capacity. Some of the stushentsnpo
presented in this section may be omitted for studies looking at shorter time horizonslatively low
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important to consider its main goals. Examples include:

- Evaluating the costs of integrating variable renewable energy source into the system
- ldentifying variable renewable energy integration impacts on grid operation
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- Measuring the amount of variable renewable energy the existing system can absorb befogeghan
in operation or physical configuration are needed

To address the complexity, the model structure can be divided in elements corresponding to relatively
independent tasks as depicted in Figure ES5. Modularity also helps to scale dawodislecomplexity
to match actual needs. Most solar PV integration studies will follow an iterative gsadeere a few of
the steps are repeated, using outputs from certain modules to modify previous assumptions, or as
inputs for other modules.

Solar + Resource + Existing System Data
Location (Load, Grid, Plants, etc.)

Portfolio Development
Scenarios for solar,
conventional and wind
generation, demand response
and storage

System Management
Modifications
Design, planning, reserves,
operational methods, markets

Transmission Scenarios

Production
Capacity Value Cost Simulation
/ Reliability Dynamics Load Flow and Flexibility
Assessment

Data Analysis and
Qutput Synthesis

Fuel Costs + CO, Impact + Capital + Cycling Costs + Market

Implications
[ input —— Continue Flow
I simulations — Correct and Iterate

JLIXUH (6QG LQWHJUDWLRQ VWXG\ UHFRPPHQGHG SUDFWLF
6RXUFH +ROWWLQHQ HW DO
Key Messages

Through the study conducted by the TASK14, it has been revealed that the reags & increasing
PV penetration at transmission level is the demand supply balancing dhe iacreased variability of
PV and other variable renewable generation and due to decreased flexibilitheoftraditiond

12



generation fleet. Countermeasures are the additional flexible resources sudex#tdef generation,
demand activation and geographical smoothing of PV generation by stronger ismismsystem
including interconnections.

In order to optimize the utilization of the flexible resources in teoheconomy and stable operation,
generation forecast technologies have also a crucial role to play. To realibeshese of the power
system technologies, power markets have been continuously improved includirey ttoseal time
gate closure time for bidding and shorter (sub-hourly) trade intervals. €tggpanarkets concepts, a
market for generating capacities, emerge also as a compliment to the energyranket in order to
address remuneration issues.

The methodologies of power system operation and augmentation have been adapted to
accommodate the flexible resources, geographical diversity, generation and derfaardast
uncertainty and improved market designs.

From the case studies TASK14 member countriege Ishown the wide range of efforts for PV
penetration including following aspects:

T PV integration studies with various aggressive penetration targets under ayafipbwer system
conditions, from a continent-wide system to an island or an area,

1 Ewluation and optimization of new flexible resources based on the analysis of detpéeational
impacts

¥ Research and Development of new flexible resources and system operation inciediagtion
forecast

¥ Optimization of a total power system operation and market design improvement

1t Participation of many stakeholders such as regulators, TSOs (ISO4y, g#herators,
manufacturers, research Institutes, consultancy companies and Renewables associations

For PV to become a major electricity source, power systerue tabe transformed stepwise to
facilitate the increased need for flexibility. The required flexibility at each PV penetraie! will be
mitigated through the geographical and technological smoothing effect of theheeaependent PV
variability. And there are a large numbers of existing and potentialbfeexiesources including
traditional generation fleetness, control of variable renewable generation, demadtilvation,
innovative storage technologies, transmission lines and interconnectionyatine centralized and

VEE o]l v EPC uv P uviU %}A & u EI $« A}ops]}veU 3§ Y

The case studies have shown that all stakeholders, including regulatorgtaisermanufacturers,
researchers, power customers have been practicing their effortsetdize high penetration of PV
through technological but also regulatory innovation. There are enough technalogitential to
accommodate the transition to a high PV penetration. But increased effortbevitquired in the area
of regulations including whole sale and retail market and centralized and deceettalperations so as
to realize the optimum evolution of a power system.
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Foreword

The International Energy Agency (IEA), founded in November 1974, is an autonoodgusitiin
the framework of the Organization for Economic Co-operation and Development (OECD) that carrie
out a comprehensive program of energy cooperation among its 23 member countrieEuTtgean
Commission (EC) also participates in the work of the Agency.

The IEA Photovoltaic Power Systems Programme (IEA-PVPS) is one of the cedaiesedich and
development (R&D) agreements established within the IEA, and since 1993, its participants have been
conducting a variety of joint projects in the applications of photovoltaievecsion of solar energy
into electricity.

The mission of the IEA PVPS program is to enhance the international collaboratids tdfor
accelerate the development and deployment of solar PV energy as a significhrguatainable
renewable energy option toward the following goals:

1. To stimulate activities that will lead to a cost reduction of PV power system applications

2. To increase the awareness of P&}A E *Ce5 ue[ %}3 vi8] o v A op v SZ C
advice to decision makers from government, utilities, and international organizations

3. To foster the removal of technical and non-technical barriers of PV power sygtams
emerging applications in OECD countries

4. To enhance cooperation with non-OECD countries and address both technical and non-
technical issues of PV applications in those countries.

The overall program is headed by an Executive Committee composed of one represefitativ
each participating country, while the management of individual research projects (Tiask®)
responsibility of Operating Agents. By mid-2012, fourteen Tasks were established twehitVVPS
program.

dZ }A €& oo P} o }(d =l id ", JPZ W v SE 3]}V }( _Wle BC B E}UysS 0525 E
use of grid-connected PV in electric power systems at the higher penetration levelsdlaequire
additional efforts to integrate dispersed generators. The aim of these efforts is to reduce the
technical barriers to achieving high penetration levels of distributed renewable systems.

Member countries of the IEA PVPS Task 14 are: Australia, Belgium, Canada, SuyitZéilzan
Germany, Denmark, Spain, Israel, Italy, Japan, Portugal, Sweden, and the United States of America.

dZ]e E %} ES e E] * 83Z +3u C & ~posde }( ~ S]APSCVIXPWAMWIZAWE «(
Jvd PE 8]}v_ v ~ 3]A]8C iXiW W}A E *C+3 u pPu Ws3]}Yvi%o™dvivP A
14 Subtask 3: High penetration solutions for centralPW & S]}v ¢ v E]}*X_

dZ +3u C E spode }( ~ SJAISCWXiIWWV E*&E]yv Vv 0Ce]e Vv (}JE 5
separately published as the report IEA PVPS iTMAT1iTW "WZ}5}A}o8 ] v "lo E &}E
State of the Art."

The report expresses, as completely as possible, the international consensusioh agithe Task
14 experts on the subject at hand. Further information on the activities andtsesitthe Task can be
found at:http://www.iea-pvps.org
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PV generation is one of the forms of renewable energy generation with vasaild
limited predictability. It differs from traditional thermal and hydropower generation, as its
generation output is not fully controllable (dispatchable). PYpativaries periodically in a
year and in a day, and is irregular due to weather condition. Higtetpsiions of PV
generation will cause issues not only of voltage and power flow flucmat a local
distribution system but also of demand-supply balance of the posystem, which will
result in problems including frequency fluctuation and diffig in demand-supply
management.

Accordingly, in order to realize high PV penetration in a power systeis,crucial to
evaluate its impact on the operation and augmentation planningrdento envision the
future power system. In operation and augmentation planning, iteisessary to identify
gaps in current PV system technology and electric power systems to analyztaigew
numbers of PV installations can be successfully integrateal a total power system,
including the technology of smart grids.

The IEA TASK14 Subtask3 deals with PV integration into power systemthédrontal
power system viewpoint, based on PV generation forecasting, poweersysperation,
and power system augmentation.

The current study has mainly focused on the system-level aspects of deamahsupply
balancing of a power system assuming a strong transmission system, althoutgd li
description of the aspect of the reinforcement and expansion of the trassion network
is found in this report.

The report begins in Section 2 with a discussiothefimpacts of PV penetration and new
technologies, and then reviews the stadé-art technology for system operation planning
and system augmentation planning in Section 3. Section 4 collasésstudies of system
operation planning and augmentation planning, including issues.tisofj and R&D
activities of the member countries.

® Renewable source generation technologies are divided into two categories: dispatchable,
such as geothermal, hydro with a reservoir, and concentrating solar power (CSP) with energy
storage; and non-dispatchable, such as PV, CSP without energy storage, wind, and run-of-
river-type hydro.
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2.1. Impacts of PV Penetration
2.1.1.Power system

Electric power systems have various scale ranging from a system of severalchundre
GW of developed land on a continent to a system of tendvViW on an island to a
system of several tens of kW in a rural area in a developing courteymission of a
power system is to deliver power to the customers in a cost-effectieliable manner
to support quality of life, industrial production, and social @ties.

A commercial power system, alternating current (AC) system, transmits amitbdies
power to thedemand utilizing various voltage levels depending on the distance and th
capacity, using a transformer to interconnect subsystems of different@i@ges with
power plants and demands. The main impacts of PV penetration onvarmystem are
affected by tke natural variability and limited predictability of the power quit, and
the reduction of the operational amount of dispatchable generators.

At the system level, integration of PV into a power system rises variougrnded in
system operation and, accordingly, in system augmentation. Among thesdkemges,
the increased complexity of matching between demand and supply isntts typical
concern when PV or other variable renewable generation penetrates inpoveer
system to have substantial market share.

2.1.2.Balancing operation and generation dispatch

The total power demand, which reflects all the changes in all vichaal demands,
varies over the course of a day, a week, and a year. In current power systears, wh
dispatchable thermal and hydro generation have a substantial share, dkraad
supply are balanced by controlling the generation of the didpaltite generators. When
the balance is lost or insufficient, the commercial frequetusually 50 Hz o0 Hz) or
system voltage of a power system fluctuates, and the quality of suppéduced. In the
worst case, a blackout occurs because many devices in a power systeinggawer
plants, which are designed to operate within a specified rangeeafuency deviation,
are cut off from the power system.

In order to maintain power balance in a system, it is necessary to schedule the
generation of each dispatchable generation unit. In a power systengnbialg of
demand and supply is realized through a sophisticated generation slkehtximake the
best use of the features of each generation unit and system: kidaalancing through
generation unit start and stop scheduling, balancing in minutes tjnoaentralized
automatic generation control specifying the production of eaclit,ueind balancing in
seconds through independent governor control of each unit. The rengimismatch is
transformed into a fluctuation of the system frequency. Because talancing
requirementsvary by time, by day, and by season, reflecting the variation of the supply
and demand structure including the share of variable renewable géloer changes,
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the key concept to accommodate a large amount of variable PV generaidhe
flexibility of a power system to cope with the balancing. (Tleability will be discussed
in Sections 2.2 and 2.3.)

2.1.3. Power system operation planning

Under a set of operational conditions such as composition of genexatgenerator
characteristics, automatic generation control, and economic load dibpait operator
plans a generation schedule, typically for the next day. In the schedule,astdrstop
timing and the generation level of each generator are decided to neetpredicted
demand of various levels during the day. The operation plan of a powtemsy called
unit commitment, is the result of large-scale optimization plagnitonsidering the
economy, stability, and security of the power system operation. The economy idymai
dependent on the operational cost of each power plantludag fuel cost and the
generation efficiency of a thermal unit. The operational stabistynainly related to the
total capability of all generators to change their output. The ségisiensured through
reserved generation units, which may work in a sudden increase of demaimu ar
sudden loss of generation due to a generation failure. If there isenough balancing
capability in a power system, it may be necessary to curtail the variable RYagen to
secure the stability of the system operation, even if it reduces the etgnof the
system.

In the context of operation planning, the natural variability of g&ieration increases
the required supply-demand balancing capability of a power systghich results in
partial operation of some power plants. The uncertainty of PV germratequires
additional operation of generation units with lower economy in preparation the
event of reduced PV generation. These changes bring about reducedragdor the
existing generators and an increase of stresses on the generators.

There are many countries where electricity is traded in a power maiket trades are
made for various shorter long-term timeframes. In these competitive circumstances,
the unit commitment plan is decided partially in the market.

In a unit commitment including the power market operation, the PV forepésis a
crucial role in determining the performance of the power system.

In power system operation planning, in order to maintain the viaboit the analysis,
we need to include such parameters as the maintenance schedule of peygéEm
elements,

2.1.4.Power system augmentation planning

Over the years, the demand and generation mix will change in a power system. |
order to reduce C@emissions in the energy sector, it is widely recognized that: energy
demand will increase as the economy grows in general; the existing power demiand
decrease through increased energy efficiency; much of the energy demdhdben
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electrified; and more energy will be supplied by variable renewable generatibich
leads to a larger power demand and supply structure vathigher share of variable
renewable generation share, including PV.

In current practices for power system augmentation planning, a plannemos the
future power system following criteria such as economy, reliability, environmental
stability and security. When a power system augmentation is planned todecl
renewables such as PV, the planner typically aims to find the optipatmto integrate
renewables into the power system.

In order to support such a future power system, the power system augatient
planning must have the functionalities to accommodate substantiablairenewable
generation, while satisfying the existing planning criteria and constralims.impacts of
PV penetration on the power system are a result of the variation #ndted
predictability of PV generation, and the reduction of the ad@énal amount of
dispatchable generators. Possible countermeasures include: improvemenbaof
following capability and reduction of minimum operation of exigtemd new thermal
and hydro generators; improvement of PV forecasts; demand activation (semrSect
2.3); and utilization of energy storage, including pumped storage powartg and
batteries.

Augmentation planning should include a set of indicators to evaltiaestatus of a
power system in a specific time resolution (for example, a year) and awertain
periods (for example, from now to 2030). Indicators can be decided asddbon the
objectives of the augmentation planning, such as energy security, ecorafficiency,
and environmental compatibility, which supports the ultimate objeetof sustainability.
These indicators will be further discussed in Section 4.

In the power system augmentation planning, the parameters that are usedhan t
operation planning are necessary to estimate the operational performance df eac
augmentation scenario.

In the augmentation planning, the time horizon is the most impartparameter. A
major thermal generation station requires several years of legal procedures and
construction. Distributed generators also need time for being propdibseminagd.

The augmentation planning usually has a 10- to 20-year study period.
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2.2. Countermeasures

The daily and seasonal variability of wind and solar generation presenalkerde to
their efficient integration into existing electrical grids. However, sacave shown that
integrating high levels of variable renewable energy is achievable without compngmisi
reliability with operational and institutional changes. In general, the vditaband
uncertainty introduced by wind and solar generation technologies fmlla higher level of
system flexibility. The amount of flexibility needed to accommodéaie introduction of
new wind and solar facilities depends on the amount of variableewable energy

% 15C v SZ /AE]+S]vP (o A£] ]0]5C Jv BZ}%CESSJjvAVAE «B}EY
appropriate mitigation methods depend on economics and the characiesistf the
specific system, including the generation sources, infrastructure, apdrational
practices. This section describes a few of the methods that are generally reedgs
efficient integration mechanisms, grouped in four categories: 1) System Qpera2)
Forecasting, 3) Market Design and 4) Planning.

221."C*S U K% &E S]}ve

(1) JOH[LEOH UHVRXUFHYV

Increasing the flexibility of generation sources is one mechanism for adugessi
generation variability and ensuring the balance of demand and supply. Itbean
important to consider the flexibility of new generating capacity addsi It is also
possible to enhance the flexibility of existing conventional getoesato allow for
quicker responses to changes in variable output. The flexible operaficnnventional
generators often results in increased fuel, maintenance and capital toestsvill have
to be balanced against the benefits of increased levels of renewatdegy in the
system.

Aside from flexible conventional generation sources, resources that enharee th
flexibility of the system, such as storage systems and demand responsdjetan
operators balance steep ramps. Fly-wheels, pumped-hydro storage anpressed air
energy storage are examples of storage systems that are able to respond &tcHisp
requests at quicker rates. Demand response can reduce the costs of amaigt
additional spinning reserves, particularly during extreme events of ovemagresupply
of variable renewable energy power.

2) *HRJUDSKLFDO GLYHUVLW\

Geographical dispersion of supply can be helpful in smoothingahability of
renewable energy sources. Figure 2.2.1-1 shown below was produced by simthiating
output of more than 25 solar PV power plants located througdlelarge geographical
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area (roughly half the size of Ital§)The variability caused by cloud cover was reduced
as the outputs of a higher number of solar plants were combined.résulting output
profile (shown in a solid blue line) is not only more preatte and steady through the
day, it also matches day-ahead forecasts more closely.

1

«=» One Plant
-« Two plants
Six Plants
-« 25 plants
— So. Calif.

0.9
0.8
0.7
0.6
0.5
0.4

Normalized output

03§
02 i J% 7
01 & F

05 %
6:00 8:00 10:00 12:00 14:00 16:00 18:00

JLIXUH - 7KH VPRRWKLQJ HIIHFWV RI DJJUHJDWLQJ
39 SODQW RXWSXW RYHU YDULRXYV JHRJUDSKLF DUHELC

Similarly, larger balancing areas, with a larger pool of available generatiol
demand, will generally be more capable of integrating larger amounts of Variab
renewable energy sources. Variability in load and in generation can betketbout

when balancing occurs over a larger area. Furthermore, large balancing areas can
provide access to additional flexible generators that may not be avail@mbbmaller
areas. Combining adjacent balancing areas within the same synchroncaucanebe
employed as a mitigation strategy to increase resilience and promote the inieqgraf
variable renewable energy sources in existing grids. Alternatively, cooperatioss
existing balancing authorities can achieve the same purpose.

222 &}E «&]vP

Forecasting can reduce the uncertainty associated with variable renewaldegyen
generation technologies. This allows generators or grid operators to plan abkad
variations in the output of solar and wind generators and reduce thellef operating
reserves needed, thus lowering the cost of balancing the system. Shortftegoasts
assist in the decision to dispatch quick-start generators, demand nsgpmechanisms,
or other methods to quickly balance demand and supply.

Forecasts are more widely used to predict wind power generation vatyalblit solar
forecasting is emerging. Cloud movements are the primary cause of solar wgriabil

9 The source of this simulation was the Western Wind and Solar Integration Study Phase I
that the U.S. National Renewable Energy Laboratory conducted in 2013. The actual
geographical area was Southern California.
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besides diurnal cycles. Sky imagers can be used to produce shorfetlercasts, whereas
satellite images can be used to predict changes in solar power prioduater a span of
a few hours.

The stateef-the-art of generation forecasting is discussed in a separate [atiolc
ZWZ}3}A}o3 ] v "}o E &}E 3]vPW 7*3 8§ }( SINSVES[ +13Z
14, Subtask 3.1 ( IEA-PVPS T14-01: 2013).
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Markets operating with an hourly schedule or using a fixed hourly energyedel

scheme are not as efficient at integrating larger levels of variable renewatdege

JuE U He 3Z C }v[8 Z A Vv}puPZ (o A£] ]o]3C <o E}uu}
generation variability.

Markets operating at 5- or 15- minute intervals minimize reserve requiremerttsass
more efficient at handling both load and generation variability diidnally, some
markets have adopted new ancillary ramping products to encourage generators to
perform in a flexible manner and ensure sufficient system-wide ramgapgbility.

&DSDFLW\ PDUNHWYV

Because solar and wind have very low marginal costs, they can bid at a vemydew p
in wholesale markets and exert a downward pressure on electricity pricesorire
markets, this can raise longer term concerns about the integrationrgélamounts of
renewable energy because owners of other types of generators may notezemngh
revenues and lose their ability to operate. Additionally, lower wholesaieep may
reduce the incentives to build additional generation plants aotsequently increase
the risk of capacity shortfalls. Ideally, energy-only wholesale eldgtritarkets should
provide enough incentives (in the form of higher wholesale pricesyéaerators when
demand outpaces supply. However, in markets where this is not the caséhere
regulators have capped wholesale prices to contain volatility, capacdyaaailability
can be rewarded through a separate mechanism designed to incentiviznecessary
level of installed capacity for the future. Capacity markets have emerged as a
complement to energy-only electricity markets to compensate ownerdiggatchable
resources for guaranteed deliverability. Critics argue that capacity markets increase
electricity costs over energy-only markets and commit future ineest to existing
technologies, thereby limiting investments in alternative and innovative gererati
technologies.

2.24.Wo vv]vP
7UDQVPLVVLRQ

Utility-scale wind and solar power plants need to be located wheeeréisource is rich,
which is often far away from consumption centers and existing trasson lines. The
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distance between generation and consumption, the granularity of weide energy
sources;* and the need for geographic dispersion to smooth out generation hiitja
mean that significant transmission additions will be requiredaczommodate high
levels of variable renewable energy integration.

The need for timely construction of transmission lines and their gigionstruction

costs are emerging as important challenges for the integration of hidgnezls of
renewable energy. New planning, regulatory, and cost-recovery approaches are
necessary to facilitate transmission network expansions cost-effectively. Reactively
responding to transmission expansion requests from individual projeei$ to more
expensive solutions, and may tax the available planning processes and resources.
Proactively designing transmission solutions for projects in the same area, athitre

hand, can improve the efficiency of the planning process and imfieigeneration siting
decisions that lead to the lowest overall generation and transmission costsrigdad

and Stoft 2012).

Planning and constructing new transmission lines can be a protractaskgspgiven
the number of stakeholders involved and the complexity of the numerousgsses
required in many jurisdictions. Public engagement in a process wherafibieniation
flows freely from and to the public can minimize the poiahtfriction in siting,
permitting and building new transmission lines.

&RPSUHKHQVLYH DSSURDFKHYV

Comprehensive planning approaches that integrate transmission, distribution
generation and system performance goals, from distribution to the bulkgoasystem
across an entire network, greatly facilitate and reduce the implementatiosts of
variable renewable energy integration. The coordination and integnatb planning
processes helps regulators prepare for the potential impa€tgariable generation on
the system and evaluate the available options to optimize generatmhteansmission
COsts.

Planning processes that integrate multiple jurisdictions facilitatansmission
expansions and the geographic distribution of renewable energy sources. Integrating
local and regional planning efforts helps promote the cooperation dargement of
balancing authorities, diversifies demand and supply, and easestdgration of higher
levels of variable renewable energy generation.

Resource planning takes many different forms around the world. However, the
experience in different countries shows that there are a few practites tan be
applied in many different regulatory contexts. Three key principheg have been
identified include:

1. Integrating the planning of generation, transmission, and system performance

In the U.S., the average size of wind projects constructed in 2012 was 71 MW according to
the American Wind Energy Association, compared to the average operational coal plant size
of 550 MW.
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2. Ensuring institutions and markets are designed to enable access txahyaspacity

3. Building from local and regional planning to better integrate andrdinate
information across jurisdictions (Cochran, et al. 2012).

Planning processes that optimize generation, transmission, and other resaoEss
an entire network greatly reduce the need and cost of variabilitytigation
mechanisms.
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2.3. Demand Activation (Auto-DR)

In this section, demand activation (auto-demand response), inujudiecentralized
energy storage, is discussed as the most innovative flexible resource for the, fdtiving
energy-smart consumers and communities.
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As discussed in Section 2.2, flexible resources must be secured in ordg@etavith the
variability of renewable generation, and traditional generation is the firsd &argest
flexible resource. However, when the share of variable renewable resources ingreases
the share of thermal and hydro power plants, which currenttpvide flexibility to a
power system, necessarily decreases. For the future, we are identifying newieflexib
resources.

Demand-side management (DSM) has been used for demand and sugpigibglsince
the 1990s. DSM has two areas: energy efficiency, which is reductiemeofy, and load
leveling, which is reduction of peak load. Load leveling is aftdled demand response,
which means that a demand respasito a signal of cost, incentive, acontrol. However,
as far as it is a human who responds to the signal, DSM's acdéptabd reproducibility
are low, and its effectiveness is limited. The U.S. Department of Energy (R@E )isat:
Nuv E *%tve e 8§ EJ(( }E % EIPE u 3 0]*BEBIUL}S]A &
by end-use customers in response to changes in the price of elgcwiger time, or to
give incentive payments designed to induce lower electricity use at timagybf market
%% E] * }E AZ v PE] & o] [1Jo]8C J* i }% E ]I X_

Demand response has been introducedin the field of industries with resources of
large distributed resources and aldo households and small businesses with the
dissemination of smart meters. Recently, in line with the developmentfofmation and
telecommunication technology, new devices are becoming available, including
distributed energy management such asnfie energy management systems (HEMS) and
building energy management systems (BEMS). With these devices, varicbontrol
appliances and equipment, it is expected that demand in houses, evamh buildings,

v ( S}E] » v A~ S]A 8 _ uslu 8] ooCU (JE Au%X U Jv (

Figure 2.3.1-1 compares current and future balancing with batteried @mand
activation. The power supply and demand balance is currently agggibya centralized
EMS using major generators. When renewables penetrate into a power syatiemge
number of new devices might be required to balance the variability. ¢4ew demand
activation by distributed EMS will take a part of the required fléikgbat the demand
side. It is expected that optimum deployment of flexible resources imfudemand
activation will enable high penetration of PV and other variableeveable generation
economically without reducing stability.
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Figure 2.3.1- 1: Demand Activation by Distributed EMS
Source: K.Ogimoto, the University of Tokyo

depicts the conceptf demand activation. Centralized energy

management, which prepares the unit commitment schedule for the weayt, decides
the hourly or time-dependent power prices for the next day using PV wairdi
generation forecasts. The centralized EMS sends the power pricesdezemtralized
energy management such as an HigMa house. The distributed energy management
system optimizes the power use of the house for the next day by minignist without
reducing service level by scheduling the period of electric &) charging and water
heating. In an urgent situation, an air conditioner might be cotdrbto reduce the peak
load. A battery in a building will be a good resource to proadiditional flexibilityon the

demand side.
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Figure.2.3.1-2 : The concept of demand activation.[2]
Source: Ogimoto, K., lwafune, Y., Kataoka, K., Ikegami, T., & Yagita, Y. (2011a).
Cooperation Model of Centralized and Decentralized Energy Management for the Supply-

Demand Adjustment in a Power System, Proceeding of Power and Energy Society
Conference of Institute of Electrical Engineers of Japan, 8-16 (in Japanese)

EVs, which are growing in popularity, are emerging large power demandsiakying
will tend to occur after each individual trip and will bee of the focuses of demand

activation, because there is a certain allowance for charging period with Edclithout
reducing the service level.

There will be many other demands that have a potential to bevattd. Demand
activation will be an innovative and domimacountermeasure for the flexibility of a
future power system. Its wide deployment will requiaglarge investment and various
changesin technology, infrastructure, institution, economy, public acceptarael
security. For the substantial deployment of variable renewable generationasi€t, the
activated demand is expectdd increase the flexibility that is necessary to balance the
additional variation that comes with the limited predictability BV generation. In order

to follow changesn PV generation due to time and weather, one-day-ahead and real-
time pricing will be applicable.

dZz & vVv8 / %opu o]Po®éhof TH 2v e« (} E u[JF discusses the viability of
demand activation as followsWhile there is some degree of uncertainty around the
ultimate capabilities of DSI (demand side integration), it is ntbaa likely that benefits
will, by far, outweigh initial costs." DSI may be the flexibleicsptwhere clear policy
action could produce the largest benefit. Policy intervention nmaleed help overcome
initial barriers, such as the cost of putting infrastructure in pldoe smart DSI

applications beyond large-scale consumers. In addition, cleacypaolieasures may
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actually trigger investment in demand monitoring and control devicest twould
otherwise remain dormant for a long period. This would facilitate ecorerof scale and
cost reduction. Detailed information and discussions on technologye\ail renewable
integration, economic analysis, policy, and market considerations $braie available in
the publication.

Considering the emerging impacts of variable renewable generatosome power
systems, various stakeholders such as regulators, operators, utilities, mamefactand
customers are beginning to discuss ways to optimize flexible resourdaedingdemand
activation (auto-demand response) in power system operation and augmentat4,5]
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In the previous section, demand activation is discussed as an emerging measure t
contribute to the stable operation of a power system. As discustesl,decentralized
EMS should have an important role in realizing the wide deploymenteshand
activation for various appliances or facilities in homes or buikjimgluding EVs.

In Japan after the East Japan Earthquake of March 2011, and Wwnited States during
Hurricane Sandy in October 2012, many people experienced substantial blackouts
several days. Currently, there are emerging critical natural disasteesto climate
change, which have serious impacts on sociétythis situation, there is increasing
concern about the stable supply of energy and power. Considering tharenalf PV
resources that are more evenly available at and near living and businesssspg?V is
expected to have a more important role as an energy/power source in casshafrtage
of power supply. Distributed energy management is also expected to bahg to
society as an EMS.

For a demand decentralized energy management traditionally has the value of
maintaining the appropriate environment, economy, and security foemahd such as a
house, commercial buildinggr EV. For example, at a house, a home EMS (HEMS)
maintains a comfortable living space while saving cost, reducing envenotainimpacts,
and maintaining security.

Although the abovementioned values for a power system and energy use, it likelgt
that many consumers or business entities will depdajecentralized EMS because of its
initial and operational costs, and because it convaysnited amount of the financial
benefit of demand response to an owner under energy use constraints.

Figure 2.3.2-1 depicts the future HEMS, which has two axes of {@o&ibution to a
power system and energy use) and one additional axis (qualityedf HEMS, which
monitors and communicates with appliances and collects inforonatiom outside the
house, has a potential to contribute additional value to enhancaliguof life through
offering new services for home security, health, and entertainment.
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Figure 2.3.2-1 : Three axes of the home energy management system. [5]
Source: Ogimoto, K., University of Tokyo

Distributed energy management is expected to contribute to the evatutba power
system to accommodate high penetration of variable renewable generatictuding PV.
Distributed energy management is also expected to contribute to the &wvolwf a life
and business through energy optimization and security, offering additivakle to
%0 }%0 o[ O]( % paffected Xomes or business will evole to become
"smart” homes and communities, and more PV will be integrated into mgkl and
communities with enhanced value.
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Wind energy is, likV, a temporally and spatially fluctuating electricity resource. Unlike
PV, wind power is also available during the night and iis the Northern Hemisphere
usually more abundant in winter than in summer.

Also, wind energy from offshore wind farms usually generates more energy peteds
capacity due to better wind conditions and can thus be regardsdan additional
renewable energy option with unique characteristics.

In the future, the impact of the supply characteristics of flating renewables will
predominantly determine how the energy sector will look with respecstorage, load
management requirements, back-up capacity, and load factors of convehtmower
%0 v3eX dA} A e JooOu*3E S]vP ~Av}Eu ou w]3 E]}E]}¢ 11 %o %o
very advanced future energy scenario dominated by fluctuating renewaléeshown in
Figure 2.4.1- a) and b) (left: week in winter; right: week in semm

irie fewder ot hood, 1camaro 2090 | ¢ 20111, tat wakof yaar a
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Figures 2.4.1-a) and b): Exemplary weeks in a) winter and b) summer, based on a scenario
for 2050, calculated with the meteorological year 2011. With the load (red curve) fluctuating
around 50 GW, the need for conventional power production can be reduced to only a few
hours per week by increasing the installed capacities of mainly offshore wind (light blue),
onshore wind (dark blue), and PV (yellow).Source: Fraunhofer IWES, 2013.
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A closer look at the power production pattern of wind energy is providegigure 2.4.2-
1. The graph shows the number of occurrences of sudden power drapsreases (from
timestep t to t+1, hourly resolution). It shows that (in seldom cases nvdhyear) power
changes between two hours may reach up to 30% of installed cgpabire frequently,
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feed-in in % of nominal installec

wind-capacity in t = t+1

the rate of change of power production is much lower. However fliln@uating behavior
of wind power needs to be absorbed by the electricity system.

Markov-Matrix for a Wind Energy Feed-In Time Series - 80% Renewable Energy Scenario for Germany
(normalized for total installed wind energy capacity, 160 GW in 2050)
[number of events in hours of a year]

90% -100% 0 0 0 0 0 0 0 0 0 0
80% 90% 0 0 0 0 0 0 0 27 301 0
70% 80% 0 0 0 0 0 1 63 479 27 0
60% -70% 0 0 0 1 1 85 472 64 0 0
50% 60% 0 0 0 4 89 455 88 0 0 0
40% 50% 0 1 4 110 617 94 0 0 0 0
30% -40% 0 4 124 640 120 0 0 0 0 0
20% -30% 0 148 1005 132 0 0 0 0 0 0
10% 20% 117 1405 152 1 0 0 0 0 0 0
0% -10% 1811 117 0 0 0 0 0 0 0 0

0% -10% 10% -20% 20% -30% 30% -40% 40% 50% 50% 60% 60% -70% 70% -80% 80% 90% 90% -100%

very high rate of power change (up to 30% of installed capacity)
medium rate of power change (up to 20% of installed capacity)
moderate rate of power change (up to 10% of installed capacity)

Figure 2.4.2-1: feed-in in % of nominal installed wind-capacity int=1
Source: Fraunhofer IWES, 2013
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All three fluctuating renewable energy sources are important in opiirgithe impact
on the energy system. For Germany an analysis has shown that the residuaff fitweed
electricity sector is smoothest when different fluctuating renewablergy sources are
combined. With residual load, the instantaneous electricity demasss Ithe energy
production from PV, and onshore and offshore wind energy is meant.

To illustrate this point, Figure 2.4.3-1 shows the standard deviatigheoresidual load
for all theoretically possible renewable energy mixes in Germany (coloreq. arbe y-
axis defines the percentage of wind energy in percent of total sufspip fluctuating
renewable energy sources (thus, remaining supply is provided by PV). Thedefmes
the percentage of offshore wind energy in percent of total wincergy supply (thus,
remaining wind supply is provided by onshore plants. The lowestdatd deviation
(blue-colored area) can be reached if all these fluctuating renewsdnleces provide a
substantial amount of electricity.
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The analysis was done for a future scenario with 80% renewable sharkaneafy

sectors (transportation, electricity, and heat) in 2050. Very strong enreffggiency
measures, coupling of all energy sectors, new infrastructure (storages, trssiemi
networks), and a large renewable energy production (800 TWh) weremest as
cornerstones of the scenario.
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Figure 2.4.3-1: Standard deviation of residual load depending on different mixtures of
installed renewable energy capacity in a future German electricity system.
Source: Fraunhofer IWES, 2013.
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In order to realize high penetration of PV and other variable renewableisass$ed in
the prior sections, it is essentially necessary to overcome the variability whattsathe
demand supply balancing of a power system. Essentially, there is two agh@s the
one is to reduce the variability and the other is to enhance the flktyibof a power
system.

Variability can be reduced, as discussed in 2.2.1, through smoothingtseftd
geographical diversity of each of PV and other variable generation teches|agid that
of technological diversity of variouenewable energy generation technologies. This
means that, in order to realize high penetration of variable renewable gé¢ioera
including PV, it is essential to allocate appropriate amount andnigclgy to appropriate
locations.

Flexibility can be enhanced, as discussed in 2.1 and 2.2, throlightidgn of the various
resources of a power system: utilization of the traditional resources mblgiside such as
thermal power, hydro power and pumped-hydro power is the most economicabrap
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Secondly, the generation of variable renewable can be curtailed atifred so as to
reduce the variation or even to enhance stability of operation to somergx{Thirdly, as
discussed in 2.3, the resources at the demand side are and will be awditaibthe
flexibility.

With reliable transmission system and generation forecast technology, a peyséem
or interconnected power systems can enhance the power system operatioptonize
the utilization of the whole resources of flexibility against th@oothed variability to
realize the stable operation under the high penetration of variable renésvgbneration
under the physical laws and operational and market rules. (Figur#)2.5-

3.Distributed Energy Management and Demand Activation
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Figure 2.5-1: The enhanced power system operation by optimized utilization of the whole
resources of flexibility against the smoothed variability
Source: K. Ogimoto, the University of Tokyo.
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3.1.1. Methodology Workflow

Given the unit-commitment and dispatching of the conventional gatoes assessed in
the sale/purchase session of the energy market, and given the forecast ofalwd
renewable PV and wind power, assessment of the balancing reserve involves:

xUncertainty evaluation based on the load demand, the wind and sotavep
generation and the generation supplied by thermal units;

xProbabilistic combination of the abovementioned uncertainties andsequential
evaluation of the needed balancing reserve to match the demand afagiven
confidence level of 95%.

Regarding the confidence level of 95%, this value was considered tatongcitount
other international experiences[1(); in any case, this parameter can be changed
maintaining the same methodological approach proposed here.

Figure 3.1.1-1 depicts the basic flow scheme of the adopted methoddimgyhe
balancing reserve calculation for one day ahead.
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MARKET GATE CLOSURE

Forecast of: Load, Wind, Solar PV.
Conventional generation unit commitment &
dispatching)

UNCERTAINTIES EVALUATION & PROBABILISTIC COMBINATION

Forced outage LOAD forecast WIND forecast error SOLARV
probability of thermal error (Gaussian distribution) forecast error
power plants (Gaussian distribution)] | Depending on  time| | (Gaussian distribution)
(non-Gaussian, discrete Depending on weekly| | horizon Depending on  sky
probability density) hour clearness index
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*The analysis of the load forecast error historical data showed that the load error depends on daily hours
(morning, afternoon, weekend, etc.) but does not substantially depend on time horizon (4 16 hours ahead).

Framework of the Italian electricity market

While load and solar PV forecast errors will be assumed not sensititketdime
horizon, uncertainties concerning wind generation and the probgbdftthermal plants
outages are evaluated within a given look-ahead horizon. firhes horizon is calculated
starting from the end time of the market sessions for the electric enawgirg.

The Electricity Market consists thie:

x Day-Ahead Market MGP (energy market);
X Intra-Day Market - MI (energy market);

x Ancillary Services Market - MSD.

The Day-Ahead Market (MGP) hosts most of the electricity sale amdhgme
transactions.

The Intra-Day Market (MI) allows market participants to modify theedales defined in
the MGP by submitting additional supply offers or demand bids. Théakés place in
four sessions: MI1, MI2, MI3, and MI4.
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The Ancillary Services Market (MSD) is used by the Italian TSO TERiéA i get the
needed resources for managing, operating, and controlling the power sygteraf of
intra-zonal congestions, construction of energy reserve, real-time baigndn the MSD,
TERNA acts as a central counterparty and accepted bids/offers are valued atetteel off
price (payasbid). The MSD consists of three scheduling sessions (MSD1, MSD2, and
MSD3) covering the following timeframest24 hours (MSD1); 184 hours (MSD2); 1¥
24 hours (MSD3).

Events occurring until haéfn hour before the time of communication of the MSD results
(last column of the following TabRk1.1-1+are considered deterministic.

7TDEOH- 6XPPDU\ RI 06' PDUNHW DQG DGRSWHG K\SRWKHVHYV
DFTXLVLWLRQ

06’ &RYHUHG WL| 7LPH RI UH +\SRWKHVHV RQ WK
6HVVL RI WKH GD\| FRPPXQLFI WLPH IRU GDWD D

06"

06l . 1 1

3'" GHOLYHU\ GD\ DR@B G D\ EHIRUH

It is hypothesized that data concerning wind/solar generation andefib outages of
thermal power plants are available by the abovementioned scheduledstifoe each
MSD session, and thirty minutes is considered sufficient foreladoration of final
results. For every MSD session, events are considered as probabilistibein
corresponding covered timeframe.

As shown in the following Figure 3.1.1-2:

x Forecasts are available fob”~ i C TiXii }( -iC W E tve] & .
probabilistic in the period 0.002.59 of delivery day-Z NV

xInthe DA 7 « se]}vU (}JE +8¢+ E A Jo o C 10XTi]38]1™ _ v
analysis covers the timeframe 13.€106.59;

xIn the MSD3 ses]}vU (}JE 8« &E A ]Jo o C iiXii }( ~ _ v §;:
analysis covers the interval 17.€@B.59.
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3.1.2.Forecast Error
(1) Load

Due to the highly repetitive nature of the daily load profilead forecast error is not
sensitive to the time horizon and can be effectively assessed on the dfdsistorical
data. Therefore historical data of hourly national demand ares@®red; this data
includes the error between forecast and actual load (data publishetBNA2]). Load
forecast error can be modelled as Gaussian stochastic variable with anesno value
and a standard deviation/% P]A v CW

N

samples

2
16%
(T %% il
Nsamples
Where:
X N is the number of samples of the load forecast error;

sample:

Actual,,, Forecas
Forecast

g% bac 100 is the hourly percent error of the load forecast.

The analyzed historical series cover the time period from Noven28er2010 to
November28, 2011. Holidays, August, and hours with high anomalous load values are
excluded from the statistics in compliance with the procedure ped by TERNA
(enclosure 1% } (3)).

Data analysis for every hour of the weekday showed that:

x Midweek days from Tuesday to Friday are characterized by very similar eélues
v §Z & (JE v E % E « v38 A]8Z 8Z < u A op eV

X Monday has higher values off until 16.00, while after 16.00 can be consieéthe
sameasthe other midweek days;

12 Available only in Italian at the Italian TSO TERNA website
http://www.terna.it/LinkClick.aspx?fileticket=wlZHX3fTGF0%3D&tabid=106&mid=468
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x Saturday and Sunday are very different and cannot be assimilated to the nkdwee

days.
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JLIXUH - 6WDQGDUG GHYLDWLRQ > @ RI ORDG IRUHFDVW HUUR

(2) Wind generation

Like load forecast errors, the wind forecast error can be modeled &awassian
stochastic variable with a mean of zero and a standard deviadpin. On the other
hand, unlike the load, the wind forecast errors generally increasthe forecast horizon
increases. Moreover, it is generally necessary to consider several wind farms iiiarde
exploit the spatial smoothing effects on the wind prediction error;this purpose, the
hypothesized standard deviation here is based on results presented emtifici
literature and, in particular, on the results of an analysis performed0 wind farms
monitored in Germany4]. These results outline the values of the standard deviation

normalized to the installed powesr winp; IN particular i  12%R s wnp (3} E
% E ] S]tv SJu  }( OWZN4E6P ¥ wno (F}E 16 Z}pEs Z X S ES]V!
§Z + 3A} A op *U o0]v E E & 8]}veB]Ro S]18A ZYE]I}v A «  (]v
(}E& SZ % E * vS U SZ} }0JiPC% J&$P IBE]TREIXTS]}veZ]% (}E SZ
SZ C Znotévthat no significant differences were found in the cdesed time
range.
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The discontinuity of the curve is due to the MSD2 and MDS3ehadssions within
§7 o]A EC C ~ _]JvA}oA]JvP o0} € 3]Ju o2 AEEF }iv¢ ES Jvsg
values because it has reasonably hypothesized the update of the windsjmnas.
/5[« Ale@ghasizing that adopted standard deviation values are comparable with
ones published by TERNB& for 195MW of installed wind farms in the Sardinia market
zone.

(3) Solar PV generation

Like load and wind forecast errors, the solar PV forecast errorbeamodeled by
means of a Gaussian curve with a mean of zero and a standard devigtien Given a

certain forecasted sky clearness conditiop, % is considered as percentage of the

maximum generable power depending on the installed PV in operaiimh on the
maximum solar radiation.

Latitude, longitude, and day/period of the year characterize the maximukar so
radiation and consequently the maximum generable PV pofes gy, g iin the case
of aperfectly clear sky without fog and panel shadowing. The maximurargéan may
be achieved in the case of panels lying on a horizontal plan@etkfoy terrestrial
surface and vertical radiation supplied by the sun in the zenith loca@®®° directly
overhead). The sun is in the Zenith location at the equatothenequinox days and
along the tropics on the solstice days. The sun cannot reacEe¢héh location outside
the tropical latitudes; in the northern hemisphere (reference foe Italian area), the
longest day of the year is the 2bf June with a sun angular deviatidh Lt ué véwith
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respect to the equinox days; in the southern hemisphere the longegtisiecember
21% with U L Fua wisee Figure 3.1.2-3).

NORTHN
ORTHNO
21%0r 229 June
Summer solstice at tropic of
+23.45° Cancer2{ or 22% June
A55+23.45° '
0°0°0° Zo";or Zf‘dMarch - Spring equinox _
22" or 23¢ SeptembertAutumn equinox
223?255 21%or 22 December
’ Winter solstice at
tropic of Capricorn
SOUTHSO
UTHSOUT

JLIXUH - 6XQ GHYLDWLRQ-+BRR WKXDRDULRXV SHULRGV RI WK

The maximum hourly generable power, with a fully clear sky, is finally given by:
2eofmngisvack U @i
where Urepresents the solar height angle, which is the complementary & dhe

between Zenith and the solar position. In other words,s $ the vertical position of
the sun depending on latitude, longitude, hour, and day ef year.

The actual generated power depends on the meteorological sky conditidms: t

absence of clouds and fog makes the solar output very predictable, whilé alulifog

impacts are less predictable and act quickly; moreover, in case litla ¢loud cover,

only a little variation is appreciated in solar output. Consequertkie forecast error will

depend on the sky clearness as well, being maifor fully sunny or cloudy days.

Therefore a sky clearness indeX) (can be taken into account in order to define the

error standard deviationl, as function of the clearnesg6],[7]): basically, limited

values ofé&c; JEE *%}v 3} A ECpryNivGC Vv Z AJoC o}pERU Co ~ /

Az @ « Z\RZA®OU »+ E& & o0 8§ 38} ]vd Eu Higire 8]Bx43]}ve ~»
% v v }( 83Z (JE <8 EE}E- }v S]lu ZAG®HUV]S 0B} AEwSe

v Po § ]Jv §Z]e usZ} }o}PC He Vv}S }voC%Sv]eveu Jovo (B SZ
U Z]*3}E] o 8 A E v}3 A Jo 0 &} e e ]5X
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JLIXUH - 6WDQGDUG GHYLDWLRQ DV D IXQFWLRQ RI WKH FOH
/8 ]o ZC%}3Z ]I 3Z § uv]d8 EC A op }( [/ +~ASYEEZe.pvv(
u £Jugu P v E 02:%aAe@® C Vv 0}PC AUsEz3235 v & Al §]}v
é:i” % ee U * (HVv S]}v }(2:6}4E nomwsalized to the maximum
generable power2gogyygi® X dZ Ee(l G- W

x Null during the night when the generated power forecast is nBdls{gj L ™ );

X Null during the very sunny day$4#.xL 9 when the maximum generable power is
foreseen @asv.@i L Zeonana);

x Maximum during intermediate situations represented by partly cloudy daysnwthe
generation forecast is about 40% of the maximum generable power (accoraigly
the previous Figure3.1.2-4Z}A]vP §Z u AJupu 5 v éFg |]VAIZS]}ve
}(% N réev

dz C Al3Z u £Jupu o %psgls]yv SE£ v Z E § E]I C
Z]*3}E&] o u AlJupu E 3]} SA v §z SwpwuPPVW®EES 0 Wsu A
% }A EX dzZ | ] }ve] E Jved v3 A]SZ]V38ZA ool « Cuv

§Z & 3]} "(MEA]uliu PVv E o _ VIEuU o]l &8} 18+ Z]*3}E] o u
The maximum hypothesized value & ;" issr™ Zogay g i(according tq7]).

Finally, the hourly standard deviation of PV forecast error in MW is giyen b

€cianach9 7L &ixorl Q® 2ogavgisaes 9 ?
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3.1.3.Forced Outage Model of Traditional Generation

dZ % }A E P %o %o 0] C %E ]35S o SE& ]85kXvé& PECE&S]}
Hv ES Jvd]l » p 3} J(( E v8 ( S}EWpv{ B2 ®u(p@%o }A B %00
& tve] & Jv §Z]e u 8Z} }o}PCX ,C E} %o }A{E oo ($®0CE

E 0] 0 ~vHOO % E} ]0]3C }( JE 3SZuS-Ru%e]ive% o6]3Z /Alo
dE veulee]}v "E] } ~VI@QeEE 0l

1)8QDYDLODELOLW\ SDUDPHWHUYVY RI WUDGLWLRQI

dz }%S % & u $S E- (}E& $Z oo eoy V3 }( BZSZUV% FAS GFVS C
* 1L %o %o O ] C 8Z U 0 %}A E %0 vie & *Z}Av ]Jv §Z]e ep » 3]

Zuu €& SZ s (}J&® }uSs P« & Z &E }ve] «EpVS]® EW|V]*S]
Z}YWE (}JE& SZ u EI S PS o}pE X e pe]}VZ2EE Dd Eue®E §\
S§Z o SE&] ]SC /S o]Tabl®r WEEZ ¢ E vS O}epE SJu s E }ve]
AMIXTHI. (& (BGE& D™ iV 2oXiT - C@MNYVE€EY NiTXiT - (J& ]vs
C DMiX (S & 8z« SZE O}epE SJu U [ jE $USER 5} }
* % E} ]0]*3] 1v 8Z }EE *%}v JVP SPus¢{Bvuxs }A E C D~

&} E (oo }usS P % E} Jo]8] « ZE )« FE A} & ]Yv {( E v
S P}YE] *» }( SZ EGu 0 %}A E %0 vSeW VA VY]|ISWUE 05 Pue S
Julv- C 0o %}A E %0 vi3eX dZ Z}uEn Jus B %% E}v $Z|3C
e]e }( cJu Z]3}aB]Wpe ¥ Fo *Z}Av Jv 3Z (Joo}AKVP d o iXiXi

7DEOH- +RXUO\ SUREDELOLW\ RI IXOO IRUFHG RXWDJH SHU
&RPELQHG F\f &RQYHQWLRQD

IXPEHU RI HYHQWYV

Pes%/( plant "hour) 019 1844444 014 122404

8760 8760

(2)BUREDELOLVWLF GLVWULEXWLRQ RI ORVW JHQ
RXWDJHV

~g ES]VP (E}u §Z }JA u v3]}v (JE TS E C%uEE | Jold] U |
§Z % @&} ]0]5C ve]SC (Mv 3]}ve }v }EVIMP BYE }BZ REU}O

Pv E §]}v pv]de v 0 Mo 8§ X dZ]e O}@o A EJZ}EEE]V &
Z}YE]I}v §Ju (E u V v JV¥houSe (JE 3Z %0ER0 JDIYEG((§EZ 3] w
E W

13 Available only in Italian at the Italian TSO TERNA website
http://www.terna.it/LinkClick.aspx?fileticket=wlZHX3fTGF0%3D&tabid=106&mid=468
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Iv YE E 3} *Ju%o](C §Z o po §]}vU ]&[* REV GVE 0 ChZh %E}S:
]* Z}Yu}P v }ueoC «Z E Ul}VP 00 83Z upV]ZA]E- EBA]SSX dZE 3
A EC SZ EuoPv ESIE]S3Z E (JE W

RJnit [ MW] PGEN_TOT / NTOT
v 8Z 8}5 0 0}*8 P v EMNJ}uV]§r }pes }( © NEAT, X ]-
3.1.4.Calculation of the Balancing Reserve

(1) *DXVVLDQ VXPPDWLRQ

>} U AJvU Vv <}Jo @ Ws (JE +&8 EE}E+s E eopu
5172 +5] AGE] oV 3Z E JE U 32 @BGEUONVE 5}6b BE
''pee]l v AJSZ 85 v EYy,A]l BlJAVv CW

Wwo U W W
. LW K((LOAD), ¥ (WIND), V,(SOLARPV)

e 8Z (JE JUE P % E} ]0]3C }( $TvIBU 03%E)ASE %00 Vv

"Uee] vV A GE] 0o U 8Z Ju v &]}v AJEZ 4ZW B uME]}wE
EE}E upes EE] IS C u ve }( JuSE}EX MeqiZile Splar} Al
e eoy vS }( SZ %E} Jo]SC }v &EvV]vP PIAv Ju ov

Pv E §]}JvV 3Z pupo 8]A  [+3E] ud]}v]G¢h¥CIIRYAIC 240+ %o C
OV IVP E + EA ++} ]38 AJ§8Z (& 0]3Z0350 @&} -<pqlui] $p
69 ~A9 % E} ]0]3C }( uloud Z SA ve oov JOPUESU]E 1

E « EA «U « «Z}Av v 83Z -AFuuteldv Jd % &3} ]o]3C ve]3C (|
%] § Jv $Z (FiguodA]lvX

4 For the sake of simplicity, a whole generation plant is here considered a generation unit
unless it includes different conventional and combined-cycle or gas turbine sections. In any
case, the same calculation can be performed for every generator without heavy increase of
time computation.
15 p.u.: per unit.
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Paar [MW]
JLIXUH - ([DPSOH SUREDELOLW\ GHQVLW\ IX@FWLRQ RI WKH S

(2) 8RQYROXWLRQDO VXPPDWLRQ

The final aim is not to assess the whole probabilistic dgrisnction of balancing but
rather to calculate the maximum realistic level of povrebalance corresponding to the
reasonable needed reserve. Therefore, the probabilistic level of 95% isnedago
chosen, but more conservative and higher coverage levels can also bdaredswith

this methodology.

The presented methodology has been applied for the analysis ofiéiedk of July25 to
31, 2011°. The following Figure 3.1.4-2 depicts the resultsaasimmation of the six
market zones: the left vertical axis of ordinates concerns the balgneiserve and the
wind/solar generation, whereas the one on the right concerns the amand. It has
been hypothesized that the load demand is fully covered by themwwiatj, and solar PV
power generation (conservative hypothesis with no highly reliable hgdwer plants in
operation).

8 Data for load demand, wind, and solar PV generation are published on the website:
http://www.terna.it/.
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The comparison in Figure 3.1.4-3 between calculation and actual adlocstiows an
average calculated reserve of 2,865 MW against an average actual allocation of
3,455 MW. Despite higher and more conservative reserve calculated values in the
midday hours, the reduction of the weekly average hourly reserve by mehtiseo
present methodology is 590 MW in the 168 weekly hours.
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In order to reduce the impact of the variatiai the renewable energy generation, it is
effective to share power balancing capability in a broader area. dh@nving Figure
3.1.4-4 shows the reduced required balancing reserve in the hypothstealario with
unlimited transmission capacity between the six Italian market zones. It easeén
how a balancing average reduction by 25% can be reached hypothesiziiglihe
area as a broader hosting market zone without internal congestions.
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Finally, ][+ A }@idd that the 90% of the PV installations are on medium/lo
voltage distribution levels; therefore, the PV power generation shawrigure 3.1.4-2
is mainly included in the net load profile seen from the pahview of the high voltage
transmission level. Recent data published by the Italian TSO TERNA showsad ratio
about 15 between total estimated and measurBd¥ generation; further analyses wait
the larger estimated amount d?V generation need to be performed in order to clarify
the influence ofPVin the balancing reserve calculation, especially taking into account
the large number of installations in Italy.

3.1.5.Background of the New Methodology

(1) Penetration of variable generation

In order to reduce the impacts of the variation of renewable energy geioerait is
effective to share balancing capability in a broader area, in a single poyséEm to
cover a broader area, or in multiple interconnected power systems. Inctse of
interconnected power systems, for operation of interconnections, whach often
highly sophisticated, a system operation tool has to have endugictionality to
analyze their operation. Such an interconnection operation inclustdseduled power
flow, sharing short-term demand and supply balancing capability, godedures in
case of a failure of transmission or generation system.

With the increasing capacities of intermittent solar PV and wiodgy generation, the
provision of an adequate level of system balancing reserve is becomingamdneore

48



crucial in many electricity systems around the word. The Italian systeraracterized
by an installed power of 16.6 GW of solar PV and 8 GW of wind Bnthef 2012 (see
Figure 3.1.5-1); 18.3 TWh and 13.1 TWh of energy were respectively suppliecahyg PV
wind [10]. The level of renewable energy penetration is high, taking into accoanirth
2012 the maximum lItalian load was 54 GW on July 27, the minimum loa8IW@8V on
January 26, and the total energy demand was about 325 TIW).(

WinG

041 MW -

PHOTOVOLTAX

16572 MW -

JLIXUH - &XPXODWLYH LQVWDOOHG ZLQG DQG VRODU 39 SRZHU LC

(2) Italian power system market and operation

The Italian power system[3{) is operated first in order to match the security
constraints; then it is regulated by the national energy marketparticular, the Italian
TSO TERNA acquires, in the Dispatching Services Market (MSD), its Suggayirces
for the dispatching services aimed to keep the power balance betwweearer injection
and absorption. Acquiring the abovementioned services is necessary for ensuring
operation security; e.g., frequency must be maintained within the prapel standards
within strict limits around the set-point value of 50 Hz. &odf for the dispatching
services are submitted on the MSD, which include one-day- ~i_ v 3A}-]v§@E
C N _ e ee]lveX d ZE EE] *« }us 8Z + o0 S)¥€C }(vs35Z o v

%0 vv]viP "v JvSE * _afesZThe acquired balancing quantity can be used in
real time by TSO dispatching commands, which, in order to guaranieepolver
balancing, changes the working points of the participating geoesatshose dispatching
services were offered in the MSD.
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(3) Requirement of new operation methodology

An accurate approach is needed for an efficient balancing reserve assessmentt@imed
simultaneously: i) cover renewable energy variability, together with otherettainty
factors, for secure operation planning; and ii) limit costs for reserve allocatianding
excessive overestimations. It is clear that a statistical approach is nerdaeder to
match these two requirements. The methodology proposed here was carti¢dno
order to overcome the limits of traditional deterministic approaches tha not able to
manage stochastic variables like the intermittent injections by renewBMeand wind
sources. The methodology allows the calculation, with a time interval vaisongfour
to 16 hours ahead, of a suitable power reserve margin aimed to ensure thénfelfil of
load demand in case of deviations from the expected values of dentaefd, iwind
generation, and solar PV generation, and in the case of unexpected unditgilab
thermal generation due to forced outages; hydro power plants aresiclamed highly
reliable in compliance with the approach proposed by the Itali$®’ TERNAQode for
transmission, dispatching, development and security of the, @d2). The balancing
reserve is considered adequate when, in each market zone of Itabarempsystem
(Figure 3.1.2), the allowable generation resources can cover the load demand for a
given confidence level.

%

C. SOUTH
S

SARDINIA il

JLIXUH - ODUNHW JRQHV RI WKH ,WDOLDQ SRZHU V\VWH|

" Transmission System Operator.
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The] v3](] 8]lv }( 8Z u EI & I}v o e EENVP 38 CEBK] doK
Jvs E( . 8A v E - } €E cliteFiors ffors differBnt grid scenarios

and different seasonal periods of the year. The subdivision in six markets zs

necessary since the Italian power system is peripheral in the Synchronatisedéal

European Power System and it is has a quite long structure whnalves limited
transmission capacities especially in the central southern area, while Sicifyaaduhia

islands are weakly connected with the mainlatrdFigure 3.1.5-Below; the 400220kV

Italian transmission system is presented; the red lines represent the \386vel while

the green ones depict the 220 kV level. Moreover, 18@+120kV levels are present as

the sub-transmission part of the grid.
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3.1.6.Resources for Operation Planning

(1) Italy

A share of the tertiary control reser¥is used in order to restore an adequate margin
aimed to maintain the power balance in case of sudden variation ad End of not

8 The N-1 criterion is a rule, adopted in the Continental European Synchronous Area,
according to which elements remaining in operation after failure of a single network element
(transmission line, transformer, generating unit, or in certain instances a busbar) must be
capable of accommodating the change of flows in the network caused by that single failure.
9 Tertiary control reserve is any automatic or manual change in the working points of
generators aimed to restore an adequatenslary control reserve used for stable system
operation at nominal frequency.
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programmable renewable generation, as well as in case of unexpected unavaildbility o
thermal generation lasting more than one hgai. The balancing quantity, acquired by
TERNA in the Italian ancillary services MSD, can be used in real time by eheans
dispatching commands on the working points of the participagegeration plants.
Main requirementd3] for these plants are:

x Connection to the transmission grid;
x Feeding by programmable energy sources;

X Regulating response delay of no more than 5 minutes after the dispatchi
command (power increase/decrease);

X Regulating response (power increase/decrease) of at least 10 MW within
15 minutes after the dispatching command;

X In the case of hydro power plants, minimum ratio of 4 hours between the daily
available energy and the plant maximum power.

A large amount of PV generation involves a higher’flead gap between the
minimum value in the daylight hours and the maximum one indgtening. A share of
the tertiary control is devoted to cover the fast daily net loeimps; in this case,
regulating plants are asked to ensure a response gradient of at least SOAW/

Looking at the above requirements, the power balancing is mainly sdpipjiehermal
and hydro power plants; the latter are mainly located in the nonthe@rea of the
national system. The increasing amount of renewable generation like B\Wwiaal is
resulting in a progressive decrease of the committed programmable units Wwéh t
consequent reduction of the balancing reserve of the system. Whileahgetitiveness
of hydro power plants is indisputable, many thermal power plantssamgching off. For
example, on the island of Sicily (Figure 32),5~hich is characterized by few operating
hydro power plants, the high penetration of wind and PV makes#iancing issue very
relevant: a large thermal power plant is currently kept in operatiesduse of the need
for an adequate tertiary control margin1g]). Sicily is connected to the mainland by
means of only one submarine cable, and the balancing problem is prasém hours
of islanding operation due to the scheduled maintenance o$ ttable; in order to
overcome this situation, two new submarine cables are commissioned by [2Q15
Moreover, "% ]0}S a3k Was &lready approved by the ltalian Ministry of
Economic Development (MiSE) and consists of the installatiomeirSicilian system of
20Dt Jvv}A Spbdwertivs ve]A 85 EC *3}E P <CeZno®eér Jves 00
20 MW is already approved by MIiSE for Sardinia.

In order to improve operation planning, several solutions may be implementéei
Italian system; any of them are:

X An increasingly accurate evaluation of the needed balancing reservden to avoid
overestimation of reserve margin; the methodology presented above is devoted
this aim;

20 Gross load minus distributed generation.
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x Grid reinforcements in order to share power balancing capability imoader area;
the grid development plant of TERNRA1{) includes projects aimed to reduce grid
bottlenecks;

x Smart grid operation by means of the exploitation of new technologies able dovadhergy
storage/supplCV §Z JA u vs]}v " %o [1BDScongsiRg iof the-~installation of
innovative battery storage systems is aimed to improve operation sedurittye systems of
the two main Italian islands.
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3.2.1.Introduction

In the last few decades, the increasing penetration of variable generaicmologies

t most notably wind and solat has required changes in the way the electricity grid is
operated. The daily and seasonal variability patterns observed in wind satat
technologies present a challenge to their efficient integratioto iexisting electrical
grids. Given the complexity of modern grids, it is necessary to emplioyputational
simulation models to fully understand the effects of introducingreasing variable
generation levels, devise effective mechanisms that facilitate their integration, and
optimize costs.

The design and complexity of the optimal variable generation integramnodel will

depend on the goals of each study, as well as the levels of added solapRuity.

Some of the study components presented in this section may be ednitir studies

looking at shorter time horizons, or relatively low levels ofréased solar PV

% v SE S]}vU (}JE& A u%o X (}&E *]PV]VP e Ju% J&E VeS| €$ P
consider its main goals. Examples include:

- Evaluating the costs of integrating variable renewable energy source ingygtem

- ldentifying variable renewable energy integration impacts on grid operation

- Measuring the amount of variable renewable energy the existing system can absorb
before changes in operation or physical configuration are needed

This section presents a basic introduction to the principles beliasigning and
implementing a solar integration study based on simulation models. Task th& ¢EA
wind Implementing Agreemefitpublished in 2013 a comprehensive gdfd® provide
interested stakeholders with the best available information on hHowperform a wind
integration study. Although the document was created by wind expertsfacaises on
wind integration studies, the steps described apply also to other Viarisgmewables,
such as solar PV.

3.2.2.Study Elements

A solar integration study can be a complex process, with multiplesstagd variables.
Integration studies should include a description of the study methodologyitan
objectives. A complete description of the methodology employed is essé¢atial

%1 Design and Operation of Power Systems with Large Amounts of Wind Power:
http://www.ieawind.org/task_25.html

2 Holttinen, H. et al. 2013. Wind Integration Studies, Expert Group Report on Recommended
Practices. International Energy Agency Wind Task 25.

KWWS ZZ2Z LHDZLQG RUJ 7DVNB 3') +tRPH3DJH3")YV 53
%20Studies_Approved%20091213.pdf
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correctly interpret the results. It is also important to describbetparameters and
assumptions used in the study, as well, such asda@s and allowance prices, fuel
prices, and incentives. Developing and following internationally standsddizst
practices helps improve the quality and reliability of the results, anditides the
comparison amongst different studies.

To address the complexity, the model structure can be divided in elesmen
corresponding to relatively independent tasks as depicted in Fig2.@2-1. Modularity
also helpsa scale down the model complexity to match actual needs. Most sdlar
integration studies will follow an iterative process where a fewhef $teps are
repeated, using outputs from certain modules to modify previous assumgtior as
inputs for other modules. The following sections describe the key study elen®at8:
Input Data 3.2.4. Scenario Development, 3.2.5. Simulations, and 3.2.6. Reporting
Results.

Solar + Resource + Existing System Data
Location (Load, Grid, Plants, etc.)

Portfolio Development
Scenariosforsolar,
conventional and wind
generation, demand response
and storage

System Management
Modifications
Design, planning, reserves,
operational methods, markets

Transmission Scenarios

Production
Capacity Value Cost Simulation
/ Reliability Dynamics Load Flow and Flexibility

Assessment

Data Analysis and
Qutput Synthesis

Fuel Costs + CO, Impact + Capital + Cycling Costs + Market

Implications
I input —— Continue Flow
e simulations _ Correct and lterate
JLIXUH - :LQG LQWHJUDWLRQ VWXG\ UHFRPPHQGHG SUD
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3.2.3.Input Data

The quality of the model outputs will heavily depend on thelity and reliability of

the inputs used, particularly for high levels of solar penetration.dinitata is needed to
characterize solar PV power generation potential and location, existiigprojected

load, the transmission network, and the rest of the generation fleatluging non-
conventional resources such as energy storage and demand response. Both tbad an
generation data need sub-hourly granularity and must be synchroniaeéstimate
reserve requirements and solar PV generation capacity value, and simuldte un
commitment and economic dispatch.

Solar PV data can be historical, generated or a combination of tbeRe&gardless of
the source, sub-hourly granularity (15 minutes and under) is especially impddant
solar data, given the fast changes in solar power output thatiltédsom cloud cover.
The geographical component of the generation data is indispeas#dl simulate
potential network congestions and the smoothing effects of spalistribution.

Besides rated capacity, characteristics needed to accurately simulate conventional
generators include outage rates, ramp rates, start-up time, and effigi@urves. Fuel
costs and emission rates are necessary to account for economic and environmental
impacts.

3.2.4.Scenario Development

Initial inputs are aggregated in scenarios that describe the physical pechtoonal
characteristics of the system at different time intervals. Operational prestisuch as
market design and reserve operations, are essential inputs in this seadition to the
transmission, generation and load input data. Results from initial itemat@an be used
to inform future scenarios, particularly for high levels of solar penetmatio

(1) Genreration portfolio and transmission scenarios

The first round of current and future scenarios is modeled usipgt data. The
scenarios considered may be altered in subsequent iterations as more informatio
about the system is gathered through the model outputs. Generafortfolios in
future scenarios will be influenced by projected levels of new vaig@neration,
retirements from the current fleet, changes in operational practices, et

During the scenario building phase, initial decisions will needetonade about how
additional solar PV capacity is added to the system and what types of gergitatnay
replace. New variable generation capacity can be added to the existing fleefj it ca
replace existing generation, or both, depending on the goals of the studiyhenlevel
of variable capacity added. Similarly, new solar generation can be addbd system
in proportion to load growth.

Load data must be synchronized with generation data, particularly variable
generation. Load data is easier to generate than other synchronous data bedatse o
seasonal and diurnal patterns.
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The level of input data to model transmission will vary according togtheds of the
simulation. For resource adequacy and log$ead calculations, the transmission grid
does not need to be taken into account. Modeling only interconmedi between
different areas (assuming perfect transmission within each area) may be appropriate
for other calculations. In regions where locational marginal prices are used, @ mor
detailed nodal transmission model is frequently used.

(2) Operational methods

Current operational methods are usually adequate for current scenados
simulations of low levels of solar PV penetration. For higher levels, ditfere
operational practices should be incorporated into the model tal freliable, cost-
efficient alternatives. Sub-hourly scheduling, shorter notification pkyjoand faster
and more frequent ramping of baseload generators are examples of alteenativ
operational methods that could be evaluated with a solar PV integration model
Assessing the potential cost reductions associated with better forecastingnsystan
be used to limit spending on such technologies.

(3) Reserve allocations

Synchronized, sub-hourly load and generation data is needechlitulate reserve
requirements. One method to calculate reserve requirements involves calaylatin
choosing a level of risk based on current conditions, then increass®gves to reach
the same level of risk under increased levels of solar PV penetration.

3.2.5. Simulations

After collecting input data and building the system scenarios, simuka@oa designed
and run. Simulations show the static and dynamic relationshipsvden different

}u%}tv vSe }( SZ <<CeS uU v 0O MO § SZ ]¢C opcjatiE %o }ve
conditions.

Modeling renewable energy penetration is an iterative process as showimeiflow
diagram in Figure 3.2.2-1. Changes in one part of the system will dffecest of the
components. System simulations will reveal relationships that may have been
expected, particularly for complex systems. Analysis results can be used as acteedb
for previous simulations, including the initial assumptions, espgcidtien the results
yield, for example, an unstable system, or when the impacts of $e\aintegration
prove costly or difficult to manage.

Optimizing integration costs is difficult because of the large nemdd components
that are part of an electric system. Additionally, integration stué&xamine the system
under numerous conditions that change over time. Some conditiohange
independently of grid operation (like technology costs), whilesotthange as a result of
grid modifications, multiplying the number of possible scenarios.

Simulations are grouped in three categories: 1) Capacity value and rgljaBili
Production cost simulation and flexibility assessment, and 3) Load flavsgsiem
dynamics.
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(1) Capacity value and reliability

Capacity value is the amount of additional load a newly added generatoserve.
Geographical distribution data from variable generation sources is impriance
capacity values for solar PV increase with spatial diversity. Both hgjiddi@sed and
approximation methods can be used to calculate capacity value of solé&t&wlard
reliability-based methods include the effective load-carrying capgbi(ELCC),
equivalent conventional power (ECP), and equivalent firm power (EFP) nsetivbale
these methods are accurate, they require detailed system data and can be
computationally burdensome and time-consuming. Approximation techesqusuch

« ' EA E[+ > % % E}AE]Ju S]}vU §Z « ubdséd method(8 Z & %0
can be chosen as simpler alternatives (Madaeni, Sioshansi, and De2Bibin

(2) Production cost simulation and flexibility assessment

WE} g SJ}v }*8 eJupo S]}ve E pu- S} *StboSE S S[}Pu %o
penetration on system flexibility, operating costs and total emissiobsit
commitment and dispatch is done at this stage to test the abifithe system to meet
projected demand at different time frames. To fully capture thepawts of solar PV
variability, time intervals of 15 minutes and under must be considefdiks will help
assess the adequacy and flexibility of the system to respond to ghakges in solar
output.

Usually, several iterations of the same scenario are performed to test differe
assumptions and constraints. Multiple operational and technobigitrategies can be
evaluated to ease and lower the cost of adding solar PV capacity to the system
Examples of operational strategies include higher-resolution commitment apédtdis
schedules, enlarging balancing areas, market rules oriented to optimize #ggation
of solar PV, and solar PV ramping limits. Technology strategies inchypdeved
forecast methods, solar PV output curtailment, conventional generation iiheeeased
flexibility, additions to the transmission network, and increased storagaagp

(3) Load flow and system dynamics

The system dynamics and load flow simulations are performed onc@ribetuction
cost simulations have indicated that each scenario has adequateurees to safely
integrate the chosen levels of solar generation. In load flow sitimuls, the impacts of
sdar PV penetration on the transmission grid are assessed by studying network
contingency situations. This involves steady-state load flow analyses, syedtakility
analyses through probabilistic methods, and dynamic system stability analyses.

Load analCe » <Z}po % E(}EuU S} oo e SZ oCeS ue ]o]s
voltage profile, and to identify bottlenecks in the transmission systender high and
low solar PV generation, as well as during shoulder periods in whichraesantission
loading patterns that stress the transmission network may be createds klso
important to assess the capability of the system to recover after a failuckiding the
largest possible failure.
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Dynamic stability analyses test the ability to maintain frequency, volprgéle and
synchronism when the system is subjected to small and severe grardisturbances,
or major imbalances between generation and load.

3.2.6.Reporting Results

Presenting the results, goals and limitations of the study is an irapbgart of the
process. Assumptions, methods and data sources must be included to ensiirineh
results presented can be correctly interpreted and compared toeptanalyses. It is
recommended to also report the levels of solar PV penetration censij the size of
the system in terms of capacity and peak load, a description of how BMarapacity is
added, the assumptions used regarding flexibility, interconnection aneradipnal
practices, as well as other considerations used such aal@Wance prices, incentives,
etc.
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Solar PV variability is generally faster than wind. Large changes in ouwel putput
typically occur during the course of hours, while solar PV changes due tbadwar can
even be measured in seconds (Bird et al. 2013). The significant, napjos in the
output of each PV module caused by cloud cover are mitigated byakdatersity. Solar
PV integration studies require high spatial and temporal data gratywland accuracy
to assess the impacts of high frequency solar power ramps on the system.

Specific temporal resolution requirements vary depending on the studpgse.
Production cost operation simulations, for example, require solar dutlaga with a >
5-minute resolution in order to accurately calculate reserve requirements. t& 60-
minute resolution would be adequate to optimize unit commitmentdaaconomic
dispatch (Hummon et al. 2013; Lave et al. 2013). Lave et al. (2013) summariziethe ef
of solar variability in different timescales:

a) Inthe secondss-minutes timescale, variability can cause voltage regulation or power
guality issues locally on distribution circuits, and can cause additional tap or
switching operations on transformers or capacitors.

b) In the minutege-hours timescale, variability can increase the amount of regulating
and ramping reserves required to balance the system.

c) In the hoursto-days timescale, variability and uncertainty can increase production
cost by reducing the efficiency of generation unit commitment and dispatch.

In the Western Wind and Solar Integration Study Phase 2, Lew et al. compared the
impacts of wind and solar penetration, using sub-hourly data to atcion solar
generation variability. They found that even though wind and solar affecgtid in
different ways (both mostly displace gas combined-cycle generatithauglh winds
tends to displace more coal), their impacts on system-wide costs are renhadiablar
(Lew et al. 2013).
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4.Case Studies
4.1. Australia
41.1. W}A E ~"C+3 u

Around 90% of Australian electricity demand is in the Eastern Stdieh now form

an interconnected National Electricity Market (NEM) with over 50GW generation and
peak demand of around 35GW. The NEM is one of the largest geographicedcted
networks in the world as can be seen in Figure 411.There are two much smaller
interconnected systems, the South West Interconnected System (SWIS) in Western
Australia and the Darwin-Katherine Interconnected System. The generatignismi
predominantly coal-fired in the three larger Australian States $YAl Queensland and
Victoria. South Australia, Western Australia and the Northern Territoayveh
predominantly gas-fired generation while Tasmania is mostly hydrergéon (AER,
2012), as shown in Figure 4.21Remote communities off the grid are predominantly
located in the larger States of Western Australia and South Australiathendorthern
Territory. These communities are generally powered by stand-alonegnaisystems
running on oil or, where available, gas.

The NEM itself serves over 10 million customers with an average depfaacbund
24GW and non-coincident peak demand of over 40GW. All States ekasptania are
now summer peaking (AER, 2012).
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Figure 4.1.1-1: Australian Transmission systems and major generation, and larger isolated
stand-alone grids (Australian Government, 2012).
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Figure 4.1.1- 2: Installed major generation capacity in each State of Australia.
Note that non-hydro renewables is dominated by wind in every State
except Queensland which has significant biomass generation (ESAA, 2013).
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PV capacity in Australia has grown markedly over the past few years anaviamo

estimated 2.9GW, almost entirely due to over 1 million household rooftop syst&ime

current penetration of PV is shown in Table 4.1.1-1 and the reatdekgrowth in
deployment, and the change in average system size is shown in Figurd 4.1.2-

Table 4.1.2-1: Summary of Australian statistics for solar PV, electricity generation and demand

Statistic Value Year

Installed PV capacity 2.9 GW 2013 [1]
Peak loadt National Electricity Market (NEM) 31.1 GW 2011412]2]
Peak loadt South-West Interconnected System (SWIS 3.9 GW 2011412[3]
Total generation capacityt NEM 48.3 GW 2012 [2]
Total generation capacityt SWIS 6 GW 201243(3]
Estimated total energy generated by PV 3400 GWh 2013 [1]
Share of PV on total electricity consumption 1.9% 2013 [1, 3-5]
Average size of PV System 2.6 kW 2013 [1]

1. Clean Energy Regulator, 2013.
4. AEMO, 2013.

2. AER, 2012.

3. WA IMO, 2012.

5. NT Utilities Commission, 2013.
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Installed PV System Capacity in Australia
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Installed capaaty (LHS) Average size of new installations (RHS)

Figure 4.1.2-1: Installed PV capacity and average system size in Australia
over 2009-2013.(CER, 2013).

At times of peak PV generation, instantaneous penetrations efapproximately 2.9
GW of PV installed in the Australian NEM may be of the order @%b.-Bignificantly

higher PV energy and peak penetrations are seen in a number of isgatkdystems in
the country.

Although total and per-capita PV capacity are not large by compangbra number of
other countries, the near complete deployment of PV as residentialtaposystems
means that a significant proportion of electricity customers now hawVasystem, as
shown in Figure 4.1.2: Differing levels of PV deployment across the States has resulted
from considerable variations in solar resource quality and hence system perfoemnan
but also, critically, different levels of State Government policy suppetuding a range
of PV Feed-in-Tariffs. For example, PV systems have now been depl@rediy one in
five electricity customers in the State of South Australia, asddntribution to energy
consumption is now approaching 4% (AEMO, 2013b). A 10MW utgity-BY project in
Western Australia is currently the largest PV project in Australiaghew a number of
utility scale projects totalling more than 200MW of capacity are nmaler development
in the NEM (CEC, 2013).

Other utility generation investment in the NEM over the past five ydas been
predominantly for gas-fired generation (particularly Open Cycle Gdsnks) and wind
generation. Wind generation capacity is similar to that for PV and stsraimost entirely
of utility-scalewv ( Eu %o E}i SeX /S Z o vo EPoC EJAv C §Z
Renewable Energy Target (RET) which mandates that at least 20% of Austealicoity
supply come from renewable resources by 2020. Gas generation has been largely drive
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by peak demand associated with the growing use of reverse cycle air-comalj as well
as growing climate change policy efforts including the introdunctiba fixed carbon price
for the electricity industry in mid-2012 (AER, 2012).

The future prospects for PV deployment in Australia are unclear at ptegen a
rapidly changing and uncertain policy context. At present, small P¥nsyseceive some
financial deployment support through the Australian Renewable Energy Tdrgete is
also the Solar Flagships program which is intended to deliver tworméjiy scale PV
projects within the next three years. However, previously significant State Govatnme
support for PV has almost all been withdrawn while there are a numbeegiilatory
initiatives which might even reduce underlying deployment. However, coeatin
significant growth in capacity is forecast by a number of inguskperts (APVA/CEEM,
2013).

Small-scale PV in Australia
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> 400 - 6.0% o
©
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H Rated capacity in MW B % of customers with PV

Figure 4.1.2-2: Estimated PV capacity (November 2013) and proportion of electricity
customers with a PV system in each State and Territory of Australia (APVA/CEEM, 2013).
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The NEM features a wholesale energy only gross regional pool electricitynspkét
with linked Frequency Control Ancillary Services for regulatiod aontingency
management. A range of derivative markets provide hedging against volatile spot prices,
and long term prices to support investment.

The Australian Energy Market Operator (AEMO) has the roles of betmtependent
System Operator and Market Operator. Its primary obligation is to ensure on-going
system security and reliability. It therefore undertakes on-going secuwitgtcained 5/30
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minute wholesale spot market dispatch, while also providing marketig@pants with
forward looking information through a range of Projected Assessments derys
Adequacy looking from one week to 2 years ahead.

Generation investment within the NEM is undertaken within a cetitpe commercial
context. AEMO does provide some guidance through an annual Eigc8tatement of
Opportunities with projections of supply/demand balance out 10 geaihead (AEMO,
2012). AEMO is also the National Transmission Planner. In this role it uregedak
annual National Transmission Network Development Plan which presemger term
scenarios of possible electricity demand and generation portfolios in ct@leyuide
transmission planning (AEMO, 2012b). Note, however, that this processdorlts
transmission investments. Such investments are taken by economically regulated
monopoly network service providers within a revenue or price cap framewoder the
oversight of the Australian Energy Regulator Generation investment, by argsap, is
meant to be undertaken by commercially focussed, private market participants
response to changing market conditions and expectations, includingibranergy and
climate policy directions set by State and Territory governments (AER, 2012).

Western Australia features its own industry and market arrangements ingudin
vertically integrated utility, Horizon Power, for remote grid operation ghahning. The
Northern Territory electricity industry has the vertically integrated Power Svater
Corporation which undertakes both DKIS and remote grid operation amehipig.

A range of other stakeholders including the Federal Government, CSIR@{ryndu
players and their associated consultants, and a number of universities hawe al
undertaken longer-term modelling of possible future Australian telgty industry
scenarios. The Federal Government has undertaken an Australian Energy Teghnolog
Assessment (AETA) of the expected future costs of a range of low-carbon gemeratio
technologies to support such modelling efforts (BREE, 2012). Governmeseilimgdhas

most recently been undertaken by the Climate Change Authority (CCA, 20s.§)part

of national emission target setting and progress reporting.

Planning arrangements have come under increasingly scrutiny in trgeams given
some electricity market developments that were not well forecast by market paatics.
Of particular importance, overall electricity demand has fallen considdgraver the past
five years in marked contrast to on-going forecasts of demand growth (ARMIG3C).
Furthermore, there has been considerable investment in networks over rgears that
has considerably increased retail electricity prices (AER, 2012). As disqusbed i
following Section, PV has been one of the drivers of these pigrohiallenges.

414, [eepp o v "lopS]iv (}E Ws % v SE S]}v

As noted above, virtually all PV capacity in Australia to date iseiffdim of small
residential systems. As such, its deployment has not fallen withm dtandard
monitoring, operational, regulatory and planning frameworks of the NEMchv are
focussed on utility scale generation within the wholesale eletyrimmarket, and the
associated transmission network. AEMO is now paying increasing attention tongrew
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penetrations within the NEM. They now assess domestic PV as comtglsignificantly

to the apparent fall in demand (measured as load met by large schédygnerators) in

the NEM over recent years. Recent initiatives include commissioning worlotential

solar PV market growth over the coming decade (AEMO, 2013c) and explosisigl@o
extensions to their existing Australian Wind Energy Forecasting System (AWEFS) to
include solar forecasting. They have also estimated the likely PV capacity igenaita

times of peak demand in particular regions of the NEM such as Jxusgtralia (AEMO,
2013b).

Future large utility scale PV systems will be required to partieipathe NEM as semi-
scheduled generation as currently seen for larger (greater than 30MWQ) #arms.
However, there is less clarity on how domestic PV systems (currenthesesging
virtually all PV capacity in Australia) might be bought more formally industry
operation.

In terms of planning, the AEMO NTNDP does consider scenarios witficarg

%0}Cu vS }( Ws ]Jv §Z o}vP E § GEuX ,}JA A E SE&]} AEZ[EZo A]
is of greatest importance to network investment decision making stilldted only very
modest PV deployment in the short to medium term.

Of greatest relevance to PV has been recent work by AEMO estimating gtectst
100% renewable generation portfolio for Australia 2030 and 2050. PV résateery
prominently in some of these scenarios, contributing from 15% to @gugting 30% of
total electricity supply, as shown in Figure 4.1.4Fhis study included an assessment of
operational issues that suggests that 100% renewable supply of the NEM wasgtdigh
feasible, although further studies would be required to confirlmst finding, and
distribution network issues were not considered (AEMO, 2013d).
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Figure 4.1.4-1: Estimated annual generation of different renewable energy technologies for a
100% renewable sourced NEM in 2030 and 2050 under two different scenarios of future
economic growth and technology development progress (AEMO, 2013d).

Another least-cost 100% renewable energy study by Elliston and colleagdey (a0
the NEM provided broadly similar findings including a dicant (approximately 2@
contribution by energy) role for PV in the key scenarios. This study invohlgdhourly
simulations and did not consider shorter-term operational issues.

On some remote grids in Australia, existing PV penetrations are considerabtgrgrea
than seen on the main networks and have already posed some system-lerekiopal
issues as highlighted in two case studies undertaken for the power sysiérAtice
Springs and Carnarvon (APVA/CEEM, 2011; APVA/CEEM, 2012).

Operational issues have included incidents where frequency deviationghergrid
triggered significant distributed PV shutdowns. Questions of spinr@sgrve strategies
given significant PV penetrations have also emerged as shown Table 4.1.4-1 and Tabl
4.1.4-2.

Strategies have included exploring forecasting options fortP&guirements here are
likely to be relatively shorter-term given the high flexibility of smallagabdiesel gensets
although the PV also has particularly high value given high fuel costs.
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Table 4.1.4-1: Summary of Key PV System-level Experiences/Issues on the Alice Springs

Network (APVA/CEEM, 2011)

PV Penetration
Experience/lssue

Comment/Status

Significant tripping
of PV systems
during system
frequency drop
events.

Previously experienced during certain system low frequency
events. Steps have been taken by P&W to address this by
changing inverter low-frequency trip requirements (i.e.
reduced to 46Hz). This issue has been resolved for connection
of future PV systems but not yet fully resolved for existing PV
systems on the network. There has been no significant impact

on network operation.

Raises a related issue concerning the ability or otherwise of
utilities to confirm and change settings for existing inverters.

Small PV
fluctuations on
system net load
profile due to
clouds.

be monitored by P&W.

Recently observed (order of close to 1MW over period of
minutes). No material impact on network operation as yet. To

Table 4.1.4-2: Summary of key PV system-level experiences/issues on the Carnarvon stand-
alone network, and current/proposed management strategies (APVA/CEEM, 2012).

PV Penetration
Experience

Summary of the
experience

Current/Proposed Management
Strategies

PV systems impact
on network
stability due to
inverter anti
islanding
protection
detecting
significant
frequency
deviations

There has been one
recorded instance of
multiple PV systems
disconnecting due to a
system wide frequency
disturbance, resulting in
additional load for the
central generator to cover
rapidly. A lack of
standardisation amongst
inverter anti islanding
protection settings within

AS4777 is also a concern.

Current:

X Operating the network with sufficient
spinning reserve to maintain the
network if PV systems disconnect

Trial:

x Dispatchable load trial to increase
system capability to respond to such
disturbances

Proposed:

X Review of and PV inverter
protection settings

x  Community solar farms with feed in
management

PV system impacts
on network
stability due to
cloud fluctuations

There have been no
recorded system-wide
fluctuations in load due to
PV output variability.
However significant

Current:

X Operating the network with sufficient
spinning reserve to maintain
network stability with PV system
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fluctuations have been
observed on a localised
level. It is possible that with
increased PV penetration
this effect will be more
evident on the supply
network.

fluctuations
Trials:
x Cloud sensor technology
Proposed:

x Further monitoring of system loads
and PV generation

PV system impact

The variability of PV system

Current:

on planning output makes it difficult to
strategies plan for system peak loads | X Work s being undertaken on
as seen by the dispatchable forecasting the impact of PV
generation. There is also a systems on the network load levels
push for more commercial _
sized systems to connect to | 1"al
the network. . o .
X Horizon Power is trialling a feed in
management system for a 300kW
system installed Feb 2012.
Reduction in The current PV system Benefit:

generator fuel use

generation in the network is
resulting in a generator fuel
saving which is equivalent
to approximately 830
tonnes CO, per annum.

x There is potentially significant value
in such fuel savings depending on
gas/diesel prices. The value of
climate change abatement with PV
is also potentially significant. By
managing the spinning reserve
strategy effectively and increasing
the amount of PV in the system
these benefits can be maximised.

Offsetting of peak
summer loads with
PV generation

PV generation generally
corresponds well with the
peak system loads implying
possible deferral of network
upgrades, and benefits can
be further maximised by
adjusting customer loads.

Benefit:

X Analysis is currently being
undertaken to estimate the amount
that the PV systems can contribute
to peak demand reduction in order
to fully realise this benefit in terms of
system planning
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In conclusion, PV deployment in Australia to date is relatively modetteasystem-
level within the NEM and other interconnected systems. Nevertheless, uptakbewgs
rapid in recent years and PV now represents around 5% of total geoeicdpacity while
PV generation is approaching 2% of overall electricity demand. Imeginen of the NEM,
Ws[e v EPC }VSE] HS]}v ]J* %% E} Z]JvP 09 N 05Stake %o E ¢ V¢
generation during some daylight periods. Australia also has a numberraf-atane grids
with considerably higher PV penetrations.

Planning processes to date are still coming to terms with the paatiahlaracteristics of
PV deployment and generatiohnotably in the Australian context, its highly distributed
deployment as predominantly small (<5kW) systems over more than a million
Z}ue Z}o +X Ws ]« }voC Vv}A JvP (}EU 00GEIS|FIE ]S L VER|
operational and planning processes. Utility scale PV should be reasonabiyamelged
by existing semi-scheduled arrangements that have been put in place tibatacWwind
energy integration. However, the challenge for appropriately integrating sma#-scal
systems into electricity industry processes remains considerable. Work expmssible
low-carbon electricty industry futures for Australia have highlightesl potentially major
role that PV might play, highlighting the importance of further dep&lg industry
operational and planning frameworks to better facilitate effective and efficie
integration.

4.1.5.R&D for Transmission Level Challenges

A growing range of R&D activities is underway in Australia to better uradetsand

plan for possible future high PV penetrations. Key contributors @re Australian
Commonwealth Science and Industry Research Organisation/ ZKs AZ] Z Z « v Z v E
dE ve(}EU [ (0 PeZ]%U Vv vpu E}pe HP*SE 0] v pWAEEE]S] -«
research activities.

Solar forecasting A number of forecasting projects are underway through Universities
and the Australian CSIRO with funding support from the Austr&ti@newable Energy
Agency (ARENA). The intent is to deliver a solar forecasting system for ABMO th
provides useful PV forecasts from time-periods ranging from five msnttegwo years
ahead. Techniques under investigation include statistical methodsd aleator analysis
and the use of Numerical Weather Prediction models (ARENA, 2014a).

NEM operation: Work is underway to better understand how well current NEM
arrangements might manage high PV and other variable renewable generation
penetrations. Projects include a CSIRO Cluster project involving four Australia
Universities that seeks to better understand the technical, economic, markepahcy
implications of a future low-carbon Australian grid (Futuregrid, 2014)jeBts include
modelling tools development for assessing NEM security under high RE penetratidns,
another on robust policy frameworks for the future grid that iglexing how well
current short-term ancillary service mechanisms are likely to fare as penetsatio
increase (Riesz et al, 2013a).
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NEM planning The CSIRO Future Grid cluster project is also investigating longer-term
challenges and opportunities with PV and other variable renewabiekiding grid
planning and co-optimisation of electricity and gas networks, ledUoyversity of
Newcastle, the economics of alternative network development path$ estimates of
total cost and price impacts and policy measures and regulatory chandesilitate a
smooth transition to a decarbonised future grid. Other relevant workuihes a joint
University project funded by ARENA looking at least-cost cabon abatefoerthe
Australian electricity industry (ARENA, 2014b).
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4.2.China

featured by hydro/PV hybrid system with HP PV, Yushu project in ginghai,
China

4.2.1.Power System

In China, there are 45,000 small hydropower plants that supply a rural papulat
millions. In the dry season (from October to March), these hydropowemtplsiow or
stop production because of low water levels in the rivers. However, there iallysu
abundant solar irradiance in the same area, so a hydro/photovoltaic (Ajdhpower
system would guarantee a reliable power supply throughout the year. dfigsir hybrid
power systems are mainly used in remote areas and islands, such as Qimgiracd>and
theTibet autonomous region in China.

In Qinghai Province, China, there is an isolated power grid in Yushu Claaatyd far
from the Qinghai power grid. The power supply relies on local smatbpgder plants,
and the power supply capacity is weak. Most power plants run indepathd the power
grid structure has not yet been formed. In 2010, the grid was poweredwmy
hydropower plants with total capacity of 12.8 MW, but the available @ow the dry
season was reducedby 50%.

4.2.2.Penetration PV and Other generation

The hydro/PV hybrid power system in Yushu consists of hydropoaetsp PV systems,
and energy storage systems. The hydropower capacity is 12.8 MW, composed of t
hydropower plants. The capacity of the PV power system is 2MW, andthkebattery
capacity is 15.2 MWh. The PV station connects to a 35 kV transmiisgohlydropower
plants meet the load requirement during the daytinend the2 MW PV systems mainly
used to meet the peak load electricity demand in the evening.

4.2.3.Case Study

In 2011, a 2 MWV power station was established in Yushu, located far from the main
power grid and supplied by 12MW of hydropower plants. The station connects to a 35
kV transmission line.

For the planning of the hydro/PV hybrid power system, we have consldére
following aspects.
(1) Research the local power grid architecture

The Yushu power grid is standalone and located far from the Qingiveerpgrid.
Currently, the power supply of this prefecture relies on local smalldpairver stations,
and the power supply capacity is weak. Among the 13 small hydropoatorst, most
of them have been operated for many years and their equipmentis warh The
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voltage levels of the Yushu power grid are 35 kV, 10 kV and 0.4 ls¥ pbleer stations
run independently; the power grid structure has not yet beemfed.

(2) Evaluate the solar resource

In Yushu, the solar resource is very abundant; annual sunshine &sndon
approximately 2,467.72,789.1 hours. The total annual solar radiation in Jiegu 6632
GJ/nt, and the average daily solar radiation ist17.3 MJ/nf. That means horizontal PV
modules can fully generate electricity 1,782750 hours of the year, with an average
daily generation of 4.7#.8 hours. Jiegu belongs to a solar resource rich area, which
means solar energy is abundant and the area is suitable for the conetruf a large
PV power station.

(3) Analyze the geography of the target area

The PV power system location is in Yushu breeding stock farm. Thesféroated in
Batang Beach, which has an altitude of 3,860 meters and is 28 km from idiegu
southeast Yushu. The farm is located west of Xionggin River. Thenssée terrain is
flat and high-lying southwest, low-lying northeast; its elevation isvieen 3,983 m and
3,989 m. The PV power station occupies 70,370 m

(4) Research the local load situation

The Yushu power grid is divided into four areas, of which the YG$temgduo power
grid supply ability is strongest and load is heaviest. According tattiestical data in
2007, summer peak load reached 16,500 kW, and winter peak load react@ad18)Y.
The power supply ability is 13,000 kW in summer, and 10,200 kW in wahtertage of
electricity is a very serious issue.

The hydro/PV hybrid power system structure is shown in Figure 4.2.3PV$tation
is composed of 20 branches of 100 k¥Assystems. The total capacity of the PV module
is 2 MWp. In each branch, there is a 760 kWh battery bank integratec DC bus, and
the total capacity of the battery is 15.2 MWh. The PV station consigte@e PV units,
including a power controllable unit, two dual-mode PVitsinand a self-synchronod®V
unit.

In normal operation, hydropower plants support the power grid, and BV power
system outputs active power and reactive power in accordance with theinemgent of
the scheduling institute. When the grid is down, the two doedde PV units support
the grid aloneFigure 4.2.3-2 shows aphoto of the 2 MW PV station.
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Figure 4.2.3-2 : Photo of 2 MW PV station with battery in Yushu County

The initial investment cost of the Qinghai hydro/PV hybrid power systeabout RMB
100 million. The annual generating capacity of this power systeneasly 3 million
kWh; its lifetime generating capacity is nearly 70 million kwh. Compartédnaditional
power plants, the hydro/PV hybrid power system can save about 248stdnd tons
standard coal, which saves 64 thousand tons of, G88 tons of S§ and 172 tons of
nitrogen oxide emissions; the beneficial effect of reducing carbossoms is obvious.

4.2.4.1ssues and Solution for PV penetration

The PV penetration of the hydro/PV hybrid power system in Yushuwist d7%. The
control strategy of the hybrid power system as follows: In daytime, the dpalwver
plants support the power grid operation;the electricity generated bg RV power
station will be stored in the battery. In the peak load time ir thvening, both the
hydropower plants and the PV power station supply power to the gsdnstructed.
When power is insufficient, the load is reduced. Thus, throegkrgy storage, the
impact of PV fluctuationis decreased.
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4.2.5.R&D

Some of the innovationsf the hydro/PV hybrid power station are as follows:

1) With a new PV/battery system structure based on an AC/DC hybrid bus, wedd$d\a
shock and the power grig].

2) Using the strategy of active power/frequency droop control and reacti
power/voltage droop control, simulated synchronous generator outpurabteristics,
we achieved parallel operation of multiple inverters and parallel operatfanwerters
with other generators.

3) Indirect current control technology replaced the traditional switchingda®f current
loop control/voltage loop control, and we realized a smooth trdasitbetween grid-
connected and standalone operation, with a transition time less tham20

4)Through monitoring the remaining capacity of the storage battery with dynin@ar
programming technology, we considered the efficiency of the inverterthadattery
charge state, and achieved optimal power for 20 generation branches.

BXTXOX Z ( E v
[1] Wang Yibo, Xu Honghua. Research and practice of designindgtyati/oltaic hybrid
power system in microgrid. IEEE PVSC39.

[2] Wu Chunsheng, Liao Hua, et al. Voltage and frequency control of invexbersected
in parallel forming a micro-grid. International Conference on Power System
Technology: Technological Innovations Making Power Grid Smarter, 2010.

[3] Yang Zilong, Wu Chunsheng, et al. Research on hydro/photovoltaic hybrid tijenera
system. International Conference on Power System Technology: Technological
Innovations Making Power GridSmarter, 2010.

79



4.3. Germany

Since 2000 the amount of yearly new installed PV capacity increased almostpkptiy
and reached its historical maximum of around 7.5 GWp per year in 2010, 2d12048.
By the end of 2012 there were 32.4 GWop installed PV power in Germanlyatatirhe
almost one third of the total capacity installed worldwide.

Nationwide distributed, one finds highest density of PV capacityonty in the southern
and northwestern part of the country, but also in many areas in eastnanth. Seeing PV
plants on rooftops as well as larger installations on fields have becomenaahpart of

the landscape everywhere.
d Iongi;bde J

Figure 4.3.0-1: Distribution of installed PV capacity over Germany in the beginning of year 2013
and historical development of the total capacity since the year 2000.
Source: Fraunhofer IWES, 2013, data from EEG-KWK 2013.
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Renewable energy feed-in tariffs above the conventional electricity price level,
guaranteed for 20 years starting at the day of installation by the Renewable yEnerg
Sources AcErneuerbare-Energien-Gesetz (EEBrouraged investments not only from
ecologically interested private households but more and more from amaoaal point
of view. Periodic decrease in the height of feed-in tariffs for nevallations manifests in
peaks of augmentation before the due date as can be seen in theoplostalled capacity
over time. The higher the announced reduction is, the higher the pressufmish the
installation before.
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Blectricity productionand load

Conventional Solar 8 wind B8 Wwater B Biomass Load
powerplants

Figure 4.3.0- 2: Electricity load (red) and production between April, 14" and 20™ 2013 in
Germany. PV (yellow) and wind (dark blue) on top of energy from running water (light blue) and
biomass (green) contribute to over 50% of the peak load on April 18".Source: Agora 2013.
(Legends are translated into English)

Even before the summertime with far higher irradiation, the high availabfgacity of PV
and wind power plants made it possible to reach a breakthroughpril 18" 2013: For
the first time the peak power from PV and wind energy exceeded thatlymed by
conventional power plants, see Figure 4.2.0-

4.3.1.Power System

(1)Power Industry and Market

With around 550 TWh electrical power consumption per year and a totatrgéon
capacity of around 125 GW, the German electricity market is the laigeEurope.
Control energy is provided by four transmission system operators (TSOSs) to secure the
grid operation and its very high reliability. Very high voltage grid syst@lternating
current) of 380 kV, 220kV and 110 kV deliver the electricitychvhs then further
distributed through lower level grids. Although the distribution gnds originally built
to bring the electricity from the higher grid levels to the consumerss inowadays
connected to over 70% of the installed PV capacity which stressesfdrarer stations
and grid connections.

81



(2)Demand and Supply Mix

Renewable contribution to electricity demand in TWh
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Figure 4.3.1-1 : Development of German electricity supply from 1991 to 2012.
Source of data: BMU 2012, image: wikipedia.de

Around half of Germanys electricity supply is still based on ligmtehard coal while
especially nuclear power continuously decreases and is decided te poasompletely
in the year 2022. Compared to the year 1990, where renewable energy sources shared
already 3.1% of the German electricity supply mix, the developmertoti wind
energy and PV capacity allowed to increase that portion to 16.8%9916 and recently
to a total share of 22.9% in 2012. This portion of circa 136 ToAkists to equally parts
of 1/3 biomass, wind energy and PV & hydropower.

Electricity Production from renewable Energy in
Germany - 2012 (GWh)
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Figure 4.3.1-2: German renewable electricity production in year 2012 [GWHh],
Source: BMU 2013.
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4.3.2.Penetration by PV and Other Generation

Together with over 30 GWp of installed wind power capacity Germany iis ovay to
continuously change to a higher share of electricity generated by renewahich is to
reach at least 35% by the year 2020 and 80% by 2050. While the FederahiGentr
aims in the current EEG for a total of 52 GWp photovoltaic instalstieeveral studies
discuss the available renewable energy potential and possible scenarios of
augmentation to reach the political and scientific goals for the ogndiecades.

4.3.3.Case Study

Due to the rapid development of renewable energies in Germany there has bglen hi
interest in studies modeling future energy supply systems. Numerous stuaeskieen
conducted to predict future requirements and identify necessary &atagms to
increasing shares of fluctuating feed-in from renewable energies. Amongsindse

Ju% @E Z ve]A }v « @&erm Eceraripy fnd strategies for the deployment of
EVA o v EP]e]Jv' E®uvC ]Jv Al A} uE}I% v WUPO} o
2012). Following, the major assumptions and findings of this stuidi{pe presented.

The long-term scenarios picture the development towards an energy system
predominantly based on renewable energies. Until the year 2050 85% dfi@tgc

supply will be provided from renewable resources. The scenario is @rmplith the

"Euv & @& o P}A Evu vde Zv EPC }v %3] ~ v EP] I}vi
subsequent energy laws of summer 2011. Both these political decisionsublieghy

U sHU nv E §Z 3§ Eu Z v aBiRg dtransfbimation of the energy

system towards renewable sources accompanied by a substantial increase iry energ
efficiency.

By the year 2050 the greenhouse gas emissions in Germany have to lseddnu80%
to 95% from the 1990 level. Furthermore, the Energy Concept includes a tar@@56b
reduction in electricity consumption by 2050 (from 2008 final energysamption)
while a phase-out of nuclear power plants by the end of 2022 deasded in the wake
of the nuclear disaster of Fukushima in 2011.

Table 4.3.3-1 shows the installed generating capacity of renewable eseagcording
to the scenario A of the long-term scenarios. This scenario is considleeethiddle
variant of the three main scenarios of this study. Here, the share l&fage of fully
electric and plugn-hybrid vehicles reaches 50% in 2050. Furthermore, hydrogen is
applied as a chemical storage for electricity.

While the total installed capacity of renewable energies was around 55 G210
this value is expected to increase t481GW in 2030 and reaches 179 GW in 2050.

The installed capacity of hydroelectric will only slightly increase also geothermal
power plant will only have a small share of installed generation cgpatite use of
biomass for energy applications is considered to be restricted dwsnapetition with
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food and the environmental effects of the cultivation of fuel panTherefore, most
development is predicted for the technologies photovoltaics and \pioder.

Table 4.3.3-1: Installed generating capacity from renewable sources in Scenario 2011 A
(capacities at end of each year). Source: BMU, 2012

in GW *) 2000 | 2005 | 2010 | 2015 | 2020 | 2025 | 2030 | 2040 | 2050
Hydroelectric 4.24 4.33 4.40 4.51 4.70 4.80 492 5.09 5.20
Wind power 6.1 18.4 27.2 36.9 49.0 58.1 67.2 | 775 82.8
- on-shore " 61| 184 | 271 | 339| 390 | 414 | 437 | 480 | 508 |
- off-shore - - | 009 2.94 10.0 16.7 235 295 320
Photovoltaic **) 0.076 1.98 17.3 38.5 53.5 57.3 61.0 63.3 67.2
Biomass 1.17 3.12 6.34 8.08 8.96 9.48 | 10.00 | 10.38 | 10.38
- Biogas, sewage gas, elc. 0.39 0.70 2.96 363 3.72 3.90 416 445 445
- solid biomass 0.19 1.21 2.03 2.83 3.54 3.88 4.14 423 423
- biogenic waste 0.59 121 | 135 1.62 1.70 1.70 1.70 1.70 1.70
Geothermal . - | 001 0.08 0.30 0.65 1.00 1.94 2.95
EU power grid - - L. - 0.35 1.98 3.60 8.15 | 1045
- solar-thermal plants - - | - - - . 120 | 515| 655
- wind & other renew. - - | - - 0.35 1.98 240 3.00 3.90
Total renew.power 1157 | 2785 | 5527 88.1 | 116.8 | 1323 | 1478 | 166.3 | 179.0

*) Data until 2010 from [AGEE-Stat 2011], as of July 2011

**) for 2015 and 2020 cf. footnote 1

The resulting development of gross electricity production over timeasvahin Figure
4.3.34. With a certain share of renewable electricity import from renewable sources
abroad an overall share of electricity from renewable resources of 85% is achigved b
2050. The remaining fossil fueled power plants are highly efficemtbined heat and
power plants (CHP) and few flexible gas turbines.
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Figure 4.3.3 1: Structure of gross electricity generation in Scenario 2011 A.

Source: BMU, 2012
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Load balancing measures in electricity supply

The share of electricity production from the fluctuating renewahbtergies wind and
PV was only 8% in 2010 but is expected to increase to 44% by 203dalyd55% by
2050.

By 2020, with an installed capacity of renewables at 117 GW, generating pawer fr
renewables will exceed electricity demand resulting in increasing nedzhfancing and
storage options. Furthermore, a large potential for load balancing byspairing
electricity through a reinforced European transmission network wastitied. While
this balancing option is considered to be the economically moasiliée one, its
realization might only be possible to a limited extent due to lpeos of public
acceptance.

To take into account interaction between sectors and resulting fliyitoptions, the
study does not exclusively look at the electricity sector. Under the assumption of an
increased use of electric power in the sectors heating/cooling andsprariation via
efficiency technologies such as electric heat pumps and e-mobilitg thes consumers
can be integrated into the power system while providing additionekifflility. In
Addition, electricity production from biomass and CHP plants haueetfiexibilized to
avoid power feed-in from those sources at times when feed-in from vaind solar is
high. Furthermore, excess energy which cannot be stored or trangpooteonsumers
via a reinforced transmission network is in this 2030 scenario predmotiinused to
charge pumped hydro storages.

100 Y T T T T T T T T T .
B Siectric heater
90} B Sectrolyss
Surpluses
& BN Nuclear power
80 I Son coal ’
70r CHP
B Nat. gasibiomass min-CHP
60 Bl B.ogas
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; Nal gas turbne
(D 401 — Res.aual loaa
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+ 30 .
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2
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(& L
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Figure 4.3.3- 2: Typical course of the residual load and generation scheduling
over two weeks in 2030. Source: BMU, 2012
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Output [GW)]

Figure 4.3.3-2 shows the course of the residual load and resulting gererati
scheduling in a 2030 scenario over a period of two weeks. Due taledied-in from
RES the residual load curve during this period is relatively noisy avremaining
electricity demand ranging between <5 GW andl0>XcW. However, the residual load
shows an overall range betweed9-GW and +53 GW in 2030 as shown in the load
duration curve in Figure 4.3.3-3 (left). In 2030 a strong power grid imgustrong
interconnection with neighboring countries, demand-side-management, flexibl
biomass and the foreseeable capacity of pumped hydro storage is suffioiaregrate
almost all renewable generation. During the very few hours when surplus power
exceeds these flexibility options the energy is used in electric heatershwdie
characterized by low specific investment costs. However, in 2050 excess power is
expected during more than 4,000 hours, as shown in Figure 4.3.3-3 (fighit)tegrate
this high amount of electric energy chemical storages are applieth@ialectrolysis of
water. The hydrogen that is being generated in this way can be stored gi@cHfter
conversion to methane by chemical reaction with,Cthe hydrogen and the methane
can furthermore link between sectors and provide high temperaturet leaprovide
fuel for long distance mobility.

100 - - - - 100 -
W Furmped-siorage pumg [ T
O0F W Siectoc rwater + 90t [ e
B Sectrotyys W ecohue
80 Surphses 41 B0 Surshaes
BN Nuciear power BN Nuciear power
704 N 500 coal < 70+ -E_:c‘_ coa
onp v
60 =vu: gasbomass me-CHP Ll B0t =;‘:":“‘ Bomass MO ||
SOL | e 1 50 -Tavn cos
Nat_ gas combined-cycle :‘.--3: :::gm":
0 s | a0 ety
30F + 30t
20F + 20
10 + 10§
0 C—
10} 4 =10t
-20 4 -20
304 1 .30}
4 n L N L -40 . i i M
00 2000 4000 6000 8000 0 2000 4000 6000 8000
Full-load hours [h] Full-load hours [h]

Figure 4.3.3- 3: Load duration curve resulting from scenario A by 2030 (left) and 2050 (right).
Source: BMU, 2012
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4.3.4.1ssues and Solution for PV Penetration

(1) 50.2 Hertz issue

Considering the ideal frequency of 50 Hz in the European pgwey in 2005 there
was the demand to regulate the behaviour of PV-plants in the situatibdarge
frequency deviations. As a result, all later installations would autaralyi switch off
when a frequency of 50.2 Hz would be reached, helping to stalihe frequency. Since
the increase of installed capacity in the following years accelerated muck than
could be expected one had to face the 56i2issue, namely significant capacities
switching off in a second, much higher and faster than the availableveesmergy. The
solution was to start the use of inverters continuously decreasingtwer by 40%/Hz
when 50.2Hz-situations occur. Older PV systems, around 300.000 installaborne
10 kWp, were still requiring a retrofit with every single installation thieaving its
individual, randomly chosen frequency slightly above 50.2Hz. (see also2@®3\WDE
2011)

(2) Storing the surplus of energy and avoid curtailment

Energy storage is seen to be a solution for several challenging aspectsigh a h
penetration of photovoltaics and other fluctuating renewable energy sesir Since the
different applications of energy storage differ hugely, so do the reguents
concerning the dimension of total capacity and temporal availability.

A joint initiative to support research and development in the fiefdenergy storage
technologies is established by the Federal Ministries of Economics and Tagphnof
Education and Research and for the Environment, Nature Conservation atealNuc
Safety. A budget of EUR 200 million is available to research projeatsrnory the
storage of electricity, heat and other forms of energy within tHe Bnergy Research
Programme of the Federal Government. (see also BMWi 2011)

To reduce the need of conventional power plants, even in timewsinbr availability of
solar irradiation and wind, our future energy system will have to makeaise high
proportion of the potential photovoltaic and wind energy expansion. Asresequence
already for 2020 a significant surplus of renewable energy is widely forecasthd-o
period 2025-2030 it is estimated to at least 3.5-8TWh and will inerea®ver 40TWh
between 2040 and 2050.

To smooth out short-term fluctuations stressing the local elecyriagrid, the
combination of battery storage with decentralized renewable energy systefosused

}v v 8Z (J] o }( " 85 E] * Jv ]*SEEuS]YE®@E&] v PIQ *F( &

initiative beacon projects.

The potentials of using pumped-storage hydroelectricity (PSHepplants as well as
compressed air energy storage are analysed and corresponding methods improved.
With today 40GWh capacity and 7GW power the surface-bound potent@ermany is
almost exhausted. Due to that geographical dependence of PSH newtgrapolve
the use of underground reservoirs like numerous coal mines or opepdast
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In the range of days or even weeks the storage of energy needs to ocaeh higher
amounts in order to compensate nationwide loeeftin of solar and wind energy. Since
there exists a huge system for transmission, distribution and storagetofal gas in

"E®u vC ~ % ]SC ellidtzeU (LESZ EtodPCe W% P V] €E S%a}A
hydrogen and methane from the surplus of renewable energy and feedimgtththe
available gas system may allow the storage of energy up to seasonal balancing almos
without significant expansions.

(3) Capability of curtailment

The shut off during periods of potential instabilities in #lectricity grid is seen to be
V *C v ~ ((]]1vs_. 08 Ev 8]A 8} *3}E PPX VEZA %0 do]5C }
required for PV installations with a nominal capacity of 100kWaoger, but that
changed with the amendment of the renewable energy act EEG in mid 2012alNow
new PV systems need to be able to shut off, independent of thraimal peak power.
The amendment specified that, for existing systems, generators would gihthke cost
of enabling curtail ability, with the other half recovered froatepayers. Generators are
compensated for any energy that is curtailed, but they are paid at 95%eofetid-in
tariff rate in order to create an incentive for generators to be sitedess congested
areas. (see also PVGRID 2013)

4.3.5.R&D (for Transmission level Challenges)

On the level of the high voltage electricity transmission system the typiedleages of
high PV penetrations and also other renewables, like high capacitigmadfin northern
Germany, include a commonly higher load to transmit the energy to émtecs of high
demand in western and southern Germany. The expansion of transmission grid is
assumed to solve that. Moreover, the often locally very high density of reneveat@rgy
source capacities leads to a highly concentrated stress on a small sobleyothering
one or several grid nodes and network connections. To handleighae and to improve
trading aspects of renewable energy the transmission system operators neéer bet
forecasts. Another aspect is the amount of reserve energy needed to dmlant
mismatching demand and feed-in of energy.

(1) Expansion of transmission grid

AMv 11i18Z ' ®u v 'E] PVC~puv ovsi3l PVvSpEBEBE E] (o
C EoC Z'E] A 0}%u v3 Wo v[ }( 8Z SE veule*]pwSHE] }%o
all necessary expansions to ensure todays reliability in operation foré¢kedecades. It
is based on the expected development of the electricity productigracties as well as
the consumption, always accounting for the medium to long-temargy policy goals of
the German Federal Government. In the scenario based on the 2012hdaxpected
construction necessary to manage future penetrations of renewable energsce®u
sums up to 3,800km of high voltage grid connections, also containing sewthl n
south connections via low-loss, highest voltage DC. (see also BNetzA 2013)
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(2)EWeLINE Project

The German energy system is going through a fundamental change. Based on the
energy plans of the German federal government, the share of power produfrioon
renewables should increase to 35 percent by 2020. Increasing the average power
production from renewables to 35 percent means that in the neaureit renewable

v EP] » Aloo % E}A] ' Eu vC[e VS]E %}A ECHE} @ 3BV
2050, 80 percent of the total power supply in Germany should be gedviby
renewables. Power production from renewables is dominated by weatheesuiggnt
components such as wind energy and photovoltaics (PV). Operatingver gupply
system with a large share of weather-dependent power sources in a secaye w
requires global as well as regional weather forecasts. The most promising strategy to
improve the existing wind power and PV forecasts, is to optimize tha@enlying
weather forecasts and to enhance the collaboration between the metegso and
energy sector. Here the development and establishment of new forecast products in
decision making processes, as well as the integration of information prowigdte
energy sector into the weather forecast models, are of particular importance.

Fraunhofer IWES and Deutscher Wetterdienst address these challenges thi¢hin
research project EWeLINE. The overarching goal of the project isptoventhe wind
and PV power forecasts by combining improved power forecast modelstirdized
weather forecasts. During the project, the weather forecasts by Deatsdletterdienst
will be generally optimized towards improved wind power and Bxédasts. For
instance, it will be investigated whether the assimilation of new typeslata, e.g.
power production data, can lead to improved weather forecasts. With regarthe
probabilistic forecasts, the focus is on the generation of ensembles earsemble
calibration. One important aspect of the project is to integrate thbabilistic
information into decision making processes by developing user-spegifatlicts. The
product development will take place in a close collaboration wite end users. To
define the requirements for existing and future power forecasts, tman3mission
System Operators Amprion GmbH, TenneT TSO GmbH and 50 Hertz Transmission GmbH
are taking part in the project. (see also Eweline 2013)

(3) Dynamic method for setting electricity system operating reserve

In cooperation with the transmission system operator TenneT TSO GmbHitistsi
from the Fraunhofer IWES intend to develop a new method to set the operatiserve
on a daily basis. The advantage of this new method is the possibilitgltmleforecasts,
e.g. for the power input for wind energy and photovoltaics. Witls trsetting the
operating reserve becomes more reliable and efficient, particularly for thassriity
systems with a great amount of renewable energies. The research pmjestfrom
March 2013 to February 2015 and is supported by the Federal Ministrythe
Environment, Nature Conservation and Nuclear Safety.

The transmission system operators (TSO) are responsible for a secure and reliable
network operation. This includes maintaining frequency stabilityictvhis done by
minimizing the imbalances between production and consumption whth help of the
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operating reserve. The operating reserve is divided into primary reserve, secondary
reserve and tertiary reserve and these differ, inter alia, in their activatiore t(30
seconds, 5 minutes and 15 minutes). The essential question is how to sepé¢nating
reserve.

The amount of primary reserve for Europe is set by the ENTSO#e secondary
reserve and tertiary reserve in Germany is set on a quarterly basis GySeand which
is modified by the Graf-Haubrich-method. The idea behind the Grabititdnaimethod is
that any different forecast errors leading to an operating reserve arabioed to a
total reserve distribution. This distribution is used to set the opatareserve. A
disadvantage of this method is that the fluctuating poweed-in of wind and solar
power leading to different amounts of operating reserve is not abersid.

Setting the operating reserve on a daily basis, taking the available forecastsef
next day into consideration, could lead to a substantially lower opegataserve. The

}eSe }( e }Jv EC v 8§ ES] EC E « EA + A E E}pwClWoo ujo
so there is a huge potential for savings. In addition, critical &itna such as in early
2012, when low temperatures led to an increased operating reserve, cawvdided by
recognizing them at an early stage and provide operating reserve aapbpeopriate
time, thus improving grid stability.

Therefore the project consortium, consisting of Fraunhofer IWES andeTem&O
GmbH, intends to develop a method for setting secondary and tertiary reserves
daily basis. In order to determine the share of the secondary and tergmgrves in the
total reserve, an automated decision for calling up the tertiary resas developed.
Furthermore, the forecast errors of different categories of balancing groups are
analyzed. These have a crucial influence on the balancing energhasdhtirectly on
the operating reserve. (see also DNB 2013)

23 (European Network of Transmission System Operators for Electricity)
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AGIOS EFSTRATIOS ISLAND MICROGRID AUTONOMOUS POWER SYSTEM ELECHRED BY
SOLAR PHOTOVOLTAIC AND WIND POWER

 QWURGXFWLRQ

The study deals with the design. operational control, simulaéiod sensitivity analysis of
an autonomous microgrid with central main components consisting of Wimnbines,
Photovoltaic systems, bi-directional inverters, storage of electricity tmvolthe load
demand of the non-interconnected island of Agios Efstratios, in #gean sea, Greece.

dz]s A}EIl ]+ Jv]8] & C 8Z %E&}] BSE E|vU-AD] Z-]-
demonstration project funded by the Greek state, where mature technologmes i
Renewable Energy Sources (RES), storage and control will be implemented aicuuaegrt
a very high percentage of the annual energy consumption in the island, o[ytih@%.

The innovation of the project is mainly in the integration amgerational control of
variable renewable energy generators and storage, the appropriate managemehé of
resources and of certain non-critical loads aiming at 100% RES contrilamibnot less
than 85% of the annual electricity demand. The proposed systéinsubstitute local
production of the existing thermal power plant where expensive andupod diesel fuel is
being used.

To achieve this objective, the power system should be able to operancously with
full coverage by RES, the new power system, when and if needed, shtavd thé
synchronization of the existing conventional diesel gensetsefdland to the grid formed
by inverters in order to cover the deficit of electrical energy.

The new power system will use the existing grid infrastructure incorpaya®ES and
storage units and all the necessary monitoring, control and commuarcatfrastructure
in order to maintain power availability, quality, reliability and safegspecting the
technical requirements of the Public Power Corporation and the Hiell®istribution
Network Administrator which are the owners and operators of the existingtretepower
system on the island. This study is an updated version of a formelate&udy that was
elaborated by NTUA National Technical University of Athens), CRES, PIRCP@wdr
Corporation) and PPC Renewables, and the Aegean University, submitted teribealG
Secretariat of Research and Technology (GSRT) in[2D0%vering all planned actions
within the project. An international tender for offers was labed in November 2013.
The evaluation of the offers will be performed in January 2014 and tbiegi realization
will start in the first half of 2014.

The new study is focusing only on the electrification islandgyosystem, mainly due to
the large cost reduction of the photovoltaic systems (thremets lower than in the
previous study) and more accurate solar radiation data. The modeling andasons in
the new study, deal only with the electrification system and they waeeformed using
the HOMERZ] software.
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The innovation of the project is mainly in the integration amgkrational control of
variable renewable energy generators and storage, the appropriate managemehé of
resources and of certain non-critical loads aiming at 100% RES contrilamibnot less
than 85% of the annual electricity demand. The proposed systemsulistitute local
production of the existing thermal power plant where expensive andipoli diesel fuel is
being used.

To achieve this objective, the power system should be able to operatincously with
full coverage by RES, the new power system, when and if needed, shouwid thédo
synchronization of the existing conventional diesel gensetieidland to the grid formed
by inverters in order to cover the deficit of electrical energy.

dZ % E}i § "E& NMNNIEWS]e_ ] < 8Z zZz~S8Z o SE](] Sl}v -
§Z ]JvSE} u S]}v }( "PE v S Ecwvebleld, hedifihg and-caoling in public
buildings using renewable energy technologies and energy saving measuresdings
with the main objective of reducing dependence on fossil fuels astiablishing
environmentally friendly technologies. All these measures, in the long term, areterpec
to reduce the peak demand and the total electric energy consumedr all the
interventions are in place and operating. Currently, an internatioadll for offers was
launched in November 2013 for the electrification system ofiiti@nd and the realization
of the project will start in 2014.

In this study the existing power system and load profile and historia ded presented,
then the potential of solar and wind energy resources and the selesited on the island
are presented. Afterwards the RES Electrification power system operatiaoaghpand
modes of operations are suggested. Finally, modelling, simulation and sensitialfysian
regarding the capacity of the various components, i.e. PV system, wibohés, battery
storage and energy demand, follows using HOMER software. The simulatenfoisned
with 1 hour time step for one year, considering suggested components &mptbper
operation of the island microgrid and subsequently technical and econ@sies are
discussed.

4.4.1.Power System
(1) ' HVFULSWLRQ RI WKH H[LVWLQJ SRZHU V\VWHP

Agios Efstratios is a small island located between Lesvos and Limnosnidtiie of
the Aegean Sea. The island is currently powered by a conventionalr station with 5
light diesel fuel gensets, two units of 90 kW nominal power, \&itfechnical minimum
power of 45 kW, and three units of 220 kW nominal power, witrhtecal minimum
power of 110 kW. The power station is managed by the Public PGagroration which
the main electricity utility in Greece. There is an aerial Medium Vol(&bé grid (at 15
kV) for power distribution from the power station of thsland which is located 200
meters south of the island village. The total length of the MV GesBN5 mm?), used
for the MV network is about 9 km, including all branches. Tktalled capacity of the 8
MV/LV (at 380 V) transformers is 825 kVA, the larger distribution transfopoeer
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being 250 kVA and the smaller 25 kVA. The MV network is nohdeou In Figure 4.4.1-
1, a rough diagram of the Medium Voltage network is presented.
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Figure4.4. 1-1: Rough diagram of Medium Voltage network of Agios Efstratios.

The permanent population of the island is 210 Inhabitants (Déeen2004 local
census). The population of the island at least doubles for 1-2tmsprduring the
summer months of July and August. Table 4.4.1-1 presents the higi@acfor peak
hourly annual load and the annual energy consumption. The gstqrto the year 2009
rate of peak power demand was increasing by about 4% and the histmacity factor
was 35-40%.

The peak power demand occurs on August. In the past 2 years the pealaidad
annual consumption is not developing as estimated before the econamsts in
Greece, therefore for 2011 and 2012 both the annual consumptiahthe peak load
have decreased below the 2010 values. The variable cost for electricity piaudot
Agios Efstratios in 2010 was 225 Euro/k{®ha year of lower international prices for
diesel fuel compared to 2008 and 2012-3.

The fixed cost for electricity is expected to be reduced dudéoautomated operation
and the dismantling of 2 diesel thermal units of the local poweristatvhich will give
place to the hydrogen powered generators.

94



4.4.2.The Case Study

TZ % E}i § AN E- | 48dEvS]e U AZ] Zdémonstation @ojett funded

by the Greek state, where mature technologies in Renewable Energy Sources (RES),
storage and control will be implemented aiming to cover a very highepg¢age of the

annual energy consumption in the island, optimally 100%.

The innovation of the project is mainly in the integrationdaoperational control of
variable renewable energy generators and storage, the appropriate managemeng of th
resources and of certain non-critical loads aiming at 100% RES confrilantibnot less
than 85% of the annual electricity demand. The proposed systdhnsubstitute local
production of the existing thermal power plant where expensive anidlpog diesel fuel
is being used.

To achieve this objective, the power system should be able to ¢pemtinuously with
full coverage by RES, the new power system, when and if needed, shitad the
synchronization of the existing conventional diesel gensets of tldsto the grid
formed by inverters in order to cover the deficit of electrical energy.

As part of other activities of the project' E v /0 V*"SE S]e_U ¢vé&duce]vP S
dependence on fossil fuels used, it is planned to introduce heatiolgcooling systems in
the public buildings, using renewable energy technologies (solar themnaaground heat
geothermal) and energy saving measures. The introduction of such systems is dxpecte
to increase the annual electric energy demand and the peak loathlibée long term the
overall efficiency and emissions will be lower.

The new power system will use the existing grid infrastructurerpmating solar PV,
wind energy and storage units and all the necessary monitoring, cordral
communication infrastructure in order to maintain power availabilgyality, reliability
and safety respecting the technical requirements of the Public Power Cdrporand
the Hellenic Distribution Network Administrator which are theners and operators of
the existing electric power system on the island.

(1) 6LWHY DQG SRWHQWLDO IRU ZLQG WXUELQHV D

The sites for the installation of the wind turbines and photovoltaystem were
selected according to the resource potential, the proximity to the exgskiit/ network,
the minimum possible aesthetic interference with the islaratunal environment and
architecture and the possibility to lease the land at reasonabst. cThe sites that fulfill
all the above requirements are now selected and private contractai$er have been
signed between the owners and the mayor of the island. The sitepr@®ented in
Figure 4.4.2-1, in white circles for wind turbines and in whitggahes the land parcels
for the PV system. The white arrow indicates a small wind turbinek{ZD already
installed by CRES, at geographical coordinaités:ii[ i1,[T@A 1i1[ T0[-5
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Figure 4.4.2-1: Possible sites for wind turbines in white circles and land parcels for PV system
in white polygones. The white arrow indicates a small wind turbine (20 kW) already
installed by CRES.

The electrical connection of the wind turbines and the PV systéhbe carried out on
the existing MV network of the island (15kV/50Hz), through therlmgdV overhead
line. The distance of the selected sites from the MV line ranges &@m to 600m,
approximately.

The selected position for the installation of the PV system i$ tethe sites of the
installation of the wind turbines (see Figure 4.4.2-1). Each viurtine will be
connected at the 15kV grid through its own substation and switchgear. HR®ssi
connection of the wind turbines through a common substation rbayconsidered if
there is no reduction on the reliability and the performanceha installation. The same
requirements are valid for the grid-connected PV system.

2) :LQG UHVRXUFH

The wind resource was measured for almost 2 years at the site of the alreadyeihstal
small wind turbine by the Wind department of CRES, at a height ofetérsnabove the
ground. The mean annual wind speed was calculated to be 9.1 m/s for the
measurement period. All the measured and deduced wind parameters by the Wi
Department of CRES are presented in Table 4.4.2-1 and in Figure 4ke2383in wind
directions and probability of wind speeds per directions as well as thexmaad speed
variation over the monitoring time period.
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Table 4.4.2-1: Time period of wind measurements and deduced parameters for 2 years at the

site of the already installed small wind turbine by CRES at a height of 10m

(source: CRES Wind Department).

Measurements Period : from 1/10/2011 to 31/10/2012

Mean Wind Speed {at 10m height) 9.1 m/s

Mean Turbulence Intensity (at 10m/s) 11.0 %

Max. 10min Average Wind Speed 31.2 mis (6/1/2012 13:40)
Maximum Gust 43.6 m/s (67172012 17:00)
Uncertainty of Wind Speed measurement 0.2 mfs

Mean Wind Power and Total Wind Energy 941.3 Watt/m?® T777.5 KWh/m?*
Autocorrelation coefficients 0.940 (1-hour) 0.986 (10min)

Weibull Distribution constants

shape factor (k) 1.76

scale factor (C) 10.2 m/s

Total number of valid data 49576

Included number of calms {<2m/s) 22127[4.5%]
Missing data 7592 113.3% )
Best Sector in Energy contain NNE 55211 %
2nd best Sector in Energy contain NE 14.03 %
Best Sector in Time distribution NNE 305 %
2nd best Sector in Time distribution N 1M.21%

Main Directions Mean Wind Speed variation

Data distribution

35%
o 0%
E o ax15mis
o 010-15mis
= i o5-10mis
=)
3 0% o0-5mis
(=]
D‘: 5%

0% + = [rm—
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Figure 4.4.2-2: Main wind directions and probability of wind speeds per directions, mean wind

speed variation over the time period of 2 years at the site of the already installed small wind
turbine by CRES at a height of 10 m (source: CRES Wind Department).
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(3 6RODU ,UUDGLDWLRQ 5HVRXUFHYV

The main parameter for the estimation of the energy yield of a Ryitps the good
estimation of the meteorological data of the installation site.

For the estimation of the solar irradiation of the selected sitee teographical
coordinate was used as the main input in the databaseS2#?, available at the PVGIS
website of European JBCInstitute for Energy and Transport. Through this web tool the
mean monthly values of global horizontal irradiation can be derivea fgiven location.
These mean values refer to a 12-year period, from 1998 to 2010. The estimasolaiof
radiation at ground level for the CM-SAF database is based on datashtatites. The
database has been created through processing of images taken by satellites and
measurement of reflected light from Earth, performed by CM-SAF. The CM-Sa#detdat
has been tested extensively against high-quality ground measurements (pyrérsine
with the annual error claimed to be less than 5%. The spatial resolof the database
values is 1.5 arc-minutes (or about 3 by 3 km right below the satellite).

The meteorological data which were used concern the followingdinates:
Longitude: 39°30'51" North,

Latitude: 25°0'39" East,

Elevation: 204 m

The results from the processing by PVGIS are presented in Tabl& aAddin Figure
6. Hm is the average sum of global irradiation per square meter received by theaesodul
of the given PV system (kWhfjn

24 (The Satellite Application Facility on Climate Monitoring)
% http://re.jrc.ec.europa.eu/pvagis/apps4/pvest.php
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Table 4.4.2-2: Monthly and Total Annual in-plane irradiation for fixed angle PV system,
inclination=31 deg., orientation=0 deg., at the above selected site.

Month H in KWh/n?
Jan 85.7
Feb 106
Mar 163
Apr 188
May 223
Jun 228
Jul 242
Aug 237
Sep 197
Oct 155
Nov 105
Dec 82

T el zou

39°30”51"Narth, 25°0739"East

- Height of sun (21 December)
[ - Height of sun (21 June)
——— =~ Horizon outline

Horizon height (deg.)

¢ & & 8 & 3 8

-
o

0
-180 -150 <120 -90 -60 -30 0 30 60 S0 120 150 180
fzimuth (east =-20, south=0, west=80)

Figure4.4. 2-3 : Outline of horizon with sun path for winter and summer solstice.
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4) (VWLPDWLRQ RI VRODU HOHFWULFLW\ JHQHUDW

Using the PVGIS tool the solar electricity generation was estimated atlibee
selected site. The electricity generated annually and monthly is estimated bynassa
PV system performance ratio (typical value for systems with modules ofbmon
polycrystalline silicon is 0.75, which may be considered conseevéar professional
systems), the losses are accounted as follows for a PV system with n@Qinawer of
1.0 kWp (for crystalline silicon):

x Estimated losses due to temperature and low irradiance: 9.7% (using locardamb
temperature)

x Estimated loss due to angular reflectance effects: 2.4%

x Other losses (cables, inverter etc.): 12.0%

x Combined PV system losses: 24.2%

Table 4.4.2-3: Monthly and Total Annual electricity production for fixed angle PV system,
inclination=31 deg., orientation=0 degrees at the above selected site.

Month En in KWh/KWp
Jan 69.1
Feb 84.9
Mar 129
Apr 144
May 167
Jun 166
Jul 175
Aug 172
Sep 147
Oct 118
Nov 82.8
Dec 65.3
Total A_nnu_al electricity 1520
production in KWh/kWp

Em: Average monthly electricity production from the given 1 KWp PV syki&ftm)

Therefore, it is estimated the AC power electricity productiondacrystalline silicon
PV system will be 1520 kWh/kWp with an estimated accuracy of + 5%.
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1) 5(6 (OHFWULILFDWLRQ LVODQG SRZHU VA\VWHP F

In Figure 4.4.3-1, the basic block diagram of Agios Efstratios RES basedcBlectrif
system is presented as it is expected to operate in its final sehieoiuding Hydrogen
production, storage and electricity production associated with Hydrogen.

In a real application, the electrification system should be sumgabily a monitoring
and a decision support system that will take into account forecast$ofud, weather
(solar, wind, etc.) and state of charge of batteries, hydrogen storageaedcprovide an
operation schedule and strategy for the following minutes and hours. Bixterwork
has been carried out in the island of Kythnos in the passed 30 y4afs]. Below a
description of a possible realization of a decision scheme and itsdogjipresented.

The main components for the management of the overall power systendanision
logic are a Data Acquisition system and a Central Supervisory Control.oAalditi
systems, such as dynamic compensation components and adjusting devicesudaty
necessary for the proper dynamic operation of the network are also considered.

The additional systems, depending on the architecture of the proppsseer system
may also include: flywheels, rotary capacitors and additional bi-directicoaVverters
with local storage.

Interventions may be also needed to the existing diesel generators of tveemp
station such as: upgrade or replacement of the engine rpm regulatorsrply with
the dynamic support characteristics and communication of the existin@&€system
of the power plant with the central monitoring, control antanagement system.

%6 (Supervisory Control and Data Acquisition)
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Figure 4.4.3-1: Basic block diagram of Agios Efstratios RES and Hydrogen based
Electrification system.

In terms of the main components of the power system, such as thdiréctional
converters, for reasons of reliability and security of load supplig, desirable to have
more than one bi-directional power converter able to supply the foadd integratig
the battery storage to the grid. For this reason, it is recommendeldatee redundancy,
that is to have at least two converters of roughly 300 kVA eable # operate in
parallel in a master-slave mode of operation or if needed, each ondtrown
separately, forming the grid. Furthermore, it would be advisable for relpb#gasons
and despite the economic initial cost and surcharge on the levetimstiof electricity,
over the lifetime of the power system, to install two wind turbines. Remgrdhe
central grid-connected photovoltaic system, the use of three-phase invertetien
range of 20 kW would also be beneficial for the system reliabiliye tb the
remoteness of the island location, as in all the previously mentioned cases.

The additional measures of environmental and strategic energy character that are
%0 vv Jv §8Z }8Z & %o ES }( S$Z- % EIJE S| E & /A% S
significant electrical loads, whose function will be largely comtdplsuch as heat pumps
and circulators for heating and cooling of public buildingsdrbgen generation
(through water electrolysis unit) and storage and use of componens #Hud an
experimental aspect to the electrification system for further optimizatidhe existence
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of such electric loads is desirable for feeding the available excess RES pdwirusn
energy over time, which would otherwise be discarded. The energgdtor hydrogen
may be used later when there is demand that cannot be met by the energylaleail
from RES or satisfied by the available energy of the central electricitygstsyestem.

Below the equation that balances the instantaneous load of tlaadsis presented:
Island Instantaneous load = Primary load + Controllable large loadsc{iblysis,

Pumps, etc) + Demand Side Managementy@P+ Bv+ RBidirectional Battery Convertei™ FDiesel

censets(1,2,3, P> technical limit) +cen (1,2, P>tech. limit)

In the above equation, arimary loadall the usual pre-existing loads (power demand)
in the island are considere@ontrollable large loadsre such loads as the electrolysis,
water pumps, etc.Demand Side Managemenmeasures are considered those that
would reduce primary load, by providing incentives to the consusnfier electricity use
during periods of high RES generation. By the t&rand the associated following
subscripts (wind, PV, Bi-directional Battery Converter, Diesel Genset§eRl)the
instantaneous power output of those devices is denoted or indase of the battery
converter also the power absorption. The numbers in parentheses represent th
number of available generators and the compliance with the limitatiagarding the
lower power technical limit of each generator.

For this purpose, the central management system given the forecasts foalth@RES
availability and the state of charge of the battery system shouldalble to make a
prediction of short term RES production and island system demand, dangvi
appropriate signals for the management of power production and of th&robtable
loads. In Figure 4.4.3-2, a logic block diagram for the forecast, state estiraiih
scheduling of the island electrification system components isgrted.
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Figure 4.4.3-2: Block diagram for forecasts, state estimation and scheduling

As RES units are being generally characterized by variability in thewgbmd the
JVA v3]}v 0 %}A Eo]Q}s uspuP3sy E
technical constraints introduced by the conventional units. Wittmited control
capabilities, operators are obliged to follow conservative procedures,tiegepart of
the available resources. To overcome this limitation, advanced managemeeisyst
with effective control capabilities need to be implemented. Huwlenic island system
operator plans to install an advanced Energy Management System (EMS) morthe
interconnected islands with a semi-distributed architecture and newtfans [3]. The
EMS will have a semi-distributed architecture. It will includesiatral control center to
be installed in Athens, together with several Local Control Centers (LC@#gdhsn
each island. The central control center will implement the dagaal planning and
monitoring functions, including electricity market functions, refyion load and
generation forecasts or power/energy bids for all types of RES stations (asin,
hybrid stations, CSP(Concentrated Solar Power) plants and PV systemsgr Alnethg
force for these changes is the new legal framework that requires the operafi@n

% v SE S]}v }( Z2 ™ Jv §Z

energy market.

Iv §Z o }( 8Z % E}i
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system operator, which should also take into consideration island caisexery large
penetration (>85%) of renewable energy sources.

(2) 2SHUDWLRQ ORGHV RI WKH 3RZHU 6\VWHP

Regarding the anticipated modes of operation of the proposed new power system,
they can be described briefly as follows:

1) 7KH PDLQ RSHUDWLRQ PRGH

In the main operation mode, the bi-directional power converters stidolrm the
grid, that is, they will be responsible for providing and colting the frequency and
voltage as well as the maintaining the balance of active and regotwer, supported
by the remaining generator components of the hybrid system.

This kind of operation can be realized either sending througioramunication bus
set points to the units or applying droop mode operation attgatudied in reference
[6]. The implementation of a droop concept also facilitates thefeitexpansion of the
system without further complicated communication requirements.

At high RES availability that exceeds power demand, excess productioreofatda
energy is fed to the central storage system for use in periods of low REScHon,

while any additional excess production from renewables is directed@antrollable
loads of the island, such as the electrolysis for hydrogen prasludin the order of

100 kW) and water pumping units and other loads. If the produacbf renewable
energy exceeds the storage capacity and demand of controlled loads, then the
rejection of excess active power is activated through appropriate commands (set
points) for power curtailment of the RES units.

In situations where the availability of RES production is ingrftidco meet the load
demand, the deficit of power and energy is provided by the storageersyshrough
the bi-directional converter, when the state of charge is adequategraatg to the
battery technology and lifetime planning.

In case the renewable energy production for a certain period of time icésted
insufficient to meet the demand and the battery state of charg@ot adequate, then
the two Hydrogen gensets (75 kW each) may be put into operation.

Furthermore, if the stored hydrogen is not enough to bridge the glpnergy then
the appropriate diesel generator/s of the existing conventional powanfpére started
up and synchronized to the grid formed by the inverters, in ordesupport the
demand and charge the battery system. This mode of operatiorn thié gensets in
operation should normally cover a small percentage of time (usually less16%)
within a year. Once the charging status of the central storage system becomes
satisfactory in relation to the expected in the coming hours consionptand
production from RES, then the power system should switch off thesegenof the
conventional power system.
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Therefore, in order to reach a high RES energy penetration the availalbileliable
bi-directional converters is critical for the operation of such acic power system.
The operation of the power system with the diesel gensets switobff is considered
to persist for most of the time.

The synchronization and disconnection of either or both the diesehgddogen fed
generators to the grid formed by the battery inverter should be unintptable.

2) (PHUJHQF\ 2SHUDWLRQ PRGH

In case of non-availability of the bi-directional power converters, ghend will be
powered by the conventional power system, in the legacy mode of ojerat his case
concerns an emergency situation due to failure, maintenance of equipmefdr any
other reason. In such a case the conventional gensets will operateditwgdo current
conventional mode of the existing power plant, with the supporttbé central
supervisory system, which should be able to control (e.g. to limit) thdymtion of the
grid connected renewable energy plants, to meet the minimum power technica
requirements of conventional units.

The central supervisory control (CSC) monitors the RES productioncased, the
demand and weather forecasts, the state of charge of the storage systems and
undertakes to implement the described operating mode of the system. Tgaitiim
of the central supervisory control determines the operation mode, daimg the
inclusion or shut down of the diesel generator sets, decidesttgrate or disconnect
controllable loads, and gives set points to limit the product@mnRES units when
required.

Furthermore, there should be provision for the operation of the taxis power
station without the central supervisory control system.

To regulate RES production, the RES units should have the abilitpitgdiwer
output, and provide reactive power (voltage support) based on exterefdrence
signals (from the central supervisory control system or local electriaednpeters
monitoring).

Switching between the different operation modes of the power systene th
operations for start-stop and regulation of the productiooasumption of the
individual components should be made with fully automated manmathout the
need for operator intervention. This applies also for the conwerdl power units of
the power system. In the case the CSC system is not functionerg ahcomplete
manual mode should be available with detailed instructions for emergepeyation.

3),vODQG HOHFWULILFDWLRQ V\VWHP VLPXODWLF

The new island electrification system is simulated over a year using taeH@GMER
software version 2.68 beta. The simulation is performed with one hone steps for
one year, using measured time series for load, wind resources and a syntinetic
series for solar irradiation at the selected island sites, considering thewialy
components for the needs of the electrification system madehe sensitivity analysis:
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Wind Turbine Enercon E33 (of 330 kW nominal capacity) allowing thefuge to 3
wind turbines (0 to 990 kW) in the parametric analysis with an averageairwind
speed of 9.04 m/sec using the power law for the variation of wspded with height
(power law exponent taken 0.06).

Photovoltaic systems of total capacity from 0 to 900 kWp, in stepgg06kWp in the
parametric analysis

Electricity storage system, of nominal capacity in the range of 4 to 10 stfir2g99DC
each string with 720 kWhs nominal capacity of lead acid batteryed\Vot the type
OPzS, for a range of nominal capacity 2880 to 7200 kWh

Bidirectional power converters (at least 2 for reliability reasons) wftal power
capacity from 300 to 800 kVA, aiming to form the frequency and seviiitage level of
the electric power grid and connecting the electricity storage systethée island grid,

Three existing diesel generators, two of 90 kVA and one of 220 kVA gapaitit
lower technical limit 50% of their nominal capacity

The hourly island load profile of 2010 is considered as timagsy load (1220 MWh)
with a peak of 360 kW, a second case with an annual consumptib®53 MWh with a
570 kW peak was also examined to take into account the introoiaif heating and
cooling systems in the public buildings using renewable energy techeslagd the use
of electric vehicles.

The minimum battery state of charge allowed is 40% of the nhominal.

Assumptions:

The diesel fuel cost was taken as 1.4 Euro/l and the installednsysbst for the PV
system was 1.5 Euro/Wp, while the installed system cost per E33 twrbthe was
taken 600.000 Euro. The fuel consumption of the diesel generators was tagm
reference[1]. For example the specific consumption of the 90 KW generator, at 50%
load, is 291.9 g/kWh, while that of the 220 kW generator is 250.7 g/kAWiull load
(100%) the specific consumption of the 90 KW generator, is 263.3 g/kWitihanaf the
220 kW generator 242.8 g/kWh. The project lifetime considered is 25 yearshe
discount rate was assumed 6%. A charge for €fissions of 20 Euro/t is also
considered.

The bi-directional converter cost is considered 0.5 Euro/VA of ransapacity which
includes also the central supervisory control (SCADA). The OPzS bastas/assumed
at 150 Euro per nominal kWh.

The HOMER software allows two dispatch strategies, the load follojviigand cycle
charging (CC). The optimal strategy depends on many factors, irglticirsizes of the
generators and battery bank, the price of fuel, the OXddst of the generators, the
amount of renewable power capacity in the system, and the charactsisif the
renewable resources. Both models were chosen for simulation to betalslee which is
one is optimal.

27 (Operation and Maintenance)
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Under the load following (LF) strategy, whenever a generator is nee¢dadduces
only enough power to meet the demand. Load following tendsdamptimal in systems
with a lot of renewable power, when the renewable power output somesnegceeds
the load.

Under the cycle charging (CC) strategy, whenever a generator has to opérate, i
operates at full capacity with surplus power going to charge the batbamnyk. Cycle
charging tends to be optimal in systems with little or no renewablegro

The Hydrogen Electrolysis, storage and Hydrogen internal combustion enginest are n
considered in the simulation because their operation logic couldbeosimulated with
the available options in HOMER software.

(4) 6LPXODWLRQ UHVXOWYV

In Table 4.4.3-1, the electrification systems that achieved the lowesioé@ectricity
production over a lifetime of 25 years for each primary load and average spieed
simulation case. As the PV system will have a modular design througkelaf several
grid connected inverters, in scenario 3, 4 and 7, 8 the lowest levelizedtekctricity
using 2 wind turbines are presented for the low primary load (3.345 M\&§y/dnd
higher primary load (5.352 MWh/day) cases respectively. It is noted, thahthease in
the cost of electricity with 2 wind turbines, in the higher paim load case is much
smaller than the lower load case.

Table 4.4.3-1: Selected HOMER simulation results according to the above assumptions and
sensitivity analysis

Primary Annual Number of Genl Gen2 Gen3 |Number of| Operating| Total Net
. Average . Wind Max. Max. Max. 2V Cells | Converter | Dispatch|Initial capital
Load in . Scenario| PV (kW) . y ; X . cost Present
MWh/day w_|nd speed Turbines | Capacity | Capacity | Capacity| of 6 kwh (kw) strategy in Euro (Eurolyr) | cost in Euro
in m/sec 330kW/each| (kw) (kw) (kw) each
3.345 9 1 300 1 90 220 90 480 300|LF 1,632,000 116,237| 3,117,895
(1220 2 500 1 90 220 90 480 300|LF 1,932,000 96,680f 3,167,897
MWh/year) 3 200 2 90 220 90 480 300|LF 2,082,000{ 123,409 3,659,587
4 100 2 90 220 90 480 300|LF 1,932,000 135,650| 3,666,059
5.352 9 5 700 1 90 220 90 720 300|LF 2,448,000 195,845| 4,951,560
(1953 6 700 1 90 220 90 840 300|LF 2,556,000 187,378| 4,951,325
MWhlyear) 7 500 2 90 220 90 600 300|LF 2,640,000f 183,159| 4,981,385
8 500 1 90 220 90 600 300[LF 2,040,000  253,704] 5,283,186
. Annual Cost of Total . Battery
P“maTy Average . | Electricity | Renewable Exce_s$ Unmet Diesel Dlese_l Gen_l Gen_2 Gen_3 Battery Through- | Battery
Load in . Scenario . . Electricity | Load used in | operation | operation [ operation| Autonomy X
MWh/day | "ind speed n fraction | " whiyr | kwhiyr | S8 POA| fiars hrs hrs hrs hr put | Life yr
in m/sec Euro/kWh in KWh/yr kWh/yr

3.345 9 1 0.200 0.925| 796,747 0 91,268 29,601 697 318 271 12| 198,797 20
(1220 2 0.203 0.959| 1,041,996 0 50,368 16,199 346 186 135 12.4] 215,699 20
MWhlyear) 3 0.234 0.952| 2,190,942 0 58,125 18,674 387 226 156 12.4| 155,454 20
4 0.235 0.932] 2,067,169 0 83,025 26,711 555 321 233 12.4] 162,425 20

5.352 9 5 0.199 0.907] 684,129 3,133| 181,494 65,974 1,205 561 572 11.62] 361,783 20
(1953 6 0.199 0.915 662,900 3,133| 165,875 60,211 1,099 510 516 13.56] 378,910 20
MWhlyear) 7 0.200 0.935| 1,926,926] 2,546| 127,627 46,380 847 391 409 9.69| 272,761 20
8 0.212 0.857 516,040 3,600| 280,118| 102,007 1,781 901 910 9.69[ 291,030 20

LF: Load Following mode
CC: Cycle Charging mode

The optimum PV system capacity, for the lower primary load (3.345 MWhiday
scenario 1, 2, 3, 4) for the current electricity use, according to the simuletionthe
range of 500 to 100 kWp, while all proposed systems have a high renewalilerfrac
higher than 92% with a levelized cost of electricity productior2tbyears in the range
of 0.200 to 0.235 Euro/kWh.
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The additional measures of environmental and strategic energy character to be
introduced during the project are expected to add significanteieal loads, whose
function will be largely controlled, such as heat pumps and cirorddor heating and
cooling of public buildings and Hydrogen generation (througtewelectrolysis unit)
and associated storage. For this case a second case was simulated with a loads<l.6
higher (5.352 MWh/day scenario 5, 6, 7, 8). In this case the optimum PV systems are in
the range of 500 to 700 kWp, while all proposed systems have a mgwadble fraction
higher than 90%, except scenario 8, with a levelized cost of electricity groddor 25
years around 0.20 Euro/kWh. Scenario 8 was chosen in a way to have almost the same
component sizes as scenario 2, for the lower primary load case. In this caseted
that the levelized cost of electricity is calculated to be 0.212 Ev¥y and the
Renewable Energy Fraction drops from 0.959 to 0.857, between the two primary load
cases (scenario 2 and 8). It also noted

The battery autonomy in the scenario presented is aboub 93 hours assuming
average daily consumption and storage medium capacity considered.

The optimal solution in all cases presented above always considers a @orofe300
kW, but for reliability reasons in a real system two 300 kW shouldobsidered. Given
also the remoteness of the island location in the Aegean Sea, it is alsamesuled to
install 2 wind turbines for reliability reasons. The nominal batteapacity most suited
for the realistic cases in terms of wind energy production is 484ty 2 Volt cells of 6
kWh capacity each, or 2880 to 5040 kWh nominal capacity. Also regardingyestora
capacity, higher capacities are desirable for higher safety margin in energy use and
longer time for battery replacement (20 years).

The integration of the electrolysis unit for hydrogen productiontfia order of 100
kW) and the two Hydrogen gensets (75 kW each) are not consideredsisithulation
but when introduced they will make use of the excess electricity artidureduce the
use of diesel fuel and increase accordingly the renewable fractiomjewthe
electrification system will be able to cope with even higher rendeabnergy
generation if the energy consumption increases further in the future.

In Figure 4.4.3-3, the monthly average electric production accgrtbnall generator
units for scenario 7, as in Table 4.4.3-1, are presented. This scenprajeisted to be
the one that represents the most probable case in energy load usie Wihfilling the
requirements for high RES penetration and higher reliabilitpaking use of RES with a
competitive electricity production cost.
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Monthly Average Electric Production
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Figure 4.4.3-3: Scenario 7 of Table 5, Monthly average electricity production for all generating
units.

In Figure 4.4.34, b, the power output over the year of the wind turbines and thé P
system are presented, in Figure 4.4. 3-4c the battery bank stateanfiehis presented.
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Flgure 4.4.3-4a: The power output over the year of the wind for Scenario 7.
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Figure 4 4.3-4 b: The power output over the year of the PV system for Scenario 7.
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Figure 4.4.3-4 c: The annual fluctuation of the battery bank state of charge for Scenario 7.
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In Figure 4.4.3-5, the cash flow for the lifetime of 25 years for agstem component
is presented. Note that the various cash flow categories for the various nsyste
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components. The largest cost component, during the lifetime of fystem, is
associated with the two wind turbines that will be replaced at 15 yealschvis the
estimated useful lifetime. In this figure also note the replacement cositribution in
the wind turbines and battery bank net present cost and the imparéam the project
cash flow during the considered system lifetime of 25 years.

Cash Flow Summary in Eure
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Figure 4.4.3-5 : The lifetime cash flow for each system component for Scenario 7.

The production cost of each system includes variable and fipedating costs. The
variable cost of power stations includes the cost of fuel, cosnaintenance due to
operating costs and the cost for manpower due to the operation. Foasts include
costs for human resources, other maintenance costs and equipmesredi&ation cost.

The renewable energy sources systems present a very small variable cost as the primary
resource is for free (solar irradiation, wind, etc.). The electricity pcodn of RES units

has to be amortized over the years of their lifetime the initialeistment, maintenance

and operation costs. In Table 6, some historic data for the costaxfugtion of the

power station in Agios Efstratios are presented together with the earlier atimal
results for some of the scenario presented. It is anticipated the drastic reduction of

the diesel gensets operation time and the automation of the new RES hassdr

station will decrease significantly the fixed cost, as defined @mventional power
stations. Regarding the RES based microgrid, in the HOMER software the calculation
provides the total levelized electricity cost. The calculated electrcost per year by
HOMER (Table 4341) does not allow the breakdown between variable and fixed.cost
The fixed cost is the main component of the total cost foe RES based systems,
because the variable cost represents the cost of the fuel useathwhinot applicable to

RES systems and their relatively lower maintenance and operation costesjplect to
conventional generators.
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Table4.4.3-2: Historic data for electricity production cost of the power station in Agios Efstratios

compared to simulation results (sources: [1], [3] and PPC).

Variabale cost Fixed cost of Total cost of
Year or S S o
Scenario of electricity in electricity in electricity in
Yo 0:K Ya 0:K Ya 0:K
2002 373.46
2008 312 331.65 643.65
2010 225 331* 556
Scenario 1 (3.345 MWh/day) - - 200
Scenario 3 (3.345 MWh/day) - - 234
Scenario 5 (5.352 MWh/day) - - 199
Scenario 7 (5.352 MWh/day) - - 200

*: Assuming that the fixed cost did not change between 2008 and 2010

Comparing the historic values of electricity production cost of the comnweal power
station of the island with the simulation results there is a remarkalitference in favor
of the RES based systems. The RES based island microgrid has a total electrisigr cost
a system lifetime of 25 years, of less than half of the conventioiealetfuel powered
system. In fact the RES based microgrid has a total electricity cost less or colmparab
the variable electricity cost of the diesel fueled power system.

OX®X }v ope]}ve

The system analysis, simulation and comparison with historic elecii@tjuction data
show that the implementation of a RES based power system for the iskarwbst
effective, with a total electricity cost over a system lifetime of 25 yeafrdess than half
of the conventional diesel fuel powered system.

The design of the new system has to take into account thelnty issues of the most
important components in order to avoid lengthy disruption in the maiode of RES
operation of the microgrid and avoid the use of diesel fuel.

The backbone for the operation of the microgrid is the Central Supew(Sontrol and
Data Acquisition system for the overall automatic and uninterrdpti®witch between
modes operation of the microgrid. It should be reliable in order &véhan effective
microgrid operation.

In this study, the integration of an electrolysis unit for hydnogeoduction and the two
associated hydrogen gensets are not considered in the simulation be witroduced
they will make use of the excess electricity and further reduce #eeaf diesel fuel and
increase accordingly the renewable fraction, while the electrificationesyswill be able
to cope with even higher renewable energy generation if the energy consampt
increases further in the future.

The model autonomous microgrid of Agios Efstratios could be an exampleamih
E o0 o0]( "o }E S}JEC_ (}JE Z]PZ % v SE 3]}v JHudm}lv AS0]v A]:S
electricity grids. Furthermore, the microgrid should be designed anabéshed in order
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to be transparent to the Hellenic island system operator who ptanmstall advanced
Energy Management Systems (EMS) in the non interconnected islands.
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45. vu CEI
451.W}A E «C+3 u
High penetration of photovoltaics on the island of Bornholm

Bornholm is an island located in the very east end of DenmarkerBtitic Sea. The
island of Bornholm is in everyday speech also called the rock islartde sunshine
island. The area of the island is 588rf?, and the longest distance from coast to coast is
north to south, namely 40 km. Bornholm has app. 41,000 inhabitants, andutméer is
decreasing®®

The electricity supply on the island is supplied from the utilityk@$t who is a full
utility dealing with both generation, distribution, sale of electsicand Demand Side
Management (DSM). Connected to the grid are also private IPPs (IndepeRdeetr
Producers) such as biomass plants, wind turbines and photovoltaic pfasiisaft hasa
total of 28,000 customers on BornholA1.The total electrical energy consumption went
up by 20 % during the 1980s. Since 1991 it has been stable at apptely 250,000
GWh/yr.*°

The key figures of the electrical grid on Bornholm are shown inahle tbelow:

Table 4.5.1-1: Utility network data on Bornholm
Item Numbers |60 kV (km) | 10 kV (km) | 0.4 kV (km)

60/10 kV 15 - - -
transformer
10/0.4 kV 953 - - -
transformer
Overhead - 73 79 405
line
Cable - 58

862.5 1,367

@stkraft has a plan for replacing all the overhead lines with grounksalver the next
decade, so in a few years all overhead lines will be removed from the isldnurevide a
more stable grid operation.

The total installed production capacity on Bornholm is 148I%/. The production
capacity is a mix of fossil fuel and renewable energy plants. The lsgthiteen
technologies can be seen in the table below. First priority plantstlaeerenewable
energy systems with the combined heat and power plants as second ypriorit

%8 (EcoGrid Bornholm, 2013)
» (Dstkraft Hans Henrik Ipsen)
% (Miljg & Teknik, 2008)
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Furthermore, the island has a 60 MW AC cable interconnected between Sveedien
Bornholm for securing the balance of the system.

7TDEOH- *HQHUDWLQJ FDSDFLW\ RQ %RUQKROP

Producti on capaciti es (2012) MW
Combined heat and power plant (steam) 76
Diesel generators 32
Biogas generators (RE) 2.1
Wind turbines (RE) 29.9
Photovoltaics (re) 5.2
Total 145.2

The maximum load on Bornholm is 55 MW, so the amount of installedugtmn
capacity is approximately a factor 3 above the load without takirgy ¢bnnection to
Sweden into consideration. The amount of renewable energy systems is 37.2 MW
corresponding to 68% of the maximum load. The minimum load on Bomisl5 MW
at night and approximately 25 MW during the daytime. So during pealogifior the
renewable energy systems, power needs to be exported to Sweden, or the remewabl
energy plants need to be periodically curtailed. The amount powen fpthotovoltaic
corresponds to approximately 10% of the maximum load and 20% of the mimilwad
during daytime.

The amount of renewable energy (wind and PV) will increase rwithé next years.
Bornholm is a part of the EcoGrid Hlbe key idea of the EcoGrid EU project, running for

4 years from May 2011 to May 2015, is to introduce market-based mechanisms close to
the operation phase that will enable balancing capacity, particularlyn fritexible
consumption. Of a total of 28.000 customers on Bornholm, approxiyna2000
residential consumers will participate with flexible demand respottseeal-time price
signals. The participants will be equipped with residential demams$ponse
devices/appliances using gateways and "smart" controllers.

Installation of the smart solutions will allow real-time prices to peesented to
consumers and allow users to pre-program their automatic demand-resgpon
preferences, e.g. through different types of electricity pipe contratdsitomation” and
customer choice are ones of the key elements in the EcoGrid EU concept.

A real-time market concept (Figu#e5.1-1) is under development to give small end-
users of electricity and distributed renewable energy sources new options (@tedtjal
economic benefits) for offering TSO's additional balancing and anc#avices. To make
the EcoGrid EU solutions more widely applicable, the market conaéierdesigned for
existing power exchange(s). Because of the test site location on Borntia real-time
market concept will first be operational in the Nordic powearket system.

115



Quantity Market-based
A opelatlgn Direct

control

The EcoGrid Real-time
Market will be an
integrated part of the
current power markets
and supports the need
of direct control options
on a very short time
scale

CAGCILFCT
B Frequency-——"
\ contlolle@m/

eserves itia

I
Nt

- > Time scale
Days Hours Minutes Seconds Now

D ———C

JLIXUH- 5HSUHVHQWDWLRQ RI-WKMH(PRUNMHWS HRQFHSW

Strong industrial participation and innovative experiences fromteelé&curopean ad
US Smart Grids RD&D projects will contribute to the development aplémnentation of
robust ICT platforms and information architectures. This is crucialdaw alll distributed
energy resources to participate actively in the real-time power market.

Nordic partners cover a significant share of the consortiumesithe demonstration
takes place on Bornholm and because the EcoGrid EU market concept wii be a
extension of the Nordic market model for electricity trading anduteting power.

European-wide relevance of project results is a key objective. This is endbrsedh
wide regional EU participation and allocation of a substantal pf project resources to
the development, replication, deployment and dissemination of EcoGrid EU throtighou
Europe.

More information is available ahttp://www.eu-ecoqgrid.net/

Besides the EcoGrid project, some parallel projects are in progress. One is thedRVNET
project which studies how to facilitate large-scale grid integratof solar PV into the
existing grid. This is done by examining different types of grid-weltagtrol, applying
SmartGrid features and introducing novel ancillary services integratedti@anverters.
The background for the PVNET. dk project is the already ongoing Phatovsland
Bornholm (PVIB | - 1ll) projects, the EcoGrid EU project, and the [zelisBroject. The
first part of the PVNET.dk project will establish the theoreti@ahework for integrating
large amounts of solar PV into the grid. The project will suggestlyzsm and assess
different solutions. In the second part, the proposed solutions are imeteed into solar
PV installations already deployed during the PVIB projects. Firadlygderation of the
network without and with the developed solutions will be verifiegdthird part parallel
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with the first two phases.For more information about the PVNet project see
http://www.pvnet.dk.

452./ves 00 %Z}3}A}08 ] %0 v3e }v }EVZ}ou

A summary indicates a total of 5.2 MW installed solar power capacity orhBion
spread over 870 installations. The largest single installation is 32Q Rthagard
barracks. On the figure below the PV development on Bornholm is shown.

PV Bornholm

T/veS @ TIt% |

662
229

2008 2009 2010 2011 2012

JLIXUH - ,QVWDOOHG SKRWRYROWDLF FDSDFLW\ RQ %RL

The installation of PV units has increased rapidly from 2010 to.Z84$ed on a subsidy
scheme via the PVIP phases 1-3 and support schemes from the Danish government made
to promote environmentally friendly energy sources, it became feasiblavest in small
PV units. This subsidy scheme has been reduced, but it is s@ttate for private
consumers to install PV, so a further increase in installed capacitgastex.

The table below displays the 20 transformer stations with the mpisbtovoltaic
installed. It is calculated as the relation between transformer poesed installed PV
power. B/A [%].
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7TDEOH- 7UDQVIRUPHU VWDWLRQV RQ %YRUQKROP ZLWK KLJKH

STATION NO. A B B/A | PV INSTALLATION
(TRANSFORMEI [KVARransrorvir € G sdad | [%0]

546 100 40.2 40.2 7
637 50 16 32 3
401 50 13.6 27.2 3
84 100 27.1 27.1 5
459 400 100 25 1
302 100 24.8 24.8 5
324 50 12 24 2
645 50 12 24 2
649 50 12 24 2
652 50 12 24 2
751 50 12 24 2
737 50 11 22 2
932 50 11 22 2
728 50 10.5 21 2
697 200 40.4 20.2 7

9 30 6 20 1
399 50 10 20 2
39 50 10 20 2
726 50 10 20 2
738 50 10 20 2

As shown in the table, station 546 is the transformer with thghkst amount of PV
installed. The power ratio is above 40%. The single PV plant in thef tBgure4.5.2-1
has a 4.2 kWp plant installed. The rest all have 6 kWp plants imktalle
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Despite the high numbers of PV installations on the Island, thes=only been a few
incidents where measures had to be taken into account at the elecgrodl Until now
there have only been minor challenges by connecting and hostmgethewable energy
systems in the grid. The only issues with PV systems have been a few overvoltage
problems when consumers connect single phase inverters at a point grighevhere the
grid impedance is relatively high. These problems have all been soheshbecting the
inverters to another phase or using the tab changer in the transformeloteer the
outlet voltage at the 10/0.4 kV transformer. The next chapter describes adz=e a
PV plant caused problems.

453.,]PZ % v §E& 3]}v }( Ws t ~

At Dyndevej 20, 3751 @stermarie, a privately owned photovoltaic was installed in
October 2012. The PV system consists of 14 panels oriented southawtith of 45
degrees. Peak output is 2.6 kW. The PV plant is connected to the lage/grid witha
single phase Danfoss ULX 3000 inverter.

During the spring of 2013, the PV owner observed that the inverter wa®hected
during the daytime and a little bit later connected to the gagdain. He could see in the
menu of the inverter that the inverter disconnected due to overvoltagalenAC side.

In order to analyze the problem, data was collected from the systenhdnwo plots
below from April 2013, it clearly shows the inverter disconnecting dutire day, when
the production is high, and the voltage rises above the recommended leveinvéarter
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disconnects four times during the middle of the day on April&sdndicated by the dark
green curve. The logged voltage inside the inverter reach a maximum at 250 Vac.

The same problem shows on April.LOther fluctuations are a result of clouds blocking
the sun or other forms of shadowing of the PV panels. Inverter shutdswndicated,
when the graph touches the x-axis.
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The inverter is a single phase and probably by coincident, it erasected to a phase
already coupled to some PV-power. This combined with a transformgrsted to
maintain a constant 230 V at the most distant point of theiahfeeder line causes high
voltage cut out. Feed-in at a radial will normally cause the voltagecrease. Depending
on transformer presettings, this could result in the above mentiors#iation. The
nominal voltage cannot exceed the limit max#J- 10 %.
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Dyndeve] 20 is connected to the low voltage grid via an AL-M PVIKS cable and
transformer station 446. According to @stkraft, the grid is outliaedn 6. The total cable
distance from transformer to consumer 5624 is 620 m.

10/04 kV Station 446

QOutlet 1
—>
Outlet2 | 5
W1 W2 W3 w4

N N A w2
5618
(/5622 (! 5603 (/5626
( (
w2.q  |waz2
5624 5625
JLIXUH - 6WDWLRQ GLDJUDP

Figure 45.3-3 is based on appendix one that shows the physical locatioth®
transformer, cables and routing towards the customers. Junction S56Fesents
Dyndevej 20 which has had problems concerning voltage control.

As a solution to the problem, the inverter was connected to anotherse during June
2013. As the data logging in the figure below shows, the inverter dislyonnects one
time during the day, and the problem is partly solved.
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To solve the problem 100%, other measures need to be taken intsidenation to
eliminate the disconnection due to over voltage in the system. liccbe replacing the
cable with new cable with less resistance, replacing the inverter wittpha3e inverter
or introducing a load management combined with smart grid control.
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The case study is made in the PVNET.dk project which stuolegohfacilitate large-
scale grid integration of solar PV into the existing grid. Thisne g examining different
types of grid-voltage control, applying Smart Grid functionaliied introducing novel
ancillary services integrated into the inverters. The background for tiNER\UK project
is the already ongoing Photovoltaic Island Bornholm (PVIB prdjécts, the EcoGrid EU
project, and the Danish Cell Project. The first part of the PNMdk project will establish
the theoretical framework for integrating large amounts of solar PV ih® drid. The
project will suggest, analyze and assess different solutions. In the squamdthe
proposed solutions are implemented into solar PV installatiorsadly deployed during
the PVIB projects. Finally, the operation of the network withoud anth the developed
sdutions will be verified in a third part, which runs parallethe first two.

The project consortium is formed by:

{ v(}ee ~"}o E /VA ES E+U AZ] Z ] Jv Z EP }( 8Z} % E}i
providing the inverter platform and test facilities.

{ tre for Electric Technology at the Technical University of Denmark, whilth
develop the required algorithms and test them with a hardwaréhe-loop grid
eJupo 3}EU (}E u I]vP *}o E'@W])s *C*d up V'uAEo o0-¢} §Z o
the EcoGrid EU project.

{ v EP]D] §U EK Az] Z Z A vbulsines< for two] d&cadés and
making the link to the PVIB projects and the IEA photovoltaic powererayst
programme task 14.

{ Dstkraft, which is the local distribution network operator on tiséand of Bornholm.
The PVNET.dk project is in part financed under the ElectrieadjfeResearch Program
(ForskEL, grant number 10698), administrated by Energinet.dk

XXX Z ( E v
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(1) Power industry and market

There are approximately 800 utilities in Switzerland. Most are very snalvark on a
local level. Three larger utilities deliver most of the energy productieach of them
produces in the range of 120 TWh. The utilities are owned mostly by public bodies
(cantons and cities). Today approximately 60% of the electricitprasluced by
hydropower and 40% by nuclear power (approximately 25 TWh). Slgitel has one
single control area. The transmission grid is owned by one company (Swissgrid).

Figure 4.6.1- 1: Transmission grid of Switzerland® (220 V / 380 V).

Switzerland has relatively strong grid connections with its neighbarmutries and is
integrated in the European Electricity Exchange (EEX) Leipzig. Today, abgairié
amount of electricity as Switzerland's internal consumption (60 TWhgxchanged
yearly with its neighbors. The market is only partly liberalized. Cumtomvith a
consumption of more than 100 MWh/year can choose the produsergller consumers
cannot yet do so. A further liberalization is planned for thetryears.

3L hitp://www.swissgrid.ch/swissgrid/en/home.htm!
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(2) Demand and Supply Mix

In the last decades, Switzerland exported electricity during summer months and
imported it during winter months due to the seasonal variations hgdro power
production and the base load of nuclear powEig(ire4.6.1-2
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Figure 4.6.1- 2: Monthly production and consumption in Switzerland in 2009;
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(1) The Swiss PV Market in 2013

The Swiss PV market grew strongly during the last three years. In 2013, 300 GW was

installed, which adds up to 700 MW total (600 GWh productiorl® of the total
consumption).

(2)The FIT Program

In 2008 a fed-in tariff (FIT) program started. This induced a groWiV installations
However, due to the low cap of the FIT, till 2013 the growth has Isemgly limited.

At the moment more than 30,000 PV installations are on a waitinglte current FIT is
capped to 1.4 Rp/kWh.

(3)Future Prospects

The two houses of parliament voted for an increase of the FIT capdt&®p/kWh in
2013. With this increase the installations could grow until®®@ 2 t 3 GW (witha
yearly installation of approximately 300 MW/year), if allocations of RVnat too low
(the government intends to keep some allocations for PV). The feed fhftaria 100
kWp plant for the year 2014 is 17.2 EUR cts/kWh.
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(1) Issues with heavy deployment of variable renewable energy

Energy storage is one of the key issues of variable renewable elecgiotiyction.
This case study examines the electricity storage needs for four renewalgegye
scenarios with high penetrations of PV in Switzerland until 2058 bakkground of this
report is the decision of the Swiss government and parliament in 201Zhasepout
nuclear power stations in Switzerland and to exchange theml @30 mainly with
renewable energy.

Table 4 - shows the four chosen scenarios. There are two different types of
scenarios: first, there are two scenarios that are driven by the available natura
resources and the aim to achieve almost 100% renewable electricity by32050
(scenarios RS1 and RS2). Another aim is to fulfil the target to limit tHéwide climate
change to 2°C, meaning that £@missions must be lowered by more than 80%. This
implies that a large part of the mainly fossil-based energy systemiize®land (75% is
fossil-based today) must be transformed to electricity, which induceseaimielectricity
consumption.

The other two scenarios are based on one of the official scenarioheofSwiss
P}A GEvu v "E p v EP] % }o]¥|stenaricE PGB & SG2). The first
scenario includes the official production targets. The second usesahe input but
enhanced PV targets (13.6 instead of 10.2 TWh). The four scenaredeimkasures
for efficiency of about 15%30% (otherwise the consumption would increase even
more).

32http://www.qruene.ch/web/dms/qruene/doc/positionen/umwelt/enerqie/Berqiepolitik/
energiestrategie bericht ES 2050 def/Hintergrundsbericht%20Enaafiesie%202050.pdf
33www.enerqiestrateqie2050.ch
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7TDEOH- (QHUJ\ SURGXFWLRQ DQG FRQVXPSWLRQ RI WKH IRXU

100% 100% Government | Government
scenario 1| scenario 2| scenario 1 scenario 2
RS1 RS2 SG1 SG2
[TWh] [TWh] [TWh] [TWh]
CHP/IGCC 35 35 8.1 4.8
Wind 4.8 2.2 4.1 4.1
Biomass 35 3.3 35 35
New hydro 3.2 2.2 3.2 3.2
PV 17.8 13.8 10.2 13.6
Total new renewables 29.3 215 21.0 24.4
Hydro (existing) 37.2 37.2 37.2 37.2
Thermal (waste) 2.5 2.5 2.5 2.5
Import 8.3 1.0 0.0 0.0
Consumption (incl. losses) 80.9 65.9 68.9 68.9

All four scenarios show PV as the main new source of energy, which wirdel
between 15% and 25% of the electricity. The second important newcsos wind,
although wind energy is limited in Switzerland due to high pafen density, complex
terrain, and low wind speeds in more than 50% of the coufit#ll new sources are
modeled with exponential growth functions, which have yearly andltbimits (above
those limits, the growth is lowered).

Electricity consumption is also modeled, but only on a yearly scalar\Hload has
been scaled but not shifted. With the 100% scenarios, nuclear is ploaged 2029 (45
years of lifetime for each of the nuclear reactors). In the two gowesntal scenarios,
nuclear is phased out in 2034 (50 years lifetime). Generally the government seenario
include higher levels for methane (via CHP or IGCC), which résuligher CQ@
emissions. Those scenarios do not fulfil the 2°C target until 2050.

Whereas in the 100% scenarios a constant consumption in the nexteaks is
modeled along with a slow increase after 2030 due to the transition frossilf to
electrical consumption, the governmental scenarios include an increase2080land a
decrease after this date. Figure - shows one of the four different scenarios.

34

www.wind-data.ch
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Figure 4.6.3-1: 100% scenario RS1 (nuclear phase-out: 2029).

An electricity system without import and export has not been eled, as such a

system would neither be economic nor ecological.

(2)Overview of demand-supply balancing capability analysis for a future

power system

The current balancing capabilities are high due to a high pombmydro power
(especially of the storage type). At the moment, approximately 9.5 GW of disjéécha
hydro power capacity exists (maximum load is approx. 10.2 GW). Currently, dumpe
hydro capacity has increased from 1.5 to 4 GW, plans exist for anoth&\¥,5and the
potential is at least 10 GW. The increase started before the decisigghase out
nuclear and has been based on economic reaSorhe cost of new pumped hydro

% }A E
million/MW).
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(3)Assumptions and model
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Renewable energy technologies have been modeled based on hourly datee of
MeteoSwiss network (Swissmetnét,approximately 70 stations, 20@2011) and
monitored production data of the Swiss Federal Office of Enenglyding weekly and

monthly values.

PV is modeled with PVSE{Bayer et al, 2004) using a typical installation based on
crystalline cells. Diffuse radiation has been modeled with the BdrRidley-Lauret
%0 V o Z o

|38

mode v E

1 8]}v }v ]v o]v

Vv

o fro

% At the moment, the difference between peak and base load price at the EEX is too low fonfiraewi
pumped hydro. This is mainly due to the fact, that the current installation of PV (32 @#&)rimany
just covers the peak load in Germany during most of the year. This will presumably ahémgéuture.

% http://www.meteoschweiz.admin.ch/web/en/climate/observation_systems/surface/swissmetnet/smn-

stations.html
37 http://pvsat.de/papers.html
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Wind energy has been modeled with help of a typical wind generator. Hyalkepof
rivers has been modeled based on precipitation and has been addptedeasured
historical values. Hydro power production of the storage type has been mddeilly on

historical monthly value€’

Switzerland has a relatively dense meteorological network (70 statathsradiation
measurements within 41,000 K which allows use of ground network data for
simulating total production. The selection of different subsgftstations for solar, wind,
and hydro power is important in order to get representative mixes.

PV production has been varied with different levels of peak shavirg t@80) and
different distributions of module orientations (higher sharesagtimal tilts or more
east/west and facade installations). The transmission grid has not been ethdrlt is
assumed to be a copper plate. Reverse flow from lower to higher grid levelsvieall
Figure 4.6.3-2 shows the storage model used.

Globalrad,, Hydro power
Production mix temperature, monthly values
4 scenarios wind, precip. Input &

2011-50 Swissmetnet production
2009-11* 2008-11**

Modelling of PV, wind
and hydro {river)
production (hour)

Hourly load Modellingof hydro
Swissgrid storage , IGCC, CHP,
blomass (hour)

* howrly data
** Swiss Federal Office of Energy

Figure 4.6.3- 2: Storage model.

Several assumptions had to be made to reduce the complexity of the mGued
(methane) based cogeneration systems, CHP systems, and integrated gasification
combined cycle (IGCC) systems have been modeled as largely heatledntalring

% B. Ridley, J. Boland, and P. Lauret. Modelling of solar fraction with multiple predictoraiaRéne
Energy, 35:478{483, 2010. doi: 10.1016/j.renene.2009.07.018.
¥ Hay JE (1979) Calculation of monthly mean solar radiation on horizomtahelined surfacesSolar
Energy Vol. 23, pp. 301-307.
“9 http://www.bfe.admin.ch/themen/00526/00541/00542/00630/index.html?lang=de&dossierd6769
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times with higher combined values of PV, wind, and hydro powen tha load, gas-
based electricity is set to zero.

If the non-dispatchable energy production (wind, PV, and hydro rivengigehthan
the load, pumped hydro is used. After such events (at night), the purhgdcb storage
is refilled within the following 14 hours (see Figure 4.6.3-4

Hydro storage is modeled in order that the system is kept stable hadntonthly
import and export rates for the period of 2083011 remain unchanged. A description
of the seasonal model (based on work of the Nordmann and Remund maiebe
found at Swissolat

For seasonal storage, climate change has been partly taken into account based on
current knowledge'? A temperature rise of 1°C is assumed till 2050. This shifts the
seasonal production of hydro power towards spring (with earlier fripwstorage in the
higher Alps due to earlier snow melt). A slightly changed precipitatattem v higher

precipitation in winter and lower in summens used for hydro power production of
rivers.

(4)Results of the analysis
Figure 4.6.3 shows the monthly energy production for scenario RS1 (2050).
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Figure 4.6.3- 3: Monthly electricity production and consumption for scenario RS1 (2050).

Figure4.6.34 shows as an example the electricity production of 10 days during summe
2050 for scenario RS1.

4 http://www.swissolar.ch/fileadmin/files/swissolar _neu/medien/2012/Remund+dmann_PV_Speicherung.pdf
“2 hitp://www.wsl.ch/fe/gebirgshydrologie/wildbaeche/projekte/hydropower/aex_EN
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Figure 4.6.3- 4. Electricity production during 10 days in July 2050
(based on weather of 2009) for scenario RS1.

The sum of non-dispatchable hydro power (river), wind, and PV véak gdaring 9 of
the 10 days clearly over the load. This power (colored light grey imeFg8.3-4) must
be shifted to evenings. In Figures 4.6:3-8.6.3-5, this is done by pumped hydro power.
However, this could also be done partly by batteries or by Katting. The maximum
PV load (summed over all of Switzerland) comes to approximatelyof @@ installed
capacity if no peak shaving is used. This is a result of spatial smootlsalgr radiation
(and not merely due to peak shaving). Figure 4.6.3-5 shows the schesletidcity
production model for scenario RS1 for 2050 according to the German 40Q@6 from
Fraunhofer ISE published in 20°£2.

a3 http://www.ise.fraunhofer.de/de/veroeffentlichungen/veroeffentlichungepdf-dateien/studien-und-
konzeptpapiere/studiet00-erneuerbare-energieim-deutschland.pdf
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Figure 4.6.3-5: Storage model for scenario RS1 in 2050 (according 100% study of Fraunhofer
ISE 2012). P2G: production of synthetic methane based on electricity.** Red = renewable
electricity production; grey = fossil (methane) based energy; blue = storage; yellow = load and
export.

The target of 100% renewable energy for scenario RS1 can only be reached if
renewable electricity or methane (based, e.g., on powegas technology) can be
imported. The installation of a powdo-gas utility in Switzerland is possible, butt no
needed.

* http://www.solar-fuel.net/fileadmin/user_upload/Publikationen/Wind2SN&SW_IWES_SolarFuel FVEE.pdf
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(1)Daily storage need

Figure 4.6.4-1 shows the changes of the daily power storage need 206D
depending on the scenarios. For all four scenarios the needed dailgrEiorage rises
after 2020. Scenario RS1 has the highest need (up to 7.5 GW). The governmental
scenario (SG1) has the lowest need (4 GW). The existing and planned puyadoed h
power could provide the needed daily power storage needs. For theeigitenario,
additional measures (e.g., DSM or batteries) could be needed.

8
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- === planned increase

scenario RS1

Dally power storage [GW]

scenario RS2

—SCENAN0 SG1

2011 2015 2020 2025 2030 2035 2040 2045 2050

scenario SG2

Year

Figure 4.6.4-1: Change of needed daily power storage depending on the four scenarios.

(2)Yearly storage needs

Today, a seasonal storage capacity of hydro power of 8.8 TWh is available in
Switzerland, and hydro storage power production is approximately 2. TWe
potential of additional seasonal hydro power storage is according wissSassociation
of hydro power.in the range of 2 TWAThe cost of new hydro storage power is in the
& vP }( |iXiHibureX4.6.4-2 shows the changes of seasonal storage need
depending on the scenario. Both renewable scenarios show an incretsede need
of 1.5 TWh.

The two governmental scenarios SG1 and SG2 have only a small need framaddit
seasonal storage. The reason for this is the higher share of gas-based electricity
production, which will be used in our model mainly in winteowdver, the maximum
need with scenario RS1 is clearly lower than the hydro power poterfiadlimate
change is not taken into account, the storage need will rise forast@miS1 to 3 TWh
and for scenario SG1 to 0.4 TWh. Climate change will reduce thefaeadditional
seasonal storage up to 50% and is therefore not negligible. The main reastre fo
decrease is the fact that the time when precipitation falléoirm of snow will be shorter.

% http://www.swv.ch/Dokumente/Referate-SWV/WasserkraftpotenziaFAlpenraum_ReferaBABTagung_ 2012.pdf
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Figure 4.6.4- 2: Changes of seasonal storage need for each of the four scenarios
(including climate change effects). Today, 8.8 TWh of storage is available.

(3)Peak shaving and different module orientations

Figure 4.6.4-3 shows the relative changes of additional needed storager @md PV
production depending on the amount of peak shaving. Peak shavindycteduces the
needed storage power. Additionally, the losses of the production are tactar of 2
smaller than the gained daily storage power.

Figure4.6.4-4 shows the relative changes of needed storage power and P\¢odu
depending on different distributions of the orientation of the R\ddules.
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Figure 4.6.4-3: Relative changes of production and peak load depending on peak shaving
(68% 75%).
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Figure 4.6.4-4: Relative changes of production and peak load depending on the distribution of
the module orientation (1 = standard; 2 = east/west, 3 = east /west /facades).

More east- and west-facing modules (points 2 and 3) reduce the needed stooags.
However, the energy production losses are much greater (by a factor ofaB)ttie
gained storage power.

We therefore suggest introducing some measures for peak shaving, e.g., as in German
However, measures for a more distributed orientation of the modules seetrtabe
helpful (on a national level).

(4)Conclusions

This study shows that high penetrations of PV of up to 25%beantegrated in the
Swiss electricity grid concerning the storage need. The need for aaiyseasonal
storage can be covered by relatively small extensions of the pumpedamnemtional
hydro storage capacity and therefore with existing technologies viitlown and
relatively low costs. As such, Switzerland is in a privileged situatimenung needs for
further electricity storage.

The consideration of climate change is important and cannot beentsgl. It changes
the seasonal variations of the input to the hydro storage and redute additional
seasonal storage need.

Peak shaving is shown to be useful to reduce daily storage powarr@tional level,
whereas a forced installation on east- and west-facing roofs seems no¢ t® good
strategy.

dZ]e E %}ES } ov[5 00}A }v ope]lve BE] (& AHEEIIWEV]VP
need for grid enhancements. However, it can be stated that peak refpavill also lower
the need for grid enhancements on local and regional level.
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(1)Plan

As stated in Sectiod.6.1 (1) and shown in Figure 4.6.1-1, Switzerland has one control
area, a relatively dense network, and relatively strong grid connectionststo i
neighboring countries. Additionally, grid enhancements between theeplat(where
most people live) and the hydro storage power stations in the Alps are@igh

The operator of the transmission grid (Swissgrid) uses forecasts of solar add win
energy to plan the operation. The production from all instaliasiounder the FIT

%% E}PE u ~AZ] Z } *v[§ ]v op 00 Wead hnd Ssobdo by |gness ] P
company, energiepool Schweiz AG (which is included in the balancep gr

NE VA 0e¢ X dZ C o0°¢} pe A 3Z E (JE <5« (}JE %E} p 3]}
to the relatively small amount of wind energy (88 GWh in 2012.4%0 of the total

production) and PV (350 GWh in 2012 or 0.5%), the influenceestthew renewables

]* *S]oo u]Jv}EX 'v E o0oC |JE S u} O }USHoMS o AMD 3},
2.2 and 7 km grid resolution based on ECMWF(European Centre for M&dinge

Weather Forecasts) is used.

(2)Projects

An international project to assess the possibilities of dynamic thermakp line rating
as well as the influence of atmospheric icing in Switzerland stant&f12 within the
framework of the COST project ES 160at given pilot power lines, meteorological
measurements as well as measurements of conductor temperature widb@ed out.
The main goal is to better understand the correlation between metlgy and
conductor performance and to set up short-term high-resolutioreéasts of conductor
temperature and atmospheric icing.

A study including transmission net simulation and calculating storeggel for the
government energy scenarios is currently being undertaken by KEdbehalf of the
Swiss Federal Office of Energy.

Meteotest is developing together with the utility BKW-FMB AG anérgiepool
Schweiz AG a shortest-term solar forecast systen® (1) based on satellite data and
wind vectors from numerical weather prediction modé&isthe aim is to lower the
uncertainty of point and regional forecasts for the coming next hours.

“® hitp://www.swissgrid.ch/dam/swissgrid/grid/development/PA200026 Netz%202015.pdf

4 http://www.bfe.admin.ch/php/modules/enet/streamfile.php?file=000000010965.pdf&name=00000029Gx50
48 http://www.dnvkema.com

49 http://www.societe-mont-soleil.ch/einspeisevorhersagen.html
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4.7. Japan

(Featured by evenly distributed rooftop or other small- or medium- size deployment,
Japanese 2030 renewable energy scenario)

4.7.1. Power System]

(1) Power industry and market

In Japan, there ar&0 privately owned electric power companies that are in charge of
regional power supply services as general electricity utilitieR0iowner systems. Ten
power companies are responsible for supplying electricity from pogesreration D
distribution to the consumers in their respective service area.
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Figure 4.7 .1-1 : Power system of Japan

The electric power market in Japan has been progressively liberalized sireen
competitive neutrality on the basis of a stable power supplyth®y existingl0 general
electricity utilities that consistently handle all functions fronowger generation to
distribution. In 1995, a law was revised to enable IPP(Independent Powdudems to
participate in the electricity wholesale market in addition to tlmeentional wholesale
electricity utilities. Then, in March 2000, use of the transmission/distigounhetwork
owned by the electric power companies was liberalized with the partiailretarket
liberalization of the customers of extra-high voltage and more thafV2. The scope of
liberalization is now expanded to customers of more than 50 kWe 3¢ope of
liberalization covers approximately 60% of total electricity demand in Japan

To maintain fair and transparent use of the electric power transmissiod a
distribution system, the Electric Power System Council of Japan (ESCJ) wasedgtablis
as the sole private organization to make rules and supervise operdtiomsa neutral
position, and started full-scale operation on April 1, 2005. Intadd the Japan Electric
Power Exchange (JEPX) was established in November 2003, with investments by the
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electric power companies, PPS(Power Producer and Supplier)s, self-genatatoend

started business on April 1, 2005.
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(2) Demand and supply mix
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Figure 4.7 .1-4 : Location of major power plants
of Japan

Electric power companies in resource-poor Japan are committed to demglam
optimal combination of power sources that combines various energy sourcesasuch
hydro, thermal and nuclear power in order to provide electricityjclhis essential for
modern living, in a stable manner at the lowest prices.

As electricity is nearly impossible to store in large quantities, elgmbfier companies

generate electricity by combining various power sources,
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operational and economic performance, to ensure that the flucnmilemand, such as
during the daytime in the height of summer, can always be met.

4.7.2. Penetration of PV and Other Generatiomns3)4][5][6][7]

(1) The Japanese PV market in 2013

In 2013, for the first time, the annual installed capacity of #)¢tems in Japan
surpassed 5 GW, reaching 6.9 GW, which represents a 306% increase from the 1.7 GW
of capacity in 2012 (see Figure 4.7.2-1). In 2010, the Japanese PV marketivedsdact
by a subsidy program for residential PV systems and a program to purchasessurpl
power, at a preferential price, from PV systems with a capacity of lesSB@RW. The
cumulative installed capacity of PV systems in Japan in 2013 reachedlahd GW, as
shown in Figure 4.7.2-1. The market share of each segment is depictediia &i7.2-2.
There are no significant price differences in two types of FITs. Howeeeindrease in
commercial FIT is more notable as business operators are easily collecting funds
compare to FIT for residential homes which only able to sell ssirphergy of PV
systems with below 10 kW capacity.
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Figure 4.7.2-1 : Installed capacity of PV systems in Japan.
Source : IEA PVPS Task 1, NSR 2013 and SnapShot Report 2014
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Figure 4.7.2-2 . Market segments of installed PV systems.
Source: RTS Corporation

Residential PV market

The major application in the market has been residential P\ésystThe cumulative
number of residential PV systems in Japan topped 1.5 million in Jan®8y &s shown
in Figure 4.7.2-3, the annual installed capacity of residential PV sysie2042 was 1.4
GW. In grid-connected applications, residential PV systems accounté&d .ty of the
total in 2012. The key drivers of this market are the national subsidgrano, which
provides 35,000 yen/kW (system price is more than 35,000 yen and ne¢@x¥5,000
yen) or 30,000 yen/kW (system price is more than 475,000 yen andxoeed 550,000
yen)for a PV system with less than 10 kW of installed capacity (ROEX), and the
Surplus PV Power Purchase Program, in which individual PV owners canphesl BY
power at 42 yen/kWh. In addition to the national government, more than &@@ll
governments have been continuing subsidy programs, and individuals ar¢oadbgply
to both programs at the same time.
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Figure 4.7.2-3 : Installed capacity of residential PV systems in Japan.
Source8IPEA, J-PEC, compiled by RTS Corporation

Commercial and industrial PV markets

As for medium-scale to large-scale PV systems for public and indusiriaiefs,
installed capacity in 2011 was 139 MW, accounting for 10.7% of totalcgndected
applications. There were increase of 20% (340 MW) in 2012, and 55% (3r8261\Bi

In 2011, there were no new projects awarded by the Project for Promakiad_ocal
Introduction of New Energy and the Project Supporting New Energy Opgratbich
means there was no national support program in 2011 in this categofter A
experiencing the rolling blackouts that followed the earthquake #mel subsequent
power shortages in east Japan, however, local governments and municipalities ¢hstalle
PV systems in schools and other public facilities that coulassbd as evacuation sites in
emergency situations.

Large-scale PV plant market

As of 2011, large-scale PV plants with a total capacity of 46 MWingedled for grid-
connected, centralized applications, mainly by power utilities. Hégeration of Electric
Power Companies (FEPC) also announced a pldaOfelectric utilities to construct 3
PV power plants with a total capacity of 160 MW across the nation by 20a6t &
these projects were originally scheduled to be underway by 2012, dngtaction of
MW-scale PV power plants proceeded ahead of schedule, and 25 suphaf¥ as
shown in Table 4.7.2-1 will be in operation by the end oR6¥3. A small number of
large-scale PV projects were deployed by entities other than powiras in 2011. But
after the new FIT program that started in July 2012, there are an incredise mumber
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of projects conducted by utility companies and private companiestduan increase in
unique subsidies provided by national and local government.

Table 4.7.2-1 : Large-Scale PV Projects of various power utilities
Source: Press releases of utility companies

Scale Start of
Power Producer (MW Location Operation Operation
{planned])

Hokkaido Electric (HEPCO) 1 Date, Hokkaido Jun, 2011 In operation
Hokuden Eco—Energyy Hokkaido Electric (HEPCO) 15 Ikeda Town, Hokkaido Dec. 2013 In operation
Hokuden Eco—Energy Hokkaido Electric (HEPCO) 15 Honketsu Town, Hokkaido hiar. 2014 In operation
Tohoku Electric 2 Shichigahama Town, Mivagi hay 2012 In operation
Tohoku Electric 15 Hachinohe, Aormari Dec. 2011 In operation
Tohoku Electric 1 Minarnisoma, Fukushima Jan, 2015 S0C Mar. 14
Tohoku Salar Power/ Tohoku Electric 143 Jkuj, Iwate Sep 2013 In operation
Tokyo Electric (TEPCO) 13 |Kawasaki, Kanagawa Dec. 2011 In operation
Tokyo Electric (TEPCO) 7 Kawasaki, Kanagawa Aug, 2011 In operation
Tokyo Electric (TEPCO) 10 |Kofu, Yamanaghi Jan. 2012 In operation
Chubu Electric 75 Taketoyo Town, Aichi QOct. 2011 In operation
Chubu Electric 1 lida, MNagano Jan, 2011 In operation
Chubu Electric 5] Shizuoka, Shizuoka Feb. 2015 Under construction
Hokuriku Electric 1 Toyarma, Tovama Apr. 2011 In operation
Hokuriku Electric 1 Suzu, Ishikawa Mow. 2012 In operation
Hokuriku Electric 1 Sakai, Fukui Sep 2012 In operation
Hokuriku Electric 1 Shiga Tawn, Ishikaws hdar. 2011 In operation
Kansai Electric (KEPCO) 18 |Sakai, Osaka Unknown
Kansai Electric (KEPCO) 10 |Sakai, Osaka Sep 2011 In operation
Kansai Electric (KEPCO) 05 |Takahama Tawn, Fukui Mo, 2014
Kansai Electric (KEPCO) 05 |Ohi Town, Fukui Fy 2013 In operation
Kansai Electric (KEPCO) / Kyoto Pref. 198 |Seika Town, Kvoto Dec. 2013 In operation
Kansai Electric (KEPCO)/TonenGeneral 30 Arida, Wakavama Fv 2014 SOC FYa2ms
Chugoku Electric 3 Fukuyarma, Hiroshima Dec. 2011 In operation
Chugoku Electric 3 Uke, Yamaguchi Dec. 2014 S0C MNow. 13
Chugoku Electric — Hatsukaichi, Hirashima TED
Shikoku Electric 43 atsuvarma, Ehime 2020 Partial operation
kyushu Electric 135 |Omura, MNagasaki hay 2013 In operation
kyushu Electric 3 Ormuta, Fukuoka Mow, 2010 In operation
Kyushu Electric/ Kyuden Ecosal 10 Saseho, MNagasaki hdar. 2014 In operation
Okinawa Electric 4 Mivako jira, Okinawa 2010 In operation
Okinawa Electric 1 Mago, Okinaws hdar. 2011 In operation

(2)The new FIT program

The FIT program is based on the Bill on Special Measures ConcerninggfssdLof
Renewable Energy-Sourced Electricity by Electric Utilities (also known as the Renewabl
Energy Law), which was passed by the Japanese national legislature on 26 Q@st1
The law requires utilities to purchase as much electricity fromewaable sources as
possible so as to intensively expand the use of renewable energy. In November 2009,

(JE 3Z v A &/d % E}PE u 8 ES U : % v[e D]v]*SEC }(
(METI) implemented the Purchase Program for Surplus PV Power (an FIT program f
surplus PV power), based on the Law on the Promotion of the Use ofFhssil Energy
Sources and Effective Use of Fossil Energy-Source Materials Energy Suppliersadvhich h
been enacted in July 2009. Under this law, electric utilities were aigligto purchase
surplus PV power. Under the new FIT program, the electricity from PV, wind,
geothermal, biomass, and small-sized hydropower generation is eligible forr-ths.
case of PV, all the generated power can be sold if the installed capddiie PV system
is 10 kW or larger. While the former program limited the PV system capgadtystems
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less than 500 kW, the new FIT has not set a maximum output capacity. Figie 4.7
shows the difference between the former surplus PV power purchase prograhthe
new FIT program.

Table 4.7.2-2: Purchase rate and period of PV system

Surpius 10 years | 42 YenAWh | 38 ven/kwh | 37 Yen/kwh
power onhy
40 Yen/kWh | 35 Yen/kWh | 32 Yen/kWh
100% 20 years
(tax (tax (tax
excluded) excluded) excluded)

Source: Ministry of Economy, Trade and fndustry (MET{), arranged by RT3 Corporation

Table 4.7.2-3: Purchase rate and period of PV system (included Basic of calculation)

Category Fy 2013 Fy 2014
FIT 35 Yen/kWh (2 excluded) 32 Yen/kWh (e exchuded)
Penod 20 years 20 years
- System: 280,000 Yen/kW - Sysiem: 275,000 Yen/kW
o eves o - Land development 1,500 YenkW |- Land devslopment 4,000 Yen/kW
sy W g cEey @ TR - Connecton: 13,500 Yen/ki - Connecton: 13,500 Yenfl
amger (non-residendal) . . . a
Bass of |- Land lease o= 150 Yenim®/yzar - Land lease &2 1590 Yenim®year
calculzion |- Recar lzhor & ofher - 9,000
E,.:La ! s cer o= S Repa r, labor & other coste: B,000 Yen/lWiyear
Yen/kW/year
- Expecied IRR: 6 % - Expecied IRR: 6 %
- Capaciy factor: 12 % - Capacity facior: 13 %
FIT 38 Yen/kWh 3T YenikWn
Penod 10 years 10 years
- System: 427,000 Yen/kW - System: 385,000 Yen/kW
PV systems with a capacity bedow 10 KW - Subeidy: Nafional: 20,000 Yen/kW,
0 s a ) - Subeidy: 0 Yen
(residental) Bae of |° 34,000 Yen/kW
% |- oam: 4 300 Yen/kWiyear - O&M: 3,600 YenkW/year
cabculafon
(ca. 1 %% of sy=iem cost) {ca. 190 of sy=sem cost)
- Capacity factor: 12 % - Capacity focior: 12 %
-Expected IRR: 32 % - Expected IRR: 3.2 %

Source: Ministry of Economy, Trade and Industry (METY), arranged by RTS Corporation
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Purchase price and period

Following the passage of the Renewable Energy Law, the Purchase Price Calculation

Committee of METI finalized the purchase price and the period for elégtgenerated
by renewable energy sources, as stipulated by the law. The committee studiembsts
and conditions of eligible renewable energy technologies, compiledaa gioposal by
April 27, 2012, and submitted it to METI. METI solicited public commeantsiaffs and
purchase periods. This was followed by discussions among: the minfsémonomy;
the minister of the environment; the minister of land, infragture, transport, and
tourism; and the minister of agriculture, forestry, and fisheries. Sgbestly, and with
reference to an opinion by the minister of state for consumdaia$, the minister of
METI announced the tariff and purchase period.

As shown in Table 4.7.2-2, FITs and purchase periods for 100% ofettaciey
generated by PV systems with capacities of at least 10 kW were set at 40Nenplus
a consumption tax, for a period of 20 years. The consumption tax is excluaadhe
table because the consumption tax rate will probably change in thardu The
purchase price is set so as to achieve a 6% internal rate of return (IRR) taefofa@ble
4.7.2-2 shows a trends of purchase price , and Table 4.7.2-3 showartreqiers used
in the calculation of the purchase price.

For PV systems with capacities less than 10 kW, surplus electricity pilrtleased at
42 yen/kWh, including a consumption tax, fbd years. Because residential consumers,
who are the main owners of such PV systems, are not obliged to paysamption tax
for the sold PV power, FITs are the same for both tax-included arektaxded tariffs.

For residential PV systems, the actual FIT is equivalent to 48 yen/kWh i0fige 2
governmental subsidy of 35,000 yen/kW is taken into account. The assumesi 3RRoi
before tax.

This scheme, which provides incentives for surplus PV power, was based oal seve
factors. Owners of residential PV systems are motivated to conserve energy béoause
less power they consume, the more power they can sell to theiaslifrom their PV
systems. Shifting to the gross FIT scheme (which provides incentivindoentire
amount of generated energy) will increase the surcharge, which wihbeged to all of
the electricity users in accordance with their electricity usage to arepte for the
cost of the FIT.

The PV market under the new FIT program

METI estimates that new installation of residential PV systemsénc#tlendar year
until the last quarter in FY 2012 will increase by 40% from entire2GIM, and
cumulative installation of non-residential PV systems will incregsabout 500 MW by
the end of FY 2012. The total additional capacity in calendar ydar 20thus likely to
reach the 2 GW level, compared with 1.3 GW added in 2011, as shown in &iga4.
In 2011, residential PV accounted for 85% of newly installed PV capadapan, as
shown in Figure 4.7.2-2. With the new FIT program, and non-residepdications
including utility-scale PV power plants will increase signifiggsee Figure 4.7.2-5) by
making the use of vacant land.
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Figure 4.7.2-4 . Difference in eligible technologies
between the former surplus PV power purchase
program and the new FIT program.

The growth trend in non-residential installations was clear fromfitet METI report to
list approved, FIT-eligible PV facilities, dated August 2012. There were ZhpEoved
PV systems with capacities of less than 10 kW; these were mostly mgalde
installations, with a total installed capacity of 144 MW. There werePM&ystems with
capacities of between 10 kW and 1 MW; these were mainly installeth@mooftops of
public, commercial, and industrial facilities, and had a total iretatlapacity of 57.6
MW. And there were 81 so-00 “u*Po E_ Ws *C+3 us A]3Z % ]3] « }(
more, mainly large-scale PV power plants, with a total installed capa@/SoMW .
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Approved capacity of PV prokects under the FIT program by prefecture as of the end of December 2013 (total : 28,381 MW)
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Figure 4.7.2- 5: Approved capacities of PV projects under the FIT program
by the end of December 2013

The new FIT program has created PV business opportunities in Japdryanvolving
local governments, is also providing a strong impetus to revitalize localosgon
activities. In developing large-scale PV power plants, owners and operatars ca
effectively use spaces at industrial complexes that were developed by local

147



governments and idle land owned by private companies. Companies from various
industrial sectors are entering the business of PV generation.

Furthermore, some electric utilities have established subsidiaries specificathef®V
power generation business.

(3)Future prospects

The FIT program has brought about a significant change in thensigoaof PV system
installations in Japan. PV system deployment, originally led mostlyebsupply side, is
now mostly led by users. Japanese financial institutions are actuglyorting the PV
industry. Advances by PV system integrators, PV-utilizing industries, and arsers
enabling downstream sectors of the PV industry to flourish, broadgethe scope of the
PV business. Installations of PV systems for public, industrial, commeoadl and
railroad, and agricultural applications, which have lagged behind retsdi@pplications,
have become more easily achievable. These applications are establishing a new core
market in addition to the residential PV market. Meanwhile, overseas faaturers are
increasingly entering the Japanese PV market by emphasizing the lower gdritesr o
products.

In July 2008, the Japanese government set a national target for the udtiod of PV
systems with a cabinet decision on an action plan to create a low-nasboiety. This
plan specifies targets and measures regarding innovative technological deexiop
and the deployment of existing advanced technologies. Among other thingsplém
establishes a framework for transforming the entire nation inttowa-carbon society.
The national targets are to increase PV power generatiobOttimes its 2008 level, to
14 GW, by FY 2020 and to 40 times the 2008 level, or to an estihat&V, by 2030.
In April 2009, the government formulated an economic stimulus measure naneed-t
Recovery Plan.

This plan set a new 2020 PV power target: 20 times the cumulative @ustadbacity
(as of 2009), to a level of 28 GW. Figure 4.7.2-6 shows the prosped®/fpower
installation as presented by the J-Recovery Plan. In this plan, the targ2030 was
kept at 53 GW.

Following the nuclear power plant failures in Fukushima after the M&z6hl
earthquake, the Japanese government began formulating a new energy strategy from
scratch. It is called the Innovative Energy and Environment Strategy and seassdid
in the cabinet on Septembelr4, 2012. The strategy stipulates that all available efforts
and resources are to be used to reduce the generation share of nuclegrpmcluding
maximum deployment of all types of renewable energy.

Before the announcement of the strategy, the National Policy Unit isgisedutlook
for the energy mix in 2030.

According to that document, the government expects renewable energy tolhsupp
25%tTA9 }( $Z v S]}v[e $}S ,0anB RV @nd Wind, whose generation is
variable, should supply 9¢68% with the rest coming from hydropower and geothermal
plants. In this scenario, the national 2030 PV target will be dafisem the current 53
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GW to about 60 GW or more. To achieve such a generation mix, the Jap@wese
research institutes, industry, planners, project developers, end users, andnoeist
need to successfully address all the challenges of regulationtutinstial integration,
costs, and reliability. The government has announced that its energywpliane revised,
based on the Innovative Energy and Environment Strategy, by the end of 2012. |
parallel with PV deployment in Japan, the Japanese PV industryalaall able to
contribute to the deployment of PV in foreign countries.

© % V[* Ws Jv HeSEC up+s vZ v ]3e by antiouing udshif jits phsmess
structure, based on the technologies, engineering, and services that support the lifeotjRe
systems.
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Figure 4.7.2-6 : Target PV capacity in Japan

(4)The Strategic Energy Plan of Japan
The fourth Strategic energy plan

On April 11th, 2014, the Cabinet of the Japan Government decided ttieShrategic
Energy Plan (The PLAN, herein after) in place for the third Strategigyeplan which
was decided in 2010 before the East Japan Earth Quake and the failuttee of
Fukushima-daiichi Nuclear power Plant.

The PLAN begin with the issues related to the energy supply-demaradustr in Japan
(Chapter 1) which includes the structural issues faced by Japan antdbes that
become apparent around the time of the Fukushima Nuclear AccideGhapter 2, the
PLAN described the four viewpoints of the basic policy regardirasuanes concerning
V EPC *p% %0C Vv uvyV S} (J]ES v (JEuUuprSv (BRE -
AN UE]ISC e U v E o]l 0}A }+8 v EPC u%%3CIVGulvZz v ]
((1 T v Ere}vsSZ %E&ule }("" (SCX_ /S ]+ o} ((MBSES} VS §
%oUEsu VA]JE}vuU vE epls8 ]o]8C ~* VA]E}vu v3 _+XdZ W>E
describes the position of each energy source and time frame (Chaptére3)romotion
of strategic technology development (Chapter 4) and the communicatitm alli levels
of the society and deepening of energy related understanding.
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Basic energy policy

In FSection 2 Position of each energy source and pollayt (E u _ ] }( Z %S
2, the PLAN states as follows for the total consideration:

To establish a stable energy supply-demand structure in Japa®,intportant to
identify the characteristics of the respective supply chains ofithal energy sources,

o E]J(C s§Z vV EPC *}uE <[ %emasd strudtureSanhd inditato molcy

]JE& S]}ve ¢} 82 8§ §Z JE +SE& vPSZ- % £ E - s} }tu
weakness.

Particularly, in terms of electricity supply, it is important tidize¢ each energy resource
based on its character as electricity power source in order to eeahergy supply
structure where stable supply, low cost and environmental acceptabdit be achieved
in a proper balance; each energy source is positioned as an electrisiy pource as
below.

1) Geothermal energy, ordinary hydropower (run of river type), nuclear energyahd
e N 20} %}A E JuE U AZ] z v 1% E § EP @&Co ve }C
C v V]PZ&Xie ESUE 0 '» v <} }v e« AJlvd EPZ] 8V %}A &
produced by low cost next to base-load power source, whose powartaan respond
quickly and flexibly to the situation of electricity demaB) Oil and pumped-storage
ZC E}%}IA E ¢ 2% I]VP %}A E }JpuE U AZ}e | %)@ & }us %o
flexibly to the situation of electricity demand in spite gfhhcost.

In the Section 2, the PLAN, define the position and the policytdre of renewable
energy as follows:

Position:Renewable energy has various challenges in terms of stable supppstrat
this moment, but it is a promising, muttharacteristic and important energy source
which can contribute to energy security as it can be domestigathduced free of
greenhouse gas emissions.

Policy direction:GOJ (Government of Japan) has accelerated the introduction of
renewable energy as far as possible for three years since 2013 followed mucost
active promotion. Therefore, GOJ steadily proceeds with the enhancerm@uwer
grids, rationalization of regulation, research and development fet ceduction, etc.
Therefore, GOJ establisheZ 0 § D]v]+*3 E-] ]Jv 8 D 8]vP }v Z v A «
for policy coordination, and to promote cooperation amongteslaministries. By these
measures, GOJ pursues the higher levels of introducing renewable enerdlyehavels
which were indicated based on the former Strategic Energy Plans, and @©& iako
account when it considers energy mix.

In the Section 2, the PLAN, among the other energy sources, states abolgrsaigy
as follows:Small and medium-scale solar power can be generated in an area adjacent t
end users including individuals. Therefore, small and medium-scalgyeular reduces
the burden on main grids and it can be used as an emergency powee sblowever,
the power generation cost of solar power is high, and power outputinstable.
Therefore, further technological innovation is necessary. In the midngpterm, cost

150



reduction is expected to promote the introduction of solar power baseits position as
an energy source which complements peaking demand in daytime hourkein t
distributed energy system and which contributes to the implementagbrenergy
management involving the participation of consumers.

Measures for Renewable energy

In Chapter 3 of eight sections of individual measures of energy supglylemand,

(8 E " §]}v i WEIUIS]IIV }( Iu% E Z ve]A % puPedhodA JE -
E <}JuE +_ v 2~ 3]}v 1 Z o]l 8]}v }Esawng sAciety andvsmia® C

v (o A&£] o }vepu &E §]A]18] - U 8Z W> E e E] e ™™ §]]
introduction of renewable energy: Toward achieving grid parity over the midertg-

§ EGu_X

In Chapter 3, the PLAN states about the acceleration of the introducfieenewable
energy as followsGOJ has accelerated the introduction of renewable energy as far as
possible for three years since 2013 followed by continuous active poomdherefore,
GOJ steadily proceeds with the enhancement of power grids, ratidraiizaf
regulation, research and development for cost reduction, etc. Therefore, GOlisests
NZ 0S8 D]v]es E-] ]Jlv 3 D S8]vP }Jv Zv A o ¥S]JERCV(}IE %
to promote cooperation among related ministries. By these measures, GOé9thsu
higher levels of introducing renewable energy than the levels whee indicatel
based on the former Strategic Energy Plans, and GOJ takes it into tagduaem it
considers energy mix.

As concrete measures, appropriate management of the feed-in-tariff Sysiain
deregulation measures, such as reducing the period of the environmental assgssme
will be promoted. At the same time, in order to resolve problems sudtedsgh power
generation cost, unstable power output and the limited availghdf suitable locations,
diligent efforts will be made to develop technologies for cost maolu@nd efficiency
improvement and conduct development and demonstration projectdafge storage
batteries and build power grids

dz W>EU (S & §Z ep e S]}v }( "SE vPSZ v]VBZ u uE
JVSE} p 8]}v }( Alv v P }8Z Bu o %}A E _U}ws]$é SZ }us V
*m e Sltv }( SZ ~WE}u}s]iv }( ue }( Ev A ov EREPC v
Ce3 ue_ (}E AppsCmedijum/small hydropower, soar power and renewable
energy-driven heat, as followsPhotovoltaic generation has the characteristics of
easiness to introduce diversely in medium/small scale with small burdemaongrids
and of capability for usage as emergency power source. The poputarizat
photovoltaic generation proceeds in regions such as idle landés of schools and
factories, and GOJ continues to support such measures.

Feedin-tariff

The feedin-tariff program for renewable energy started in July 2012, one year after
the East Japan Earthquake. The installed capacity of renewable energgr po
generation, excluding large-scale hydropower, has grown from 20.6 GW by 9.0 GW
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(almost PV) at the end of March 2013, indicating steady progretsgeimtroduction of
renewable energy.

The PLAN states about the feed-in-tariff in Section 3, as folléiws:objective of the
feed-in-tariff program is to accelerate investments in renewadergy by providing
predictability regarding the recovery of investments. For this reasos,intportant to
continue operating the program in a stable and appropriate nearso as to reduce risks
involved in the program and enable businesses to concentrateropettion. Also, it is
meaningful to consider systems taking vitalization of regioms account including
small-scaled efforts.

On the other hand, from the standpoint of the cost burden @npglople, appropriate
consideration must always be made; for example, the procurement cost Ipeust
reviewed so that it reflects the amount of cost reduction achievedéordance with the
legal provisions. Moreover, the systems for promoting the use of renewable energy
sources, such as the feed-in-tariff program, must be comprehensively studighlt iof
such issues as a cost increase, reinforcement of power grids, in reference to the
situations in other countries, and on the axis of developidigypoombination which can

oV }8Z % E}ul}s]lv }( u Alupu pe }( E v BAlve %y JBRC[e v
burden, in accordance with the revision of the Strategic Energy Plan bast law.
Necessary steps will be taken based on the results of the study.

. §}S oU §Z W> E[*s %% @& S} 0 ¢ VSZH<}]dv G}AEV %o Z}
that for wind and geothermal is partially because the huge amountestified FIT
application of photovoltaic generation (60GW as of March 2014).

4.7.3. Case Study
>$@ 2SHUDWLRQ DQDO\VLV IRU D IXWXUH SRZHU V

(1) Issues with heavy deployment of variable renewable energy

Among renewable energy generation, PV and wind generation output is ylartic

dependent on weather conditions. When these variable renewable eneageheavily

deployed in the existing power system, the deployment may affect the stabilithe

power supply in various situations, whether in thév ]S]}v }( "v}E&u o | v ] v
or "e%o (] | -aCAS X

Table 4.7.3-1 : Main system-level issues in a normal condition

Normal condition Accidental condition
Specific ® Distribution voltage increase due to PV deployment B islanding operation
Issues # Power fiow fluctuation due 1o wind generation deployment
® insufficsent frequency regulation capability B Simultaneous huge drop-out of vanabie
System-level 2 3
[ ® Suwpls power renswable enérgy from the powes system

® instable synchroncus operation

In the power system, the frequency fluctuates when the balance of deraaddsupply
crumbles. Therefore, the power system is operated to constantly ramrthe balance
of demand and supply.
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When variable renewable energy is heavily deployed, it may cause difficuities
maintaining demand-supply balance due to insufficienttomnof a few to 20 minutes
short-cycle fluctuation and turning-down of supply during tigdt-load period.

It is necessary to maintain demand-supply balance based on economic dispatch
considering constraint of LH®@d Frequency Contrakgulation.

Surplus power (demand: small, re_newablo anergy output: large)
' Dermeca ) Robewat's R B
il ’ | Insufficient
Demand-supply balance ' y LH H jy - baancing causes
\ - < —_— Surplus power .
. gy~ A4 AN
I I""*’-‘"{z RE l i . =Increase of frequency
“—m%u F.'“f“" Ko i Insufficient control of a few to 20 minutes LFC
cowrwerd) )
Ranawad e
- :

Insufficient
balencing causes

Oemanc L .
’/ L—J r < P8 = |ackofLFC ;
Note) Balancing capabilty : controliable Demand 7 — : / capabiity .
capacity of power plants with - 7y ;
freguency balancing systems Fluctuation of frequency

Figure 4.7.3-1: Balancing Capacity

(2) Overview of demand-supply balancing capability analysis for a future
power system

The future prospect of 10 Japanese power systems with heavy deployrheatiable
renewable energy is examined in this analysis. Impedimémtsenewable energy
deployment and the measurement scenario are assessed in a quantitative maghod
follows:

1) How much PV and wind power will be introduced without the need to take
countermeasures against imbalance of the power system?

2) When control of the power system is required, how much can measurement costs be
reduced?

The main features are as follows:
1) Assumption: both PV and wind power are heavily deployed.

2) In order to use maximum resources, interconnection is broadly operated if there are
no constraints. Specifically, 10 grids in Japan are classified into five blocks for
economic dispatch analysis.

3) The power system operation is modeled based on economic dispatch considering
constraint of LFC regulation.
(The control of the power system, such as distribution voltage increase, power flow
fluctuations, and instable synchronous operation, is out of the scope of this work.)

4) In cases where economic dispatch is not feasible, countermeasures are conducted in
the order of demand activation, pumped-storage plant utilization, and generation
curtailment.
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% Integral operation of the interconnection is assumedin the
same block.
(However, capacity constraint is not considered in this case).

Figure 4.7.3-2: Five Blocks for Economic Dispatch Analysis

e Demand-supply balance wa Balancing capabiity
7 ‘ Load dispatching -
based on only 2200
economy leads to 2y I
insufficient LFC ise f] 'PH -
capability. - Tt
we  Demand-supply bakance 1 = e Balancing capability
o d Maintaining balancing g S B T
A .l l'll capability leads to = -
,:: 1[I HERAHT]] surplus supply. .
o (LLLLEECCRERCEE R ”j

P00 300 850 B30 thOC S5O0 M0 M2E 020 300 0G0 300 L300 1200 1830 200

[ Demand activation, pumped-storage plant utilization and generation curtailment ]

Source) K. Ogimoto, Y. lkeda, K Kataoka, T lkegami, S. Nonaka, J. Azuma, "Resolution of
issues with Renewable Energy Penetration in a Long-range Power System Demand-
Supply Planning”, Conference on Energy, Economy, and Environment (2012), Japan
Society of Energy and Resources

Figure 4.7.3-3: Dispatch Management (image)

(3) Assumptions and results of the analysis

The impact of heavy deployment of PV and wind power in the Japgrmser system
in 2030 is analyzed based on the following assumptions. The analyzeds ateéded
into five blocks (see the following table).

It is necessary that about 7% of output of variable renewable energy shwaild
curtailed in the current operation, while less than 5% of generatiomadment would
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be necessary when demand activationV@ectric Vehicle)and HRgat Pump)
utilization) is taken and pumped storage is actively used.

In Hokkaido, the required generation curtailment rate of variable renewabérgy is
about 10% even with demand activation and pumped-storage plant utdizatn east
and central Japan, the required generation curtailment rate is estimatednd 5% or
less, and therefore more wind power could be deployed in these areas.

Table 4.7.3-3 : the required generation curtailment rate

Year of analysis,
Number of blocks

s90IN0SaY
puewaq

Sadnosay

[EUONUBALOD

6RXUFH 39 JHQHUDWLRQ 7 2R]HNL
SRZHU V\VWHP DQDO\VLV’

a|qemauay

Demand of areas
and time

Activation
equipments
Fluctuations
regulated by LFC
Deployment
capacity

Hourly

generation of
each block

Fluctuations
regulated by LFC

Installed capacity
of each block

Balancing
capability

®5 blocks in nationwide (at the year of 2030)

= Current demand + additional capacity from activation equipments

= Heat pump water heater(14.3 million units). Electric vehicle(6 million cars)
230% of the above is subjectto activation

3% of demand at the assumedtime

= PV: 100,600 MW (higher-order case)
2 Wind power: 32,520 MW higher-order case)

® Estimated hourly generation in each block based on the assumption of weather
conditions (Year 2010)and future heavy deployment™

uPV: 10% of hourly generation output
®Wind power: 15% of facility capacity

® Thermal: current installed capacity + partial expansion is taken into
consideration (keeping 5% of supply reserve margin)
* Generation output of each unit is respectively dispatched.

u Run-off-river: current installed capacity

= Pumped storage : current installed capacity + power plants under construction

®Thermal: 5% of rated capacity
2 Pumped storage : 20% of generation output (Variable speed machine also has
balancing capability during pumping operation.)

- ARLP\RHWR 73" HERDBAHNSTRERM output for

Environmental Systems (2011), the Institute of Electrical Engineers of Japan

Wind power generation: K. Ogimoto, T. lkegami, K. .DWDRND 7 6DLWRX 23:LQG )LUP *HQHUDWLRQ 'C
DQG $QDO\VLV LQ -DSDQ IRU 3RZHU 'HPD QMKHQA®WKRBROOOVSQM@XWMQWLRQ RI WKH

Electrical Engineer of Japan (2012), the Institute of Electrical Engineers of Japan
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Figure 4.7.3- 4:Generation Curtailment Rate of RE
(Capacity of deployed renewable energy : higher-order case)

(4) Sensitivity analysis of the areas where wind power is deployed

In order to analyze the effects caused by the local differences, the tatployed
capacity of in Japan is kept the same level and the capacity of Hokdagtldohoku is
proportionally divided.

Required generation curtailment rate in each block after active implemeantatif
demand activation and pumped-storage plant utilization. The depl@ggdcity of wind
power in Japan as a whole and other blocks are set the same asitiadlyi assumed
capacity (Japar32,520 MW, Central JapaB,570 MW, Kyushu4,930 MW, Okinawa
410 MW).

When the deployed capacity of Hokkaido is 1,000 MW (Tohoku: 17,610 Me/),
generation curtailment rate of Hokkaido decreases to 2.6%, while the rafelooku
slightly increases to 0.3%. As a result, the national average decreases to 0.7%.

156



Sctos | [—e—okado 103%

B S

SO —a— EastJapan

o 2

o 88% —ae— National average

B > {for reference) Basic case

= i

o QO

~ C

© ‘;‘6%

o D

w8

.

‘E’ 2 4%

E &

2%

3 gz% 2 6%

5.5 1.0%

® E 0.7%

8c W 0.2%

§~ 3 3 St > — B oI

(?; 0% - 0 3% - -
Hokkaido: 0 500 1,000 1,500 2,000 2,500
East Japan: 18610 18,110 17,610 17,110 16,610 16,110

Deployed wind power capacity [MW]
Figure 4.7.3-5: the generation curtailment rate of Hokkaido decreases

25%

20%

20% |

15% |

13%

10% 1 | 65y
5.9% 5 6.4%

4.2% [3.9% 48%
4 2.7%
0.3%|_i0__2_- 0.1%
0% H

Hokkaido  East Central Kyushu Okinawa Japan
Japan Japan

5% |

Renewable energy generation curtailment rate
{compared with renewable energy generation)

‘I:I No measurement @ Activation g Activation + Pumped storage ‘
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>% @ 6\WWHP DXJPHQWDWLRQ DQDO\VLV HQHUJ\ \

The nuclear accident due to the Great East Japan Earthquake athomarfg tsunami on
March 11, 2011 has seriously affected the energy policy of Japan. Aéeadtident,
there is a concentrated discussion on the future energy demand-apphgun Japan
including the substantial deployment of renewable generation indgdihotovoltaic (PV)
and wind which have variable and partially predictable naturgesferation.

However, for the sustainable energy/power demand and supply for théasadble
society, we need to pursue the essential targets of the energy system (1)stlibig
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based on a power demand and supply analysis of Japanese ten power SyESBEEIR0
including the evaluation of balancing capability of a powgstem, discusses the future
generation mix including PV.

(1)Methodology

ESPRIT is a tool to investigate long-term electricity demand by usenfuoction that
analyzes probable demand, including the optimization of connestfor flows between
interconnected systems, and another function concerning planshi®ieast expensive
energy sources. Based on the demand curve for the specific time period (weet),mo
or season), the characteristics of the unit of generated electricity (ratedent,
efficiency, fuel type, minimal load, number of days for the plahmsbutdown, and
accident rate), and the cost of fuel, ESPRIT analyzes optimum annudkmaaite
schedules. The next step is to use the load duration curve foh é¢@ee period
examined to arrive at the optimal load allocation, accounting for pussibility of

generator failure, thereby determining the quantity of power of eachvpr generation
unit.

After the probabilistic economic load dispatch, ESPRIT hasctdiality to check the
hourly balancing capability of a power system and to improael dispatch by putting
thermal generators into partial loading (See Figdt&.3-7, introducing new pumping
and generation operation of pumped storage power plants, and, eventugdlyeration
curtailment of PV and wind generation (5). It is important thae tgeneration
curtailment of variable renewable generations can reduce their expecteergéan
variation to reduce the requirement of balancing capability of a @osystem

Gen. Capacity

Qil2
Original LOAD ol .
L L Hydro w/ reservoir

Rl System Load L0 3 } LNG 2
. v

o LNG 1 Peak:
“ G Base:
Py Pump Input | | L Coal 2
Wind Battery Charge | | P
HP Water Heat <
EV Charge

; _ﬂ]]]]] Coal 1

Minimum's

1
Equivalent
load Nuclear

Hydro (run-  of-river)
Geothermal

JLIXUH - >80LQLPXP ORDG GLVSDWFK IRU OI

As a result of the analysis, indices are calculated regarding such aspegisrasng
costs (fuel costs and power-outage costs), supply reliabititys (bf load probability,
expected unserved energy, etc.), and the volume of €issions.
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(2)Preconditions and assumptions

ESPRIT modeled each of the 10 power grids that exist in Japdnppaated by a
different power company, while taking into consideration the RovBupply Plans of

power companies for 2010 and 2011, the Japan Long-Term Energy Outtmbkhe
% Vv ¢ P}A Evu vi[¢ ] Vv EPC Wo vX 7

1) for situations based on four basic nuclear scenarios: (1) Pre-disaster (@)an
Continuation of nuclear development (including scenario 2b, whereeaugbower is

v (E]}TabE

eliminated in 40 years); (3) Suspension of nuclear development (and elinmriatéd

years); and (4) Elimination of nuclear power within five years (includempsios 4b and

§Z

4c, depending on whether thermal power or renewable generation is aggressively
expanded to pick up the slack). Comparisons are made of the proportiouaear
generation capacity under each scenario (Figures-8).
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Figure 4.7.3-8: Generation Capacity
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Table 4.7.3-4 : Scenarios for Nuclear Power

No. Scenario Shape in 2030
1 | 2010 Plan The outlook before the 3.11 disaster, which is based o
Long-Term Energy Demand and Supply Prospect in 2008
the Energy Basic Plan in 2010 of METI. 14 new reactors
be built by 2030 witla 90% utilization factor.
PV of 53 GW, Wind of 10 GW
2a | Continued Nuclear Continued nuclear development with some delay. Existin
Development nuclear units will be demolished after 60 years of operatiq
PV of 80 GW, Wind of 28 GW
2b | Continued Nuclear | Continued nuclear development with some delay.
Development40 Existing nuclear units will be demolished after 40 yeary
year life operation.
PV of 80 GW, Wind of 28 GW
3a | No Nuclear No new nuclear development
Development, 40 Existing nuclear units will be demolished after 40 years
year life operation.
PV of 80 GW, Wind of 28 GW
4a | Abolitionin 5 years | No new nuclear construction. Existing nuclear units will
demolished in 5 years
PV of 80 GW, Wind of 28 GW
4b | Abolition in 5 years, | No new nuclear construction. Existing nuclear units will
and aggressive fossill demolished in 5 years.
fuel power To compensate, 37.5 GW coal and natural gas-fired p
development plants will be additionally developed to compensate for
reduction of nuclear power.
PV of 80 GW, Wind of 28 GW
4c | Abolitionin 5 years, | No new construction. Existing nuclear units will
and aggressive PV | demolished in 5 years.
and wind PV of 160 GW, Wind of 160 GW will be developed
development compensate for the reduction of nuclear power.
dzZ ~ pPu vsS S]}v_ }( SZ Eu o % }A ddishetey fatecadtvscaario¥. (E

was premised solely on the schedule for phasing out thermal plaswseged by coal or
natural gas over a 40-year period, starting in 2020, and on the announcedtionitf
oil-fired thermal plants. The construction of new thermal pkop to 2020 is based on

§Z p3]o]8] o[ WIA E "u%%o0C Wo veU ps (E}IU}EGHWvA E
for common use that seeks to ensure a minimum reserve margin of 10% in gc8bari
through the introduction of highly efficient coal-fired thermakpts (including some
using integrated gasification combined cycle generation) and highityesit natural gas
combined-cycle powered plants.

The deployment of PV generation assumes situations where solar panels aléethst
on new houses, existing houses, and other structures, while that of wowler is
calculated according to the wind resources in each power system. Meanvitile,
scenario 4b, in which nuclear power is eliminated within fiveryeehile thermal power
is augmented, the shortfall from the reduction in nuclear power genera{nearly 38
GW by 2030) would be made up for by the active use of thermakpow scenario 4c,
where nuclear power is eliminated within five years and renewable energy is
augmented, PV and wind power would be introduced to the maximurargxgiven the
level of demand, with cumulative capacity of each power source regdhe level of
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160 GW by 2030. The condition all the scenarios have in common is that gemend,
which is assumed according to the Basic Energy Plan, falls steaglily the pursuit of

low carbon emissions after 2020. The Fukushima Daichi and Daini Nuclear Pow
Stations will be shut down permanently or out of operation.

(3)Share d installed capacity and generation

Electricity demand in 2030 will have decreased compared to the lev&)20. One
portion of the generation shortfall arising from reduced nuclpawer capacity will be
made up for by the introduction of renewable energy, but from scen@ao where
nuclear development continues, through scenario 4, where nuclear power isatidi
within five years, the shortfall from reducing nuclear power will riyalve bridged by
increased use of coal- and natural-gas-fired thermal plants, includavg facilities
stipulated under the Basic Energy Plan, and by greater use of theedilpliants whose
utilization rate was planned to be low.
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Figure 4.7.3- 9: Capacity of each Scenarios Figure 4.7.3- 10>8Generation of each Scenarios

Comparing the three specific cases listed under scenario 4, where nuclear ower
eliminated within five years, we see that the augmentation of tharpower in the case
of 4b involves increased power generation from coal and liquefadral gas, leading
to a major decrease in the amount of the more costly oil-powered thepoaler. In the
case of 4c, where renewable energy is augmented, the extremely large-scale
introduction of PV and wind power plants will lead to a deseemn electricity generated
from thermal plants powered mainly by oil and natural gas, as welha®me increase
in pumped-storage hydropower plants.

(4)Costs of fuel and of power generation development

Figures 4.7.3-11 and 4.7.3-12 indicate the fuel costs up to 2030 under each of the
scenarios, as well as the combined cost of fuel and power generatiotogpevent.
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Figure 4.7.3- 11>8the fuel costs up to 2030 under each of the scenarios

In Figure 4.7.3-1, the annual fuel costs from the rise in thermal power generation as
of 2020, compared to the pre-disaster outlook, are estimated to benarease of 1
trillion yen under scenario 2a (continued nuclear developmaeuitR trillion yen under
scenario 3 (suspension of nuclear development and eliminationimvtO years), and of
4.5 trillion yen under scenario 4a (elimination of nuclear powéthiw five years).
Leading up to 2030 there will be a reduction in energy demand stegnfmom advances
in energy conservation, renewable energy and highly efficient thermal poviletbeay
introduced, and the number of newly developed facilities will decreias¢he case
where nuclear development continues. In scenario 4a, though, it wilbe possible to
greatly bridge the cost gap compared to 2020, whereas great reductiongelircdsts
can be expected under scenario 4b or 4c.
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o
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|
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Figure 4.7.3- 12>8he fuel costs up to 2030 under each of the scenarios

Figure 4.7.3t2, for its part, indicates the annual costs by adding the power generation
development expenditures (with an assumed discount rate of 5%) to thlechsts for
each of the energy sources, with a 10-year investment recovery span for salar, 29
years for wind power, and 40 years for system power supply. Under scerZaito 4a,
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the savings in fuel costs from the increased use of thermal, PVwardl power will
offset the cost of developing those energy sources. Looking at scenaridb,Zmd 4c,
we can see that whereas the annual costs decrease in the case of 4lglhttoel lower
fuel costs resulting from expanding thermal power, under scenario ddévelopment
costs required for the large-scale generation of PV and windepawill result in higher
overall costs. This suggests that excessive boosting of renewable energyawell h
economic drawbacks.

In every scenario excluding scenario 1, where renewable energy is introcurced
large scale, problems arise in power system operation regarding balarfcsoguly and
demand because of fluctuations in renewable power generation regsuitiom such
factors as time of day or weather. This situation may require curtailmeRMoand wind
power generation, in turn harming their economic viability. The amafrgeneration
curtailment will rise along with the increased use of PV armudwiower. Calculation
results show that scenario 4c would result in a curtailmer®@and wind generation of
around 20% or more, dependent on the characteristics of thetufaton and
countermeasures, and the amount of this curtailment would increasedly with the
introduction of renewable energy on a larger scale.

(5)Carbon emission volume

Figure 4.7.3k3 shows the quantity of GQmissions. An increase in thermal generation
would lead to an increase in emissions under each scenario, rangingsfiamillion to
250 million tons. In scenario 4b, where nuclear power is phasedmihin five years
and thermal power increased, there would be no major improvement in carbo
emissions even by 2030, but the outcome will be influencedhbyiricrease in the ratio
of coal-fired plant operation. In scenario 4c, meanwhile, where éfimination of
nuclear power within five years is balanced by increases in renewable etteedgrge-
scale introduction of solar and wind power will contributeldaver CQ emissions.
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Figure4.7.3- 13>8C0O, emissions up to 2030 under each of the scenarios

(6)Consideration for Best-Mix

The power demand and supply analysis indicated that, if coctstiu of new nuclear
plants and/or operation of existing nuclear plants are restrictedapan, even with the
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maximum possible deployment of renewable generation such as PV and wwner,p
much of the unavailable nuclear generation will be substitutedabyincrease of the
generation of fossil fuel power plants. The substitute will lead ubstantial increase
of fuel cost and construction cost and CO2 emissions of fosdipbwer plants as the
current situation in Japan where almost all nuclear power plants aténnoperation.

In addition, even if a large deployment of PV and wind power is posgitiiea drastic
price reduction (Scenario 4c), the excessive penetration of renewable energy has a
possibility to make difficult problems of heavy capital cost andtable power system
operation due to the shortage of the balancing capability. The issudeobalancing
capability will lead to a substantial curtailment of theialle renewable generation to
decrease their economy. Figure.12 shows an example of the increase ofriewable
generation curtailment with the scenario 4c.

Some further analysis indicates the possibility to resolve the isdubatancing

capability of a power system with the heavy penetration of vdeabenewable

generation through the total optimization of the system balanatagability (flexibility)

including demand activation. The demand activation considered énatfialysis is an

next effective technology for balancing not only during emergency pébigidalso in

every-day operations for a power system with high penetration of renewahkrgy

generation. The realization of demand activation accompanied by dewvedots in

information technology will make it highly(( $]A &} & o]l §Z (pSHE «3
*H% % 0C U]ZA _ }( .%}A E <Ce3 u

4.7.4. Issues and Solutions for PV Penetration

(1)General

In March 2011, the Government Revitalization Unit of the Japanese cabinet held a
subcommittee meeting on regulatory and institutional reforms and cdedpia draft
final report on the energy sector, including 183 items relating to energy sector
regulatory reform. Many of the reform items had to do with the acceleratbwarious
kinds of renewable energy, including PV generatibns} v o 3$Z Al}ous]}v }( : %
energy system after the March 2011 earthquake. Various ministries are resffib
the reform items, many of which mitigate regulatory and institafb barriers, such as
those in the procedures for renewable energy integration, siting, and ajahro

Currently, developers constructing large-scale PV power plants face mahgnges.
Successful implementation depends on the effectiveness of full-flediprdgulation
and the timing of the changes. Unnecessary regulations will increase investnstat co
thus reducing the profit of the power generation businesses thatalh®V systems.
Among the obstacles, regulations on land use are key. Several ministries involaed i
use are greatly affected by the legacy legislation listed in Tabled3s@rsequently, PV
project planning and approval are also greatly affected. For example, appmval f
converting agricultural land into a site for PV power generation requimagy time-
consuming steps.

164



Generally, it takes a large amount of time to achieve deregulation becausguites
coordination among many entities to confirm compliance with éxgtlaws and
ordinances, to coordinate stakeholders, to conduct safety checksjorx with many
different ministers and agencies, and more. To effectively deregulate, parsistforts
must be made to clarify issues under current regulations, and contiappeals must
be directed to concerned parties. It is therefore important for theats@se PV industry
to work hard to identify irrational regulations by means of indwstassociations.

There will likely be a need in the future for a comprehensive examimaf energy
integration, taking into consideration technical and cost issukged to such factors as
electricity sources, demand activation, predicted electricity generation, #mel
operations of electrical systems, as well as the achievement rate and appticin the
case of each technology developed, unit costs for fossil fuels, acgertainties such as
CQ restrictionsv and these evaluations must take place over the medium to long term.

(2)From [A] system operation analysis

Though the model structures and parameters need to be consideredheyrithe
suggestions at this point are as follows:

¥ There are uncertainties about the output characteristics of PV and wind power when they
are heavily deployed. Further measurement and analysis of PV and wind power output
data is necessary to elaborate assessment of the effect on the power system and improve
countermeasures to be taken.

¥ Integral operation by utilizing interconnection would have a great potential to balance
demand and supply as well as maintain balancing capability. To accomplish the above
operation, it is necessary to deal with limitation of interconnection among local areas and
spread of adverse effects caused by an accident, etc.
Required generation curtailment of renewable energy could be reduced by demand
activation and increased pumped-storage plant utilization. It is essential to increase
acceptability of users and effectiveness of the countermeasures in order to make the most
of activation and generation curtailment in practical operation. It is expected that
necessary technologies for activation and generation curtailment as well as new value-
added products are developed and diffused, and the related policies are established at the
same time. As countermeasures for the power system, it is necessary to develop
technologies for balancing capability of thermal power and cost-effective interconnection
in the power system. It would be necessary to consider policies to promote construétion o
factories and data centers in areas where countermeasures should be conducted.

There are also several points of consideration as follows:

¥ When thermal plants with low output operation increase to maintain balancing capability,
generating efficiency decreases, and fuel costs ande@@ssions increase. The impacts
caused by the above reasons need to be assessed in the future.

¥, Although active utilization of pumped storage is assumed in the analysis, periodic
inspection, reservoir capacity, and weekly based operation should be also considered in a
practical operation. If the above practice is made, the generation curtailment of
renewable energy would increase because additional demand decreases.
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¥ This analysis focuses on balancing capability of demand and supply as power system
control. In practical operation, distribution voltage increase, power flow fluctuation, and
instable synchronous operation should be also congidelThe generation curtailment of
renewable energy would increase when the above issues are considered. Power system
management would be necessary to solvegdproblems.

(3))URP >%@ V\WVWHP DXJPHQWDWLRQ DQDO\VLV

As Japan moves forward in its rebuilding and recovery efforts for its energycavet
generation systems and devises policies to cope with the situatiom]libe important
to determine measures for the short term as well as the medium &y term,
including initiatives to counter a large-scale rise in fuel £ossulting from the loss of
nuclear power plants. In the short term it will be importatat adopt measures for
energy conservation that can be continued into the future, whilegha longer tem
plans must be formulated with an eye to future energy demand, drgvwan lessons
learned from the 2011 disaster.

The analysis of electricity demand for 2030 indicates that if theratpns of new and
existing nuclear plants are placed under restrictions, it will becdiffto make up the
shortage with solar and wind power even with the maximum possiblestsoto their
capacity. This will mean that thermal power will play a major role ptacng nuclear
power in the energy mix, leading to unavoidable major increases in fuel aodt€Q
emissions (as seen in scenario 4a). It also shows that major increases imoste
efficient thermal power generation using coal and natural gas, alonly laige-scale
introduction of solar and wind power, would make it impossible tindp the costs
associated with energy supply or £&missions down to the levels envisioned in the
P}A GEvu v§][e ] v (E P-Gcdl® incvedse i s@aP and wind power would
make it difficult to adjust the energy supply as needed, meaning a prigibability of
considerable restrictions in the energy available, given current techgolbge analysis
shows that future rollouts of renewable energy, if they are to go beyolwhiéed scale,
will require technological breakthroughs.

Various means have been devised up to now with regard to security fatrielsy and
energy demand, but it is necessary to strengthen approaches from various new
perspectives, such as preparations for major blackouts, which the disaster\esee
to be insufficient. Moreover, the large-scale nature of thermal andtlear power
facilities, along with the restriction of wind resources to certain locaionJapan, make
it unavoidable to position electric-power development in areas thatdséant from the
centers of demand. The nation will need a new electrical grid dedignith the
introduction of more solar power and new needs like electric-vehiaagging in mind.

JUJVP nu% A]8Z §Z " % u]l]&E_ ~]v op JvP S vikald3}Pldv ]
therefore important. In particular, the demand activation described in #émalysis will
be a vital approach in securing supply adjustment capability throughioe: power
system as a whole, balancing the demand side with the supplywsideonly in cases of
natural disasters and other emergencies but also at the development stage of
renewable energy. It will be important to aim for steady implemeisiatof demand
activation in tandem with the crafting of information infrastructuaed systems.
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4.7.5. R&D for Transmission-Level Challenges

Japanse Renewable Energy Law stipulates that electric utilities must notseefyrid
connection for electricity generated from PV systems, except for the dondit
stipulated by the ministerial ordinance undefsecuring of preferred grid connection
rights of the law.

PV generators must, however, agree to curtail generation when power generation is
reasonably expected to exceed the demand-supply balance limit or transmission
distribution capacity limit after the necessary operational efforts and procesidnave
been taken. To make large shares of PV and wind generation a realityexitslitly of
the power system must be enhanced. This additional flexibility agine not only from
the traditional generator, but also from demand activation (automdgmand response),

PV and wind generation forecasting, and curtailment and enbdnpower system
operation.

In Japan, there are many research and technology development projects being
conducted relating to the integration of variable renewable generation.

(1)National smart grid demonstration projects]

D d¢ Bmart Grid Demonstration Project for Next-Generation Optimal Contrdieof t
Power Transmission and Distribution Network(FY 26¥2012) address the two major
issues regarding PV integration into a power system. One issue is relatedtage in
distribution networks; the other concerns the power supply and dedbalance across
the entire power system. The METI projects deal with these issuestaplishing the
following four groups:

r Group 1 deals with the optimal allocation and control of voltage-regulating devices.

r Group 2 is addressing the development of high- performance power electronic dewvices fo
distribution networks.

r Group 3 is concerned with the optimal control of customer appliances for deraapgly
balance. (see Figuse4.7.5-1, -2)

167



_Weather
information

Display Display
(Other snes) (Handy terminal)

Analysis
—

eeeee

Display
< Energy Management Server
PV/Appliances Optimum
Control System

I I
| Smart Interface

s e —— ——— ] G | .
. SARRHININER, pte . |

. .j PV generation :

H ol | 1 tme

reference PV generatiot actual PV generation

E Distribution
= panel board

................................................................ Figure 4.7.5-2 : Experimental result of integrated
Flgure 4.7.5-1: Schematic conflguratlon operation of PV and EV under smart interface.

of equipments of experimental facilities
in the University of Tokyo.

Functions of new power system simula®@niv o

, (Kashi
‘i Simulator of
Network & Generators _‘Hj
System Based on —_——
Operation Standard Power System model _ ! X A
P L developed by IEEJ Demand Model TR AT
Operatfdr;’:iy PV Generation
Planning [ Estimation 10000
0 -
‘HD 1 77 77 V,«‘/ 7 ‘/ ‘/ [WT/
PV Generation Calculation: O ISR P 1P . P51 22 FIF6 7 F AP P P B P F R OF F P FBLTF PR PSS
Forecasting 9Power Flow Nuclear+Hydro s Coal Thermal — mmm Oil Thermal 22 Pumped Hydro
9Frequency wiee PV mmm PV Suppression — Total Load
Anew dispatching H .
control system EAST30 Figure 4.7.5-4 : Results of supply-demand

System Operation

from the view point of Entire Optimization 9CO2 emis

goperaior  integration of 28GW of PV systems in

Figure 4.7.5-3 : Schematic image of supply- Japan
demand balance in a day with a massive
amount of PV systems.

}. JCostlrele  analysis of IEEJ EAST30 model under the

r Group 4 is developing solutions for the optimal planning and operation ohepsystem
that take into consideration generation forecast and demand (see FSglirg5-3, -4).

%o vegmerging solutions for optimal planning have also been accumulating and
analyzing synchronizedO-second irradiation data from more than 300 sites across
Japan to understand the variability of the solar resource.

(2)National project for PV generation forecast
dzZ]e ((}ES ]* S I]vP %0 e % ES }( D d/[-&}1EH}Vv=SE 5]}
Technologies for PV Generation (2G2@13), which is a joint project of weather service
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shown in Figure 4.7.5:5
The other project for developing forecasting technologies is cdl&® for the High-

W E(}EuU v Ws 'v E S]J}v "C*S u }( §Z &USUEC VvV %o]w][e]VP
New Energy and Industrial Technology Development Organization (NEDO). The Japan

Meteorological Agency has joined the project along with othelabolrators, including
weather service companies, universities, and national institutes; togethey tare
studying PV system technologies, as shown in Figure 4.7.5-6. The @isgcims to
improve the numerical weather prediction model for PV system operations.
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It is important to ensure power system stability (rotor angle stghifrequency
stability, and voltage stability) following transmission system fauitis ingh
penetrations of renewable energy (primariy).

However, the influence of transmission-system faults on the power systamabt yet
been fully investigated with high penetrations of PV. Therefoiis,iihportant to clarify
the influence and countermeasures against power system stabilityhéfuture power
system.

Reinforcement of power system simulator
To evaluate the effects of PV on power system stability, the Central Resestitiitén

ZLW

of Electric Power Industry (CRIEPI) has reinforced/ifsA G ~"C+3 u ~"Jupo S}EX Z/

Power System Simulator has been a powerful tool for comprehending vadimusmal
phenomena through realizing severe faults in power systems and §ratilutions to
various stability problems. The simulator was expanded for the faligwwo purposes:
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1) Understanding the influence of high penetration$®power generation on rotor
angle stability, frequency stability, and voltage stability of power system

2) Developing numerical models of PV for dynamic time-domain simusation
Through these studies, technologies will be developed that can realize high
penetrations of PV without hampering power system stability.

The schematic diagram of the reinforced Power System Simulator is shdwgure
4.7.5-7. The light blue part of the figure is the reinforced plinese include PCS(Power
Conditioning System) s for PV, a DC power supply emulating P\é$aleltscéll
simulator), an inverter that can emulate load, battery, etc., a model 66 kV trasgmi
line, a model wind power generators and their control system, a resiatiderotating
load, a transformer, and communication equipment. Figure 4.7.5-8 shows G185, f
and Figure 4.7.5-9 shows the 66 kV transmission line emulator.
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Power System Simulator

Figure 4.7.5-8 HPCSs for PVs Figure 4.7.5-9 H66kV transmission line emulator
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The current research using the Power System Simulator is focused orlltivarig

topics:

(1) Evaluation of the influence of power system faults on the transnmssistem

(2) Experimental tests for extracting the characteristics of the PCS, vdniststs of the
PVinverter with anti-islanding protection

(3) Establishment of the numerical PV models for time-domain simulation

(4) Development of the countermeasures to ensure power system stabifithdo
future power system.

Experimental verification of the fundamental influences of transmission-
system faults on the power system with a high penetration of PV

In order to evaluate the fundamental influences of transmission-systeitsfan the
power system withta high penetration of PV, rotating synchronous generators G1 (100
kVA) and G2 (90 kVA) , 275 kV and 66 kV transmission line modetsy&Cgsources
that can emulate PV solar panels, and residential-use PCSs for PV (Lat@stees
installed in CRIEPI's Power System Simulator. Figureldgltews a test system in the
simulator. It is assumed that the synchronous generator G2 could bacesphith the
PCSs for PV due to the high penetration of PV. The power traimsfieof G1 was used
for the evaluation criterion for the testing systems, which consisGdf+G2" or
"G1+PCSs".

As a result, the power transfer limit of "G1 + PCSs" was approximately 35% lawer th
"G1+G2". Figure 4.7 Bt shows an example of test results of the rotor angle oscillation
of G1. In the case of the "G1+G2" system, the rotor angle of G1 was welkdaftpr
opening three-phase transmission lines (3LO) between BUS2 and BUS3. Orethe oth
hand, in the case of the "G1+PCSs" system, the rotor angle of G1 was not damped
following the same disturbance (3LO).

Moreover, the experimental tests revealed that the PCSs of PV could be dttppe
short period depending on the system configurations, such as thgthHesf the 275 kV
or 66 kV equivalent transmission line model, the number of theneated PCSs of PV,
and the various types transmission-system faults.

%0 | atest PCS model that has new islanding detection relay named AICOT (Anti-Islanding COntrol
Technology).
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(Italian renewable energy scenario 2020 with 25 GW installed PV and 13 GW installed wind,
calculation of the day-ahead balancing reserve)

4.8.1. Power System

The Italian grid is synchronously interconnected with the ENTSO-Eh&uati Europe
area with the exception of the island of Sardinia, which is asynchramudiéinked to the
mainland by two high-voltage (HV) DC links. The extra-high-voltagg {EH¥mission
levels are 22@380 kV while the HV level is operated at k32and 150 kV.

(1) Power industry and market

The power system is market regulated. The electricity market consistsapfaliead
and intra-day market sessions; and ancillary services market sessions. Theeddy-ah
market hosts most of the electricity sale and purchase transactions. ifthe-day
market allows market participants to modify the day-ahead schedulks. ancillary
services market is used by the Italian TSO, TERNA, in order to get the reseacted
for operating and controlling the power system.

The largest generation company owns 40 GW of generation capacity (camedrand
renewable) with a share of 2586 the entire Italian electricity market (data referred to
2012[1)).

(2)Demand and supply mix

The Italian electricity balance for 2012 is summarizedTable4.8.1-1. The PV
production was 5.6% of the total demand.

7TDEOH- ,WDOLDQ HOHFWULFPRW\ EDODQFH LQ

Type of generation [GWh]
Hydro production 43,322
Thermal production 204,796
Geothermal production 5,238
Wind production 13,119
PV production 18,323
Total net production 284,798

Pumping consumption 2,627
Net production allocated for consumption 282,171
Import 45,369

Export 2,281
Electricity supplied 325,259
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4.8.2. Penetration of PV and of Other Generation

(1) Italian PV market

The Italian PV market grew impressively during the years 2011 and 2@l 2ocdan
appealing incentive policy. In 2012, 148,135 PV plants with a tafdoity of 3.8 GW
were installed; these new installations increased by 45% the total®u of plantg3].

(2)FIT program

Italy introduced the first FIT scheme in 2005 in order to grant itiees for electricity
generated by PV plants connected to the grid. Five FIT schemes were irtip@scof
December 2013, the number of incentivized operating PV plants was 526,463a wit
capacity of 17 GW. The yearly cost of the total FIT schente@dbillion.*

(3)Future prospects

Further solar development is planned in the last National Energy StrateayghN013
[4le 8§ "PE] % E]SC_ }v 18]}v ~ }Ius i "tIC E pd% 3y AiieX /v
national renewable energy goal for 2020 of 388B% of gross electricity consumption
(about 120t130 TWh/year of renewable energy production), the allocated investment

E }uE ] }AZ5)hilliriyear for 20 years. In order to implement this energy
strategy, new energy support mechanisms are currently under discuskionaty 201}

4.8.3. Case Study

dZ]e + S§]}v e E] » 8Z ul]v & .pose }v EvV]vVvR $VPA op
E « EA v ]v }% & S]}v %0 VE|WPRUA}ISE 28 o EPG*S u €fX
(JE& S ] Jv op lv 8Z }% & S]}v %d vv]vyP A& E(}SZu /S]]
v EPC u &l S C u ve }( $Z %%o0] S|E}¥}1§Z v $Z} WFPC ¢
Jv 3Z % E A]}paragragiBul.X /v % ES] po EU §Z]e o 3]}v «Z}Ae §:
Ju §} veu® 8Z (po(]Joou vs }( o} Wwe (Elue3Z( MA%S 3
Aop « }( uv ]8*0(U Alv P v E 3]}vU }E <Jo E-W3( P v @
bv £% 8 pv Ao ]0]8C }(3Z Euo A @ $XID}E FA GE® (}
}v8Z Jv(op v }(SZ ]J(( & vS pv ES J¥SE K S}E-* ]* % E VS

(1) Year 2020 scenario setyp

The horizon year 2020 is considered; the corresponding scenario was deelriyy an
extrapolation of 2010. Therefore, the wind and solar PV power generiatétD20 is
based on the meteorological conditions that occuriecd2010. Table 4.9.3.-1 shows the
hypothesized values of installed power in the six Italian market zohedptal installed

®1 Data updated at December 6, 2013 and available on the GSE website:
http://www.gse.it/en/Pages/default.aspx
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solar PV power is 286W, and wind is 12.68 GW including both onshore and offshore
wind farms (no distinction is made in the treatment of the twapologies of wind
installations). This assumption is largely in compliance with ltaéan Energetic
E §]}v o "$§CE § PC " E_ (}E @&W dhP\Wwby ped@ PAK6Aoreséen) and
takes into account the effects of the present global crisisctvhwill certainly affect the
future incentives for new installations. For the sake of caph, the actual installed

power is also shown.

7TDEOH -

6RODU 39

ZLQG LQVWDOOHG SRZHU

+

+\SRWKHVLV IRU

Year 2020 (Adopted K\SRWKHVLV

'”Sta”[i/fv\'[/’]ower North | = North | C-South | South | Sicily | Sardinia | italy
10,729 3,098 3,299 5,400 | 1,687 787 25,000
Solar PV
Wind (on & 568 785 1,827 5,143 | 2,561 1,796 12,680
offshore)
End of year 2012 (present situation)
Installed power | North | C-North | C-South | South | Sicily | Sardinia | Italy
MW]
Solar PV 7,236 2,017 2,252 3,357 | 1,123 587 16,572
Wind (onshore) 89 90 1,495 3,631 | 1,749 987 8,041

dz

(} 0 o FiylikeR.8.3-1
Jv 1111 X dC %]

ooCU
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weekend days; this reduction involves a high decrease of needed bajareserve
because the standard deviation of the load forecast error is essentiallyogiopal to
the load forecast itself (see chapter 3.1.2). The average value of the 1dad3dsV; the
maximum is about 60 GW, whereas the minimum is 23 GW.
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Hourly load - Italy year 2020
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Generated WIND power profile
Italy - Year 2020 (on the basis of 2010 wind speed)
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PV and WIND generated power - monotone duration curve
Italy - Year 2020 (on the basis of 2010 meteological conditions)
15000
14000

13000
12000 \
11000 N
10000 \
9000 AN

8000 AN
7000 \
6000 \ \

5000 AN

4000 S~ N,

Solar PV [MW]

3000 —]

2000 —
N L
1000 N —

0 ™

1 501 1001 1501 2001 2501 3001 3501 4001 4501 5001 5501 6001 165p001 7501 8001 8501
Hours

—SOLAR PV—WIND

JLIXUH - 'XUDWLRQ FXUYH RI VRODU 39 DQG ZLQG JHQHUDWHC
dZ (}ooFhlert.8.3-5¢Z}Ae §Z ZC%}3Z ]I % E}(Jo }(GZ %}A

§Z 8Z Eu} o SE] %}A E %o vie ]Jv 3Z Vv3]EA df o]ev *C-
ioUimt A]$Z u AJupu }IDEAVOSU]Vv]upu }( DEXIi6

179



Thermoelectric generated power profile - Italy year 2020
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Z|PZoC (( 8+ &z ov]vP E « EA ue FZ Z[PZ €& $Z
% E} ]0]3C }( 0}ee }J(U}E EZ v }v pv]sX

7TDEOH- 1XPEHU DQG DYHUDJH JHQHUDWHG SRZHU RI WKH WKHU!]
LQ WKH VL[ PDUNHW J]RQHV IRU

Year 2020 North | C-North | C-South | South | Sicily | Sardinia
Average number of units 3 S o 14 5 4
Maximum number of units 42 7 10 15 6 4
Minimum number of units 27 4 5 8 5 2
Average gen. power. per unit [MW] | 252 197 315 320 211 273

KE8Z E S5C%}0o}P] « }( Pv E 8]}v E VI3 «Z}AZ | SE]*Vv}E %
S|l v ]Jvs} }uvs (JE& SZ ov ]JvP E « EA highlXmlhle nC E} ]-
compliance with the grid code adopted by the Italian TSO TERNA
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(2) Results and notes

dZ & «pose }v EV]VP 3Z v oV ]vP €+ A X ®]EZ3A
§Z §}3 0 v E + EA ]+ %E » vd U W ( L %}ISZ +Jiv(op
EVvA o] «E] X
Total balancing reserve in the whole Italian system

Figure 4.8.3-6 depicts the monotonic duration curve of the calculatadly demand
of balancing reserve in the entire Italian system; these values are thedyhsum of the
needed reserves in the six market zones.

Calculated reserve demand in the whole Italian system (year 2020)
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Figure 4.8.3- 6: Monotonic curve of the hourly balancing reserve on the Italian system for 2020.

The average value of the reserve demand is 3,347 MW (8% of the average hourly load
in Italy). The maximum is 6,066 MW calculated at 12:00-18100uesday, May 4 (13%
of the corresponding load of 47 GW in the whole Italian sy¥i¢ine corresponding
Table 4.8.3-3 summarizes the detail about this hour and the submivasnong the six
market zones.
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7TDEOH- +RXU LQYROYLQJ WKH PD[LPXP-QHHRIWQG/XHVEDYHD\

Load Wind PV Clea}rness Thermal Number Reserve
MW] Gen. Gen sky index Gen. Thgrmal [MW]
[MW] [MW] | CI[p.u] [MW] units

North 26,296 |372 | 2734 |01 9,200 35 2,102
C-North | 5 428 | 79 826 | 0.45 1,385 7 550
C-South 17474 |253 |904 |o039 1,956 10 689
South 3523 | 1,539 | 1,624 |0.44 3,304 15 1,551
Sicily 2674 | 959 |488 | 0.38 1,018 5 693
Sardinia | 1 550 | 1196 | 205 | 0.42 986 4 481
ITALY | 46,915 | 4,398 | 6,870 17,850 | 76 6,066

/5[« A}YESZ v}3]ndrth&rd afed @eeds the greatest balancing reserve because
it has the largest load (load uncertainty is defined in percentage of;|tlaelymostPV
PvES %}AE AvI](]13[+ Z E § E]l s(QeafnessGkyoluy C }v
index % + r &mvolving a lower uncertainty; see also Figure 3.1.2-4); and the most
thermal-generated power with the largest number of thermal unitefreration (this
number involves a high probability of one-unit outage and a not-géxdg probability of
loss of more than one unit). It is also important to underline ti@the remaining
market zones, the intermediate value of the clearness iné@¥ r dirvolves a
remarkable percentage of uncertainty in the PV generation (ref. Figure 3.1.2-4).

The minimum calculated reserve value is 1,304 MW at the nighttime hourl0GWof
Tuesday, January 5 (see Table4.8.3-4). Also in this case, the northehaatba
maximum needed reserve because it has the largest load, the maximum number of
thermal units in operation, and maximum total power generated by kinig of
generation.
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7TDEOH- +RXU LQYROYLQJ WKH PLQLPXP QHHRGHGXHNWGHDYYH QXD U\

Load Wind PV Clearness Thermal Number Reserve
MW] Gen. Gen sky index Gen. Thermal [MW]
[MW] [MW] | Cl[p.u] [MW] units

North 14,602 | 25 0 Night hour 6,259 30 455
C-North 3,357 0 0 Night hour 1,071 5 108
C-South 4,902 145 0 Night hour 1,727 5 239
South 2,768 152 0 Night hour 5,249 14 368
Sicily 2,115 35 0 Night hour 1,018 5 84
Sardinia 1,341 24 0 Night hour 1,146 4 50
ITALY 29,085 | 381 0 Night hour 16,471 63 1,304

Influence on reserve of the renewable wind and solar PV generation

It is certainly worth assessing the impact on the total needed balgneserve of the
renewable and not programmable generation by PV and wind, whichremcterized
by a given uncertainty around their respective forecasts. For the sake ofa@tgpl
thermal forced outages are considered, in this paragraph, deterministic ewgtiitsiull
uncertainty; this assumption is in compliance with the present praatfche Italian TSO
TERNZ. The remaining uncertainty, on the basis of the adopted methodology,
concerns load, wind, and solar PV with forecast errors 1 u e uv }EE o §
"'Hee] v 8} Z 8] A E] o0 ¢ A]JSZ & *p03 VE 333D APE peg WEE
Al3z <3 v E Al §1}vW

éA?D?é‘l‘ L §é§ E €S E é'l'

d 1JvP ]vs} Juvs §Z JA (JEupo 3]1}vD S &G SJVZGRAO]P.
}( Alv v +}o E WsU E *% 35]A oCX

2 See also: enclosure 22 (Selection procedure of the needed resources for the scheduling
phase of the Italian ancillary services market) of the Italian code for transmission, dispatching,
development, and security of the grid. Italian version available at:
http://www.terna.it/default/Home/SISTEMA ELETTRICO/codice_rete.aspx
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Influence of wind and PV
(JE v oCli]JvP 8Z Jv]JAl po oV ]vPsW |5 Ju ]ub% JEFd ES W
(U VE](C 3Z Ju IV Ju% 3 }( At/EedWde EUE oUlE 5Z o
E + EA % E}A]]IVIVP Jv §Z ]+% & Z]JvP ~ EBH] + ®]E] §
* E]%S]}v }( SZ Jv JA] po Ju%k S }( Akv S}-ZiRFo]BZ§vSZ
[((Ev (E}u §Z & }( *}o E WsX
dZ (}ooyABeR.835spuu EJI » §Z u AJupuU u]v]jupuU v A E
}( 8Z Z}pEoC E « EA v 3} ( Ju ov e« YVEEX /E =
D}E }A EGU § }v EvV]vP 8Z Z}uEoC " "t/EAvWsSSZP & & B]}
SA v 3Z A EP PvES %}AE C Wsuvv EABvv [S4ue (U
1(( € v [v(op v Jv E »« EA Z]PZo]PZSI}Vw §Z G|/& (E]b] vQu
](( E v8 % v SE 8]}v o A o }( Ws v Alv P v E §]}vX

7DEOH- ,QIOXHQFH RI ZLQG DQG 39 JHQHUDWLRQ XQFHUWDLQW)\ RC
KRUL]JRQ \HDU

+RXUO\ UHVHUYH IR

forecasting errors [MW] North | C-North | C-South | South | Sicily | Sardinia |ITALY

Maximum 892 306 429 1,320 | 560 380 3,737
Minimum 0 0 0 25 1 0 47
Average 56 44 128 678 300 173 1,379

Hourly generated power by

3:.1' 397 >0:@ North | C-North | C-South | South | Sicily | Sardinia |ITALY

OD[LPXP 3:,1°' 397 6,186 2,329 3,019 6,029 2,849 |1,914 20,360

$YHUDJH 3:,1° 3971,358 | 534 801 1,748 | 745 413 5,599

°CePA0 BB g A D?
°é@a0B@BE.,, KED?

Ratio: 13.8 |29 1.4 0.8 0.5 0.4 1.4

/18 v } « EA SZuS@V §4}v « AZ E Ws Pv & §]}v ]J* up Z z
Alv ~E}EEHABSEZ.U §Z E ]« zZ]Pz A] 3]}v }( u EJupu E » ¢
A EP vvpo -+ EA ~CE 3]} }( i0 v OA GAP wXudZ]uGu W
(JE&E 8Z]e z]PZ Al 8]}v ]*U « 0E C u $JWPZRx Z IWwSAEEC-
*UVvVCl 0}y C Co]PZ3 Z}uEe+ §Z <}o0 E AlEZZopFAl A @EG Pbs §C X
o}A E A] 38]}v }( 8Z Z]PZ 3 v E ¢« EA (VEFu 5% EA &SP
Az @ Alv P V]®P&E]}S E §Z v $3Z § }( *}Jo E Ws ~ % ] o0oC ]v
v Al JoCeX /v }3Z & A}E *U 3Z +}o E WS VVA}o&E « ZA Z(R®
(A Z}YuE+ }lu% E Al3z A]vThiskcanpbeBeen insthX following Figure

4.8.3-7 depicting the monotnic curves of the needed balancasgrve in each market

zone, with a 95% confidence level: in particular, the reserve valuesc@leaxis) are

shown with the corresponding number of covered safe hours (hot&@axis).
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Balancing reserve needed to cover WIND+solarPV uncertainty
Italian market zones - monotone curve year 2020
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Figure 48.3-7: % DODQFLQJ UHVHUYH IRU 3:,1' 39" XQFHUWDLQW\ LQ VL[ ,W

For the sake of convenience, the contents of the previous graphs amenatized in
Table 4.8.3-6. 80% secure yearly hours in North and C-North (PVemt@vaiquire a
much lower reserve compared with the 100% case. Conversely, South, Sicily, and
Sardinia, having mainly wind generation, require, in @080 of hours, a reserve close
to the maximum needs.

7TDEOH- %DODQFLQJ UHVHUYH QHHGHG WR IDFH 3:,1' 39" XQFHUWDI
Monoton ic duration curve of needed balancing UHVHUYH IRU 3:,1' 39" IRUH
errors ; 8760 hours/year
!—|our/ year Percentage of North | C-North | C-South | South |Sicily |Sardinia |ITALY
in security | secure hours
8,760 100% 892 |306 429 1,320 | 560 380 3,737
7,008 80% 87 83 230 956 | 448 309 1,882
5,256 60% 14 52 167 870 |396 228 1,621
3,504 40% 6 13 80 588 | 250 102 1,234
1,752 20% 1 0 21 359 134 38 802

Influence of wind
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The following Table 4.8.3-7 reports the results, for each markee, of the needed
balancing reserve due to wind generation; it highlights an averageatithocof reserve
that is relevant compared with the maximum value. In particularhen8,760 yearly
hours the average reserve is the 54% of the maximum (average of 1,200 MW vs.
maximum of 2,236 MW).

7TDEOH- ,QIOXHQFH RI ZLQG RQ WKH EDODQFLQJ UHVHUYH

f;rlzcéslﬁir%\ergors\[/MF\LvL]J YH North | C-North | C-South | South | Sicily |Sardinia |ITALY
Maximum 20 109 284 1,069 |507 |363 2,236
Minimum 0 0 0 5 1 0 33

Average 4 27 107 614 284 166 1,201
\F,'V?I‘jlr[')y[%ﬂe\,’:ﬁrated POWErby | \orth | C-North | C-South | South | Sicily | Sardinia | ITALY
Maximum 546 | 785 1,546 3,333 1,972 |1,500 8,078
Average 92 136 338 970 |489 298 2,323

In order to secure 80% of the yearly hours, a significant demabdlahcing reserve is
needed (see: Table4.8.3-8 and Figure4.8.3-8): 1,726 MW are needed contpaies
not-much-higher value 2,236 MW required to cover the whole year. $hisainly due
to wind's availability also in the nighttime hours. Moreover,sitworth remembering
that wind uncertainty (in other words, the standard deviation loé forecast wind error)
is reasonably assumed as a percentage value of the installed wind poweh, slightly
depends on the considered hourly time horizons and is independérhe forecast.
Consequently, a high ratio between the balancing reserve (needed to cewer
uncertainty) and the generated wind power may be observed: more than 50%hdo
average values and 28% for the peak values (even if these do not cocltaseously).
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Balancing reserve needed to cover WIND uncertainty
Italy - Monotone curve y. 2020
1400

1200

1000 k

©
o
o

Reserve [MW]

600 N

400 T r— ~

T~ \
S

—
— —
\
M— \
[ ——

T ——r—— T ! \
0 - - ; T I } : - : -
1 501 1001 1501 2001 2501 3001 3501 4001 4501 5001 5501 6001 1650001 7501 8001 8501
Hours

—NORTH —C-North —C-South —South —Sicily Sardinia

Figure 4.8.3- 8: Balancing reserve for wind uncertainty in six Italian market zones +Year 2020.

/DEOH- %DODQFLQJ UHVHUYH QHHGHG WR IDFH ZLQG XQFHUWDL

Monoton ic GXUDWLRQ FXUYH RI QHHGHG EDODQFLQJ UHVHUY|
8,760 hours/year
Hourl/year in Percentage

Y of secure | North |C-North |C-South |South |Sicily |Sardinia |ITALY
SECUI’Ity h

ours

8,760 100 20 |109 284 1,069 |507 |363 2,236
7,008 80 7 64 207 923 |440 |307 1,726
5,256 60 3 22 144 791 369 |219 1,433
3,504 40 0 0 47 517 |233 |95 1,045
1,752 20 0 0 9 284 [118 |32 645

Influence of solar PV
The analysis of the reserve aimed to cover only PV uncertainty dhthlihe large
difference between the maximum and average needs of balancing reserve.
Taking into account the solar radiation in Italy, null PV generation is mgrexpected
in the following hourly ranges:
0:00-5:00 and 21:00-24:00 for all the days of the P o S]Ju _ % E]llegat]v /S o0C
time covers the warmer period from the last Sunday of March to l#s¢ Sunday of
October)
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0:00-6:00 and 19:00-24:.00]v 8§z ~"}o E S]Ju _ % E]} ~ vvp o }
complementaryto the Legal tim).

In these time ranges, no balancing reserve has to be allocated to overcomeéel@ossi
unexpected variations in PV-generated power. Therefore, a total amount 61 3i@urs
of the year are not to be considered for the balancing reserve allatatio

Taking into account the remaining 5,399 daylight hours, reserve valuesdeedhe
six market zones and in the whole Italian system are shown in tleevialy Table4.8.3-9.

In the entire Italian system, the needed average reserve (189 MW) i &t®®% of
the maximum demand (2,087 MW) for PV uncertainty.

7TDEOH- ,QIOXHQFH RI 39 RQ WKH EDODOQFLQJ UHVHUYH GD\OL.

+RXUO\ UHVHUY

forecasting errors [MW] North | C-North | C-South |South |Sicily |Sardinia |ITALY

Maximum 892 293 266 524 133 62 2,087
Minimum 0 0 0 0 0 0 0
Average 84 26 27 38 9 4 189

Hourly generated power |\ | coNorth | C-South |South | Sicily | Sardinia | ITALY

by PV [MW]

Maximum 5,938 |1,779 2,119 3,441 |1,131 |496 14,366
2,056 |646 751 1,262 |415 186 5,316

Average

The reserve values needed to cover the PV uncertainty in the 80% 6f{389 daylight
hours are very low when compared with the maximum values covering 100%e of th
hours. This is true for all six market zones as shown in Figure%4ah@ Table 4.8.30.
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Balancing reserve nedeed to cover solar PV uncertainty
Italian market zones - monotone curve hor. y. 2020 (daylight hours only)
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Figure 4.8.3-9: Balancing reserve for solar PV uncertainty in six Italian market zones for 2020.

7DEOH - %»DODQFLQJ UHVHUYH QHHGHG WR IDFH VRODU 39 XQFHU\

Monoton ic duration curve of needed balancing reserve for PV forecasting errors,
daylight hours only _ (5,399 hours)

. Percentage
Hour/year n of secure North | C-North | C-South | South |Sicily |Sardinia |ITALY
security

hours

5,399 100 892 |293 266 524 133 62 2,087
4,319 80 148 |45 50 66 16 6 334
3,239 60 57 11 12 19 5 2 118
2,160 40 9 2 1 1 0 0 26
1,080 20 0 0 0 0 0 0 0

In conclusion, while wind generation requires a relevant share ailsalg reserve to
cover the 80% of the yearly hours, the PV generation balancing needs are retavant f
very low percentage of the applicable daylight hours. The impaew/oh the balancing
E « EA v <]v Co]PZ8 Z}uE« ]+ o]Juls C o}A wwEES ]JvsC
deviation) n the case of very sunny or very cloudy hours when PV generation is very
predictable. Moreover, the PV uncertainty can be reasonably expressedeasentage
of the maximum generable power, which changes according to the seasamaiaily
hour. The ratio between the balancing reserve (needed to cover B&fiainty) and the
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generated PV power is lower than that observed for wind: less thanfab%e peak
values (even if these do not occur simultaneously) and even less for average valu
(about 4%).

(3) Conclusions of the Italian study case

The proposed statistical methodology for the calculatiorthef balancing reserve was
appliedto the horizon year 2020 and is based on a 95% confidence letakets into
account the uncertainties of solar PV, loads, and wind in aofdito possible forced
outages of traditional thermoelectric generators. The reserve was assessed in the
contexts of the MSD and in all the six Italian market zones KINGentral North, Central
South, South, Sicily, and Sardinia). The resulting total reserve italia@ system varies
from 1,300 MW minimum to 6,070 MW maximum, with 3,350 MW average value.

The influence of renewable wind and solar PV energy was assessedt aadg
observed that solar PV requires a very low average reserve (9% of its maximum value)
even if it is calculated only in daylight hours (5,400 daylightrdh\quer year). Wind
generation instead requires a sustained average value of balancing reseref, isttie
54% of its maximum value, calculated in the total 8,760 hours of the year. Gargbyg
considering the reserve needed for all non-dispatchable renewable geoer@®V and
wind), Jv 8Z u EI § I}ve AZ E Ws Pv & 3]}v ] WHB}ESZIPZ E
E}ESZe $Z E ]+ Z]PZ Al 3]}v }( u AJupuA E PEAVVA o

E « EA 8§} oo} 8 X }VA - oCU 0o}A E AVIFIAZ (FE}u §7
Alv. P v & 3]}V % E A Joes }A E <}o E Ws]v]*% \ 0YC]|dC>ZdZ

% E(}EuU eSU C *Z}Ae 37 § ¢}o E Ws P E E03}Pv  Ghoo] VE e
E « EA 3Z v Alv U }u% E]JvP E « EA 3} 3}5pZ0 P & &Z33}Ws
u Elupu P v & 3]}v A &E] the seiashn JanB the} daily hour, unlike wjnd
whose maximum may happen at any moment. In addition, PV uncertaintpiisd in
cases of very sunny or very cloudy conditions.

4.8.4. Issues and Solutions for PV Penetration

(1) Voltage and frequency issues

The PV capacity in Italy is mainly linked to the LV and MVhdistih network. As of
December 2012, only 229 PV plants are connectedhto HV level[3]; 96% of the
installed plants (458,265) are connected to the LV level; only 20F00(lants are
instead connected on MV level, but they represent 63.3% of thal iostalled power
capacity. Notwithstanding the connection to the distribution leviie significant
increase in PV infeed has also gained significant influencine transmission system
operation. The Authority for Electric Energy and Gas (AEEG) defines, by wiean
resolutions 99/08 and 328/201f], the technical and economical procedures for new
connection facilities. According to these resolutions, the’Gdndards represent the
main national technical references for connections on distributietwork. In particular,

%3 CEl: Italian Electrotechnical Committee (Comitato Elettrotecnico ltaliano
http://www.ceiweb.it/it}.
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CEl standard 0-21 (last update 2q&p and CEI standard 0-16 (last update 2(®Bset
the technical rules for connection on LV and MV levels, respectively.

The requirements for distributed generation connection as set out by above
standards have also recently been endorsed in the recent anne{5\ 0 the Italian
Transmission Grid Code. All the generating plants with rated powget iPt v
connected at theMV or LV distribution levels after March 31, 2012 must stay connected
in cases of normal and emergency conditions; the operating rangeg ar” g s Q

Q ssr’rsand vyaw Q "w@ weewith the exception of PV plants connected to
the LV level between April 1, 2012 and June BDiT ~}% XEPX 808G (Giii,leX ]
requirements are stated in the case of PV plants connected tavilelevel after June
30, 2012 or to the LV level after December 2012 1) active power modulation with
frequency droop 2.4% in the over-frequency rangea u Q “W& w; & low-voltage
fault ride-through (LVFRT) capability in cases of rated powdess than 6 kW. In the
case of PV plants with rated power higher than 6 kW and connectedebfaril 1, 2012,
a technological adjustment (retrofitting) is also requif@@],[11].

Concerning the PV plants connected to the HV level, the AnG&[¥] of the
Transmission Grid Code requires continuous operation in the ranges rsoQ Q
SSW'rsgand vyaw Q "wQ@v . Active power modulation in the case of
over-frequency and a LVFRT capability are also required.

(2) Energy storage

Energy storage is considered a means to increase PV penetration in tlee pgstem;
a recent studyf13] promoted by the Italian Association of Electrotechnic and Electronic
Companies (ANIE) pointed out the economic benefits that can be reached Ins oka
the reduction of the overgeneration curtailment; the evening peak loasty with the
consequent reduction of needed thermoelectric generation capacity; andetaction
of the grid asset costs due to lower values of transmitted power.

(3) Smart grids

The biggest Italian §8]0]SC (}&E o SE&] Vv EPC *pu% % 0C Z « E vSol
Project [14] aimed to combine distributed generation with a reliable and safe
management of the system under real operating conditions. Innovawdels for the
protection, automation, and management of power generation in thetrdiution
network will be tested. The project lasts three years (from 2@12G14) and involves a
110 million investment.

4.8.5. R&D for Transmission-Level Challenges

In general, the smart grid concept may facilitate grid operation in theeodruf large
penetrations of renewable energy sources. Accordingly with the prinoijpgenart grids,
new storage systems at the transmission level may facilitate the management of
renewable energy plants.
The Iltalian TSO included in its Grid Development REj16] a pilot project
}Jv EV]VP 37 JveZmemySiivvp(A* _ <3}E P §S ] « (}&E §}S ¢
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35MW on two 150 kV directors in the southern area (Campobas8@nevento 2t

Volturara t Celle San Vito and BeneventotIMontecorvino); this project is aimed to

improve the flexibility in managing renewable energy plants and to increasadkting

capacity of$Z PE] X é&np@y3wZs @-TA 38 EC «3}E P Aloo A o
coming years on the basis of the experimental results on the above directors.

A second projec{16] was presented by the Italian TSO to the Electricity and Gas
Authority (AEEG) and has already been approved by the Italian MioistEEgonomic
Development (MIiSE) as part of the 2012 Defense Plan. This project aimestsenthe
operation security in the power systems of the two major Italian islandsly(@iod
Sardinia) by mean3 ( 81 Dt }( Jvv}Ao&BAVE ve]A S} E P +Ce+3 ueX dZ
]* P}YJVP 8} Ju% o u v3 SA} %Z W 3Z (]J]E<F0}S %digch\5] Eve i
storage plants (8 MW in Ottana in Sardinia, and 8 MW in Qsétana in Sicily); the
second step concerns the subsequent installation on a broader scdie oémaining 24
MW (12 MW in Sicily, and 12 MW in Sardinia). In the first step, pedoces of the
considered different technologies will be validated together with thetegration into
the control and defense systems of the grid. The tested batteries wilupplied by a
broad selection of national and international companies. Moreovéie host will
develop activities for smart grid applications involving Italian and doreiniversities
and research institutes.
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4.9. Thailand( Reference report)
(Summary report as observer in the meeting)

Introduction

Thailand is a country located in the southeast region of Asia. EleqgiptySaodustry in
Thailand consists of three utilities, namely the Electricity Generatindhofity of
Thailand (EGAT), Metropolitan Electricity Authority (MEA) and Provikbeaitricity
Authority (PEA). EGAT is responsible for generation and transmission grigh obltage
levels, while MEA and PEA are responsible for distribution levels. Theirstalled
capacity of the Thai power system in October 2012 is 32,290.22 MW ingludin
generations from EGAT power plants, Independent Power Producers (IPPs), Small Powe
Producers (SPPs), Very Small Power Producers (VSPPs) and power imports from
neighboring countries. The maximum electrical demand is 26,121.1 MW, occomred
April 26, 2012.

Fuel gas is the major resources for producing electricity in Thadlodt 70% of total
fuel consumption. Cost is one of major driving factors of using gas as the fowi
resource in Thailand. In order to reduce the high portion of §is consumption, an
effort is made to promote Renewable Energy (RE) in transmission and utistnillevels
in form of Small Power Producer (SPPs) and Very Small Power Produéas) (VBH#s can
be seen from Thailand Power Development Plan 2010 version 3 (PDP 2010.v3) and
Alternative Energy Plan 2012-2021 (AEDP 2012-2021).

The Power Development Plan 2010 version 3 has been prepared to pronstesé¢hof
RE in Thailand. It uses Alternative Energy Development PlantZd21 as a guide for
targeting RE in the Thai power system. The AEDP 201di Ju ]e 8§} "% E}u}s §Z
production and use of renewable and alternative energy, being able tacegdossil fuels

§ o 8 TA9 A]3Z]v ii C E+_ X dZ D]JV]*SEC }E VWERCE Z -
Development Plan, which has the target of additional 9,201 MW wig§ial. Figure
4.9.0-1 shows various types of renewable as new energy sources to replace fossil fuel-
based power plant.
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Figure 4.9.0-1: Renewable Energy Plan in Thailand AEDP 2012-21021.

7500

From Figure 4.9.0-1, in 2021, Thailand plans to add 9,201 MW of Renewable energy
sources including Solar 2,000 MW, Wind 1,200 MW, Mini Hydro 1,608 MW, Waste 160
MW, Biomass 3,630 MW, Biogas 600 MW and New forms of alternative energy sources 3
MW.

In order to help the developers cover the capital investment costentive pricing

e Z U oo ~ E ] JvSE} p s} M% SS&8} Z 15WW o SBWOM »
Figure 4.9.0-2 shows the adders of SPPs and VSPPs in Thailand. From #e Figur
additional capital cost of renewable energy such as Photo Voltaic (W), atc. is
compensated by the adders. For PV SPPs, the the adder is as high as 6.5 Bahtg&Wh.

power producers based on PV may receive electricity price of 9.2 baht/k¥vich

include normal price of 2.7 Baht/kWh and adder of 6.5 Baht/kWHs ttoticed that the

adder is allocated from the Energy Conservation Promotion Fund managed by the
Government.
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Figure 4.9.0-2: Adders for SPPs and VSPPs in Thailand.
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4.10. USA
SXiIiXiX W}A & ~"C+3 u
The United States electric grid is divided in three major sectiongidalierconnections.
All the electric generators in each interconnection operate at a 60 Hzhsymezed
frequency and are electrically interconnected. The sections of the lgciated in the

Contiguous United States are the Western Interconnection, the Eastern Intexcbon
and the ERCOT interconnectidfFigure 4.10.1-1) (NERC 2011).

The North American Electric Reliability Corporation (NERC) oversees the bulk-power
system in the U.S. by developing and enforcing reliability standatdERC works with
eight regional entities (shown in Figure 4.10.1-1) to improve theldilly of the bulk-
power system in their respective territories. Over 100 Balancing Authorities wuatkr
the oversight of 12 wide-area Reliability Coordinatdte balance electricity generation
and demand throughout the U.S.

QUEBEC
INTERCONNECTION

NERC INTERCONNECTIONS

WESTERN

INTERCONNECTION , ~ - EASTERN
7 ~ INTERCONNECTION
. ERCOT \\\_
INTERCONNECTION
JLIXUH - ,QWHUFRQQHFWLRQV LQ WKH 1RUWK $PHULFDQ SRZHU J|

(OHFWULFLW\ 5HOLDELOLW\ &RUS

(1)Regulation

Generally speaking, interstate transmission and wholesale power sales are recatlated
the federal level by the Federal Energy Regulatory Commission (FERC), whereas states
regulate retail sales and the operation of distribution networks. Ti@adally, utilities
had been regulated as monopolies throughout the country uhi@ 1990s when some
states began to restructure their electric markets. In restructured markéts,

¥ The other North American grid is the Québec Interconnection.

> NERC also oversees parts of Canada and Mexico.

%% http://www.nerc.com/pa/rrm/TLR/Pages/Reliability-Coordinators.aspx
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distribution grid is still traditionally regulated (i.e., consideredm@mnopoly), but
competition is allowed in the generation of power (RAP 2011). Todayt abthrd of
the states have restructured electricity markets.

At the bulk-power level, in 1996 FERC required owners of transmssgstems to offer
open access to their infrastructure by other utilities and separate ttiaivsmission and
power marketing functions. To facilitate nondiscriminatory access to strassion
infrastructure, Independent System Operators (ISOs) and Regional Transmission
Organizations (RTOs) coordinate, control and monitor the useeafrémsmission grid in
their respective territories. Important functions of RTOs and ISOsdechanaging the
wholesale energy markets in their regions, ensuring the reliability ef ghd, and
performing regional infrastructure planning.

(2) Utilities and Electricity Sales

There are over 3,700 electricity providers in the U.S. Of these, roughlai2tilities
owned by local governments or power distri{s25% are cooperatives owned by their
customers®, 8% are investor-owned utilities (IOUs), and 12% are power marketers
operating at the wholesale or retail levéls The rest are independent electricity
transmission companies and power agencies owned by states or the federal
government. In terms of retail sales, roughly 54% of the total megawatt-h@uivgh)
are sold by 10Us, 19% by power marketers, 14% by publicly-owned utilitieEl&ndby
cooperatives (EIA). The total electricity retail sales in the U.S. in 2012rawaybly 3.7
million gigawatt-hours (GWF}

(3)Power Mix

The dominant source of electricity generated in the U.S. is coal, wépchsented 37%
of the total generation in 2012. Natural gas has been steadily groasng source of
electricity for over two decades. In 2012 it provided 30% of thetetdty generated.
Renewable energy accounted for 12% of total generation, with hydroeledimiatsp
producing most of the power.

" These publicly-owned utilities are often generically called municipal utilities, or munis, and
are most common in densely populated areas, like cities or bigger towns.

%8 Cooperative utilities are most common in rural areas.

Zz Typically, power marketers do not own generation, transmission or distribution assets.

http://www.eia.gov/state/seds/data.cfm?incfile=/state/seds/sep fuel/html/fuel use es.html&si
d=US
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7DEOH - (OHFWULFLW\ QHW JHQHUDWLRQ LQ DOO VHFWRU
[Source [ ThousandMwh 9% of tof
Coal 1,517,208 37.3
Natural Gas 1,230,708 30.1
Nuclear 769,33[L 18.9
Hydro 276,535 6.8
Wind 140,089 3.44
Biomass 57,565 1.4
Petroleum 22,900 0.6
Geothermal 16,791 0.4
Solar PV 12,7145 0.3
Other 19,021 0.59

Between 1990 and 2012, the electricity generation mix of the U.S. has umaergo
significant changes (Figure 4.10.1-2). The share of natural gas irgéoitation grew
from 12% in 1990 to 30% in 2#12In the same period, coal fell from 53% of total
generation to 37%. The more abrupt decline of coal in the generationsince 2008
can be attributed to factors such as low natural gas prices, relativgly ¢oal prices,
and weak growth in electricity demand. These trends are generally expaztazhtinue
in the short term. Stronger mercury and emission regulations have also résoltfe
retirement of some of the coal-fired plant capacity (EIA 2013b). Wapect to
renewable energy, solar PV installed capacity has increased at an annuail aateast
50% since 2007 and the cumulative capacity of wind power quadruplesixiyears,
between 2007 and 2012.

500~ ewable Energy*  __...~™
NPT o
y R ——_ —____ Petroleum
) s~
1990 1995 2000 2005 2010
JLIXUH - ODMRU VRXUFHV RI HOHFWULFLWKRXQVIV&HE 8: 16

6RXUFH (,$ ORQWKO\ (QHUJ\ 5HYLHZ ODUFK

®11n 2012 alone, the share of natural gas power generation grew from 25% at the beginning of
the year to 30% at the end.
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In the U.S., solar photovoltaic (PV) generation capacity grew by a factoreftnam 20
between 2006 and 2012 and currently accounts, together with ConatutrSolar Power
(CSP), for 0.3% of annual electricity generation (Gelman 2013).
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JLIXUH - $QQXDO 39 FDSDFLW\ DGGLWLRQV DQG DQQXDO JHQ

6RXUFH 6(,%$ *70 5HVHDUEFK (.%

The growth of solar PV can be partially attributed to policieshat federal and state
levels. The federal government offers a 30% investment tax credit (ITC) forntedide
and commercial systems. The ITC was implemented in 2006 and is setr® Bxphe
end of 2016. Currently, 29 states and the District of Columbia (DC) haewable
portfolio standards (RPS) that establish targets for increased generaficenewable
electricity. Additionally, 16 states and DC have a specific target for goldistributed
energy of up to 4% of retail sales. States have also implemented financeitive
programs (Bird et al. 2013).

Another important factor in the rapid adoption of solar PV systems énldist few years
is the accelerated decline in installed prices. Figure 4.10.2-2 showsdti@n values for
installed residential and commercial PV system prices, per watt. Bet@@@ and 2012,
installed prices have declined by around 30%. Installed costs at tliy stale have
followed a similar trajectory, although with a much more marked veammatbetween
projects (Figure 4.10.2-3) (Barbose, 2013).
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6RXUFH /IDZUHQFH %HUNHOH\ 1DWLRQDO /DERUDWRU\

Other Renewable Energy Generation

The share of renewable energy in the electric mix of the U.S. wasvedjasteady at
about 9% of total generation in the 2000s. In 2012, renewables accounted® #%olof
the total generation and 14% of the total capacity (Figure 4.10.2-4
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Renewables % of Total
Generation

2000 I
2001

Capacity

Installed
Capacity (GV

9.4% N 11.000008 93
7. 7% 10.69%90 95

202 5.9% N 10.00000 96
2003 o1l 9.6 97
204 s8N o5 98
2005 sl 9.7 101
2006 o5 9.9 104
2007 s5% N  10.3%00 110
2008 9.3 11.000000 120

2009 10.6900 11.90008 131

2010 10.4900 123000 137
2011 I 1 2. 6o 12,9000 146
2012 [ 1 2. 49 4. 0/ 164

JLIXUH - 5HQHZDEOH HQHUJ\ JHQHUDWLRQ DQG FDSDFLYV
6RXUFH 5HQHZDEOH (QHUJ\ 'DWD %RRN 15(/

Although conventional hydropower has historically been the major soofeenewable
energy in the country, its share of total generation has steadibtlided over the years. In
1990, hydropower represented 82% of all the renewable energy generated, compared to
io9 Jv Ti1iTX /v }VEE 83U AJv [« «Z E }( §}3 0o & «vRAEPAV vV EI
from less than 1% in 1990 to 28% in 2012 (EIA 2013b).

100% ~

m Solar

m Geothermal

40% - Wind
20% - H Biomass
m Hydro
0% -
O d N M T IO © N~ 00O O +d N
O O O O O O O O OO d d
O O OO O OO0 00O o o
AN N AN AN AN AN AN NNANNNN
JLIXUH - 5HQHZDEOH HQHUJ\ WHFKQROGRIXWPHH (,$
3X{IXiIX ¢ ~3p C

Impacts of High Penetrations of Solar PV on Bulk System

The Western Wind and Solar Integration Study Phase 2 examined the impacts of
increasing variable renewable generation up to a level of 33% on thepsystem
operated by a subset of the transmission providers in the Western Interconiibet
high penetration cases examined included 1) a high solar case mgl28%0 solar and
8% wind; 2) a high wind case including 25% wind and 8% solar, andid@) enixed
renewables case including 16.5% wind and 16.5% solar. The study assessed the
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operational and systems effects of integrating high penetrationsthen bulk power
system (Figure 4.10.3x1

c g 2 '
Gt N i N
' ’ a \)‘ 0, < - =~
HighSolar | == kﬁ‘\’}g - R High Mix 3
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High Wind [-
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\ @ 50to 75
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o 75to0 100

Figure 4.10.3-1 : Three high penetration scenarios considered in the Western Wind and Solar
Integration Study Phase Il (WWSIS-2).
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JLIXUH - &DSDFLW\ FRPPLWWHG VROLG OLQH DQG GLVSDWFKHG
GXULQJ ODUFK DQG -XO\ VDPSOH ZHHNV 6RXUFH ::6,6
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*HRJUDSKLF GLYHUVLW\ RI VRODU UHGXFHV FORX

The magnitude of the effect of cloud cover on PV plant outputflsenced by both
the size and number of PV plants. Small PV systems, such as regstems, can have
substantially variable output as a result of fast-moving clouds tHacaperformance,
but small systems have little effect on the bulk power system. Ty however have
effects on the distribution system, which is not the focustloifs discussion. The
variability of small systems declines as they are spread out geographically across the
power grid, reducing the possibility that clouds will affatlt distributed systems at
once. Thus, the variability is smoothed out with a large numbedigppersed systems.
Large PV systems can have a more significant impact on the grid, but the largé siz
these systems helps reduce the variability. Clouds typically doavet the entire area
of the plant at once, but rather move across the plant, affectinty @ portion of the
project at once.
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Figure 4.10.4-1 demonstrates how variability is smoothed with a larger nunfldiey o
plants at diverse sites. The figure, which is based on plants in So@laéifarnia, shows
the highly variable output of one and two PV plants and hogvvhriability is smoothed
when the output of 25 plants is aggregated.

JLIXUH - 1RUPDOL]JHG 39 RXWSXW IRU LQFUHDVLQJ DJJUHJDWLRC
&DOLIRUQLD IRU D SDUWO\ FORXG\ GD\ 6RXUFH ::6,6

Figure 4.10.4-2 compares the variability of rooftop PV, utilityes€al, and wind and
how it changes with larger amounts of capacity on the power systena &rat derived
from plants in Southern California. The definition of variabiligrehis one standard
deviation of the hourly change in output. The variability ofhdviell most rapidly with
the aggregation of plants and reached a level of about 1%. In compausly-scale
PV variability exhibited a slower decline and reached a level of abouvki%, rooftop
PV systems reached a level of about 3%. The rooftop PV systems arredyedxbgan as
an aggregation of many small systems and as a result shows little benedducing
variability with further aggregation of plants.
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Figure 4.10.4- 2: Normalized variability as a function of aggregate capacity for (a) rooftop PV, (b)
utility-scale PV, and (c) wind. Note: Observe the differenceiny-D[LVY VFDOHYVY (01 LV RQH VWL
deviation of the hourly change in output. Source: WWSIS-2 (2013)

JURP WKH 3KDVH , RI WKH :HVWHUQ :LQG DQG 6RODU ,Q

The following findings are derived from the Western Wind and Solar Integr&tiudy ,
Phase 1 (WSSIS-1 2010). The study examined the impacts on the poveen syst
increasing variable renewable generation up to a level of 35% of the sgstem
production. Of that 35%, 30% of the power was produced by ward] 5% was
produced by photovoltaic solar power, and concentrating solar powdre study
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assessed the effects of integrating that renewable generation into Western U.&r pow
grid.

/IDUJH EDODQFLQJ DUHDV RU FRRSHUDWLRQ

Large balancing areas or cooperation among balancing authorities can prouitiele
benefits to mitigate the challenges associated with increased variable rerewab
generation. Chief among those benefits are the ability to decrease aafgregriability
in both power supply and demand, and the operational cost savingsaccompany
more efficient use of reserves across multiple balancing areas.

Having access to greater geographic and technological diversity of generation across
larger balancing areas helps to smooth localized weather and power producti
anomalies and provide a more stable and predictable power supply. Syniterithe
demand side of the power system, cooperation across balancing areas all@ss tca@a
diversity of load, which smoothes demand fluctuation anomalies @novides a
destination in one balancing area for excess power generated in andtlgene 4.10.4-

3 below demonstrates a visual representation of the reduced vatialfitm combining
balancing as renewable penetration levels increase.
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Figure 4.10.4-3: The effect of balancing area cooperation on variability of generation over
variability of load. Source: WWSIS-1 (2010).

More efficient use of reserves can help smooth variability and leadidoreased
operating costs if the aggregate need for reserves across multiple balancing ardses can
reduced. WWSIS1 2013 found that in the Western U.S. approximately % lili
operational cost savings can be realized if the Western ISOs were to pool resedves
cooperate across balancing areas instead of operate independently of orleear{see
Figure 4.10.4-4)
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Figure 4.10.4-4: Potential reserve cost savings with cooperation among balancing areas.
Source WWSIS-1 (2010).

6 XKRXUO\ VFKHGXOLQJ

Sub-hourly scheduling can provide benefits to power systems gridlater levels of
variable renewable penetration. Due to the inter-hour variability of alsle renewable
generation, hourly scheduling can lead to greater use of regulagearves within the
hour during periods of large, expected ramp events. Further, the sd¢bédise of these
reserves can lead to a lack of available reserves to compensate for unexpetde
hour variability during ramp eventsFigure 4.10.4-5 below demonstrates the
substantially reduced requirement for combined cycle plants to pl@wviegulating
reserves (at 30% wind penetration levels) when sub-hourly schedulisgdsaompared
to hourly scheduling.

B Hourly Schedule, SOA Forecast
@ Continuous Schedule, SOA Forecast
@ Hourly Schedule, Perfect Forecast
0.08 -+
0.06
0.04 +
- j I
0.00 -

10% Wind 20% Wind 20/20% Wind 30% Wind

Figure 4.10.4-5: Requirements on combined cycle regulation reserves can be halved with sub-
hourly dispatch scheduling and for systems with higher levels of variable renewable generation.
Source: WWSIS-1 (2010).

'"HPDQG 5HVSRQVH

Demand response, or the ability for a utility or power system oper&tocall on load
to curtail power usage in times of system demand peaks, can be a pdweoiufor
system operators in balancing increased production variability thairapanies greater
degrees of renewable penetration. WWSIS-1 (2010) found that increasing ¢hef $ie
utility/system operator's demand response program to account for the smatdiber of
annual hours for which a contingency reserve shortfall is expectea nsore cost-
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effective option to address variability concerns than increasing spgnreserves for the
entire year.

Figure 4.10.4-6 below demonstrates reserve shortfall curves for a 30% variable
renewable penetration scenario, and the effect of increasing spgnraserve
availability. Increasing demand response to avoid reserve shortfalls foB3hkeours
over the course of the year in which there is a shortfall intiogiency reserves is more
cost effective than increasing reserves for the entire year to planstmh expected
shortfalls.

Figure 4.10.4-6: Hourly reserve shortfall for 30% variable renewable generation scenario, given
varying increases to spinning reserves. Source: WWSIS-1 (2010).

8VH RI 6WRUDJH

The use of energy storage technologiéacluding pumped hydro, compressed air,
thermal storage, networks of charging electric vehicles, flywheels, aglctélis-- could
substantially decrease the effects of power production variability iofdwand solar on
the grid. Storage can offer a number of benefits to electric grids imguomproved
reliability, ancillary services, smoothing variable renewable power generation, aaswell
economic benefits of arbitrage from storing energy during periods of lowtradéy
prices and releasing and selling electricity during periods of higleg Typically, the
greatest drawback to the deployment of energy storage technologies is a culgenof
economic feasibility or the need for geographically optimal cood#, such as in the
case of pumped storage facilities.

The use of storage to smooth the variability of wind and solarhengrid could also
yield economic benefits if reserves could be diminished or dispdtchore efficiently.
Maintaining higher levels of spinning reserves to integrate higher dewélvariable
renewable generation, will carry with it the economic costs associated withikgep
those assets spinning. Consequently, any soluttosuch as storaget that could
potentially decrease production variability and reduce the need fanrspg reserves,
carries with it the potential to decrease operating costs.
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Analysis of high penetration renewable energy scenarios in the Western U.Sd, foun
that storage was not economically viable under system operating condit\WhW§SIS-
(2010) examined price arbitrage opportunities for pumped storage hydro fesiéind
found that they were not adequate to cover the costs of a new pedigtorage facility.
WWSIS-1 (2010) found that at 10% and 20% wind energy penetration scenagi@s, th
was not sufficient variability in spot prices to economically justibyagie because gas-
fired generation was on the margin. While variations in spots prices were féomnd
increase with a 30% wind energy scenario, storage was still not fountbeto
economically viable. Although there were periods of large price electricity price
differentials that would economically benefit storage, the unexpectedure of the

events meant that storage units could not be readily scheduled te tadkvantage of
them.

*HQHUDWLRQ )OH[LELOLW\

Flexibility of generation is important for managing the varigbibf wind and solar
generation. For a 30% renewable energy penetration case, WWSIS-1 (2010}Hatnd
decreased flexibility of either the coal or hydropower plants made sysiparations
more challenging and lead to higher operating costs.

WWSIS-1 (2010) examined the effect of increasing coal generation flexibility on
operating costs of a system with 30% renewable generation. As can heirséggure
4.10.4-7 below, operating costs increased substantially if the minimum &vehich

coal plants were allowed to run is raised from 50% to 70% of capacity.
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Figure 4.10.4-7: Decreasing the flexibility of coal generation led to greater increases in operating
costs in a 30% variable generation penetration scenario. Source: WWSIS-1 (2010).

Hydropower can also be a source of flexible generation because it can be ramped,
started or stopped quickly. WWSIS-1 (2010) found substantial cost samiriggher
penetration renewable scenarios if the hydropower is adjusted to accdontday-
ahead renewable energy forecasts. While the impacts are minimal at lowetna¢ions
of renewables, at the 30% penetration level, cost savings were $200 milliaraiy If
hydropower were substantially constrained and were dispatchedsteady generation
level (e.g., to maintain steady river flows), the cost of operating the systeud
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increase by nearly $1 billion annually. These findings, as showgume 4.10.4-8,
demonstrate that taking maximum advantage of hydropower flexibiliynigortant for
maintaining efficient system operations with higher penetrations of vagiabhewable

generation.
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Figure 4.10.4-8. Operating cost savings of dispatching hydro to net load (left), and operating cost
increase of hydropower with constant output (right). Source: WWSIS-1 (2010).
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The scope and nature of the challenges associated with the uncertaidtyaiability of

wind and solar energy generation vary depending on the specific gzoafion and
operation of each electric grid. Many mitigation options exist, e optimal solutions
depend on factors such as the generation mix in the electric dhd, regulatory
environment, the market structure, and others. As more utilities and system tgrsra
implement mitigation strategies to cope with increasing levels of vdand solar energy
generating capacity in their grids, the knowledge base on mitigation mechanisms
improves. However, several questions remain unanswered. Highly sophisticated
simulation models will continue to play a crucial in idemti§f the most effective
mechanisms and lower the costs of mitigation (Bird et al. 2013b).

(1)Eastern Renewable Generation Integration Study+ERGIS

The Eastern Renewable Generation Integration Study (ERGIS) will analyze two
strategies for reaching 30% combined wind and solar targets in the EASern
Interconnect and inform stakeholders about the operational impactstheflse two

strategies. Particular attention will be paid to understanding subrlyoand regional

impacts of high penetrations of wind and solar generation. Bhika largest study of its

kind in terms}( ¢ }%o v u} o]vP E <}ous]}vX EZ >[¢ JVA «3]P 3]}
challenges and methods for analyzing proposed solutions valite a foundational

resource for future transmission scale analyses.

Answering questions about high penetrations of variable generatioruires the
development of a robust generation and transmission database that isotighly
vetted with stakeholders and validated with historical results whererappate. NREL
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will work with the ERGIS Technical Review Committee (TRC), a team congbosed
regional and national experts on renewable energy generation and power systems, t
vet key assumptions, methodology, and preliminary results.

In its final study year, ERGIS will focus on analyzing work cadpteprevious years
to determine how new operational practices and tools can be appliechitimize the
production costs of 30% combined wind and solar generation. Thiswwlve running a
variety of simulations to test mitigation options.

(2)Western Wind and Solar Integration Study (WWSIS) - Phase 3

The third phase of this study will examine large-scale stabilityfeagpiency response
with high solar and wind penetrations in the U.S. Western Interconoiectind identify
means to mitigate adverse performance impacts via transmission reinforcements,
storage, advanced control capabilities or other alternative means. Angisshing
feature of this project is the detailed analysis of re-conm@nt and re-dispatch
procedures, based on WWSIS-2 production simulation results, to builddible case
with high penetrations of wind and solar.

(3)Solar integration National Dataset

The goals of the Solar Integration National Dataset (SIND) pmanjedb create a new
national solar database with higher temporal and spatial resolutiod #n provide
public access to this data to reduce the costs and risks efyiating solar power
systems into the electric power grid. The Solar Integration Nationaadeat(SIND)
Toolkit will enable researchers to perform regional variable generation intiegra
studies by providing complete, current, and coherent solar powen,daformation,
and tools.

Variable generation integration studies have evolved from determining gh hi
penetrations of variable generation are possible to evaluating thdleringes of and
solutions for an electric power system with them. As system topologgration
practices, and power markets evolve, system operators will need to rapidlylate
new conditions. The foundation of system simulations is a cohedataset that
accurately represents the conditions systems are likely to experience.
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4.11.EuropeZ %} ES WC VH]iv op JvP oPHHU o

OXiiXiX dZ o SE]]JSC u]J]JE Jv PE}% ]Jv 1

The electricity mix in Europe is the result of contrasting dgwelents in all its
countries, pushed by different interests, local specificities, andigal will. Figure 4.11.1-

1 and Figure 4.11.1-2 illustrate the evolution of the installed c@paciEurope from
2009 to 2011 and a forecast for 2020.

AV T

JLIXUH (YROXWLRQ RI WKH LQVWDOOM@FDSDFLW\ LQ Wt

JLIXUH - 7RWDO LQVWDOOHG FDSDFLW\ O0:

Total installed capacity rose to 929 GW at the end of 2012 riopieu At the same time,
the share of renewables reached for the first time 25% of the electricityasheinwith

nuclear at 24%. Most of the new net installations are gas, wind, RY, while other
conventional sources of electricity are declining (Figure 4.11.1-3

> @
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JLIXUH - 1HW JHQHUDWLRQ FDSDFLW\ DGGHG .LQ>W&H (8

JLIXUH - ,QVWDOOHG SRZHU JHQHUDWLQJ FDSDFLW\ SHU \HDU D

Looking at the trends over the last 12 years (Figure 4.11.1-4), PV is gairngag and
wind, with more than 69 GW installed in Europe. For the second yearaw, PV in 2012
was the numier-one electricity source in the EU in terms of added install@dacity
(Figure 4.11.1-3) with between 16.7 GW and 17.3 GW (IEA PVYRSBn3¢cted to the
grid (EPIA [2] The remarkable progress made by PV over the last four years should be
compared with the stability of wind development and the fluctugt development of
gas. Gas reached a peak in 2010, with more than 20 GW newly connected ¢pid,

before falling to slightly less than 10 GW in 2011 and more than 10oGWew
installations in 2012.
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JLIXUH - 3RZHU JHQHUDWLRQ FDSDFLWLEY DGGHG>L@ WKH (8

Including decommissioning, power generation capacities from gas fell from 10 GW
a mere 5.4 GW in 2012 (Figure 4.11)1-Baditional electricity sources such as nuclear,
coal, and fuel oil have been decommissioned more often than newlgliedt Fuel oil
lost the most in 2012, followed by coal and nuclear.

Figure 4.11.1-6 shows a slightly different perspective if PV and winspétexccording
to their market segmentgooftop PV takes first place, while large PV installations (utility-
scale PV) take fourth place. Onshore wind, which remains an importantesafl new
electricity installations, stayed in second place, while the fast-growiffighore wind
positions itself at the same level of biomass, with slightly more th&\V installed and
commissioned.

JLIXUH - 1HW SRZHU JHQHUDWLRQ FDSDFL@WLHY DGGH®LQ WKH
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JLIXUH - 7KHRUHWLFDO EDODQFH RI QHZ HOHFWQLFLWA:BURG@&RFWL

Due to the lower full load hours of PV compared to wind gad, 2012 PV additions will
provide around 19 TWh of new electricity during a complete operational yearpared
to 29 TWh from the new wind installations and 15 TWh from gas polaetgprunning in
average 3,000 hours a year (Figure 4.11.1-7

It could be argued that gas power plants running only 3,000 howseaa are being
operated at lower than their theoretical production level. Howevdrs reflects the
reality of the electricity market in Europe in 2011 and 2012. Moreretting, the energy
that will be produced by new PV and wind installations in2based on 2011 additions
represents enough electricity to compensate for the decommissioniimyidear, fuel oil,
and coal power plants in 2012.

JLIXUH - 39 FRQWULEXWLRQ WR WKH HOHFWQULFLW\@HPDQG L(
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Based on the cumulative capacity connected to the grid at the @nd012, PV can
currently provide roughly 2.6% of the electricity demand in Europdram 1.15% at the
end of 2010 and 2% at the end of 2011. In Italy, more than 6.7% ofléutricity wil
come from PV systems connectgd2012. In Germany, PV reached more than 5.6%, and
it reached 4% in Greece. Belgium, Bulgaria, and other countries areepsoyy rapidly as
well (Figure 4.11.1)8In most EU countries today, PV can be considered as peak power
generation. Indeed, it produces during the day, at the time of the -dag peak,
competing directly with other peaking generators.

The speed at which PV has developed introduces new challenge®détriciy system
operation. Figure 4.11.1-9 compares the level of PV penetration wigjardeto the
electricity demand (which remains quite low) and the maximum instaebas
penetration for a set of countries. In Germany 45% has been already reaclhdd, w
numbers above 20%5% have been recorded in several countries (left part of Figure
4.11.1-9.

JLIXUH - $QQXDO DYHUDJH PD[LPXP LQVWDQWDQHRXV 39 SHQHW L
PD[LPXP ORDG LQ > @

A similar exercise is also presentgdthe right part of Figure 4.11.1-9, in which the
installed PV capacity is plotted against the minimum and maximum foadeveral
countries for 2012. While it is assumed that all PV systems argmolucing at full
capacity at the same time, an installed capacity close to the minimum(lshith often
occurs in Europe in the summer, during sunny weekends) is a igpoazhtor that PV
already impacts system operation today.
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System Augmentation Analysis: Energy Supply and Demand Circa2030

7KH (8 39 ODUNHW LQ

With more than 17 GW of new PV capacity in 2012 (compared to 22.4 GQ0411),
Europe has increased its cumulative capacity base to 70 GW (Figure 4.1Tisl
impressive performance was driven mainly by two markets: Germany and lItaly.

JLIXUH - (YROXWLRQ RI WKH (XURSHDQ FXPXODWLYH LQWNDOOHG

dZ }A & oo o]Jv ]Jv UE}% [+ Ws u EI § Jv 1ZiTVZE]vAo E]}p
level; the market evolution was very different from one country to another. Bwen
Germany, the apparent market stability is the result of a chaotidutvm, due D
regulatory changes and hectic responses from investors. This was accompanied by a
progressive evolution in market dynamics, with 2012 showing PV gradually becoming
0 e« E 0] v8 }v ]JE 8 ]Jv VS]A X t]53Z Ws[s o0 AMJd}A TS }(
than the retail price of electricity, at least in the residential and conuia segments in
Germany, PV development can be at least partially driven by self-cotisummather
than only feed-in tariffs (FITS).

In Italy, 3.4 GW of PV were added in 2012. This is a signifieardgate from the major
boom seen in 2011 of 9.45 GW. After the rush of 2011, the Italian mheeeteturned
to a level that nevertheless remains high. Having reached a financial c&pTs, the
Italian market will experience the transition to the post-FIT eraefaghan many
expected.
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France scored third place among European countries in 2012, thanks amain t
previously installed projects finally being connected in 2012 alaith a limited
contribution from new installations. With 1.08 GW of PV in 2012, thentg is still
performing well below its theoretical potential and below its 2011 leskel.76 GW.
While the government recently pushed for an additional 1 GW of capadig, t
constraints on market development remain significant.

JLIXUH - (YROXWLRQ RI (XURBRQQHFMZHG 39 FDSDFLWLHY @

In the UK, which installed 925 MW in 2012, the long-term prospdd®/aemain quite
positive even if the speed at which the market develops issmwtmpressive. Greece
installed almost 1 GW (912 MW) in 2012, a record level for this coumtrpy an
extremely hard recession, and 2013 could be a good year as well despite more
restrictive conditions. Bulgaria experienced a boom in 2012, with 767 iN&télled
before the government reacted with harsh retroactive measures to slow the market
PE}ASZV Jv Tiii 8Z JuvSEC[* u EI| § A]grificaiths BeldiumC <0} A
installed again a quite high level of 599 MW, in a context ohsfraolitical concern over

the cost of support schemes. This could lead to a relatively lawkeh in 2013.
Denmark was one of the surprises of the year, with 378 MW, but the boohd stap in

2013. Austria installed 230 MW and Switzerland 200 MW. They haveibcded
marginally to market development, even if the numbers they have reached a&e th
result of a major market growth.
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In Spain, the government imposed an unexpected moratorium on FITsodiest
what remained of the PV market; only 276 MW were connected togite in 2012 in
this country, which should be among the European leaders. Thedrpected net-
metering scheme was never introduced, and there are doubts as to whdtkeel will

U PJAv 8Z P}A Evu v3[s ( E }( €& 3]vP Vv}3Z E }}uX

impressive growth in 2011 with almost 190 MW connected, thanks sdtelyhe
development of two very large power plants by one company. In 2012, 182 & w
installed, and the potential remains significant

The European PV market remains quite heterogeneous, with very diverse
segmentation from one country to another. Figure 4.11.2-3 highlights fact. The
market segmentation has been split to distinguish among ground-mousystems,
commercial and industrial rooftop applications, and residentialiapfions.

JLIXUH - (XURSHDQ 39 FXPXODWLYH FDSDFLW\ VHIPHQWDWLT

The segmentation is not classified according to standard si&esystem size largely
depends on the respective structure of support schemes, countigoomtry. In general,
the commercial segment should be distinguished from the residential segna¢rdnly
according to the system size but also the nature of the invegiovéte or public) and
the regime of retail electricity prices he is submitted to. The same ctzdgifi can be
applied to distinguish between commercial and industrial segmentxrdicy to the
electricity price contracts.
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JLIXUH - ODUNHW 6HJPHQWDWLRQ LQ (XURSH LQ >

D &l § « PuvsS SJ}v Jv HUE}% E u ]v EIUREo@X& XD v 1
Ju% E 8} 11iiX ,}JA A ®U P]JA v §8Z E VSUuUZANEI+UVSIE Puc
PE}uw}puvd « Pu vs AlJoo % E} oC o]v  }vki]ii XE KACE]woWE

A EC o EP «Z E }( 83Z u EI S ]Jv pE}I%WU]E J}o WSE §
Jv HeSE] 0 E}}(8}% * Pu vieV 3Z]e SE &Z AJJdB *IWS]VW}ds]Iv J
§Z o P o (E uA}lEIX

&EXUUHQW VXSSRUW VFKHPHYV DQG IXWXUH HYRC

PV development in the ladt0 years has been powered by the deployment of support
policies, aming &8 E p JvP 8Z P % 3A v Ws[e }*8 }( d SE] ]5(
conventional electricity sources. These support schemes took various forms degend
on the local specificities and evolved to cope with unexpected magkelution or
policy changes.

In 2012, the price of PV systems and accordingly the cost of prodelaaoticity from
PV (LCOE) had dropped to levels that are in some countries close obelosn the
retail price of electricity. However, PV systems are not yet fully comnest and the
development of PV still requires adequate support schemes and adblages with
regard to electricity grids connections, building use, and many othetorfs. Growing
discontent towards the historical cost of support schemes grew (h22in several
countries, pushing governments to either reduce support for PV deploymetd opt
for retroactive changes.

The variety of PV market segments was well managed through a limited set of
adequate support measures until 2012. Most successful PV deployméaitegdbased
themselves on either feed-in tariff policies (most of the time withtandering process)
or direct incentives (including tax breaks). Other support measures nemanecdoal
in the history of PV development.
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With the declining cost of PV elscE] ]SC P v & S]}vU SZ «<«p *S]}v }( "
support schemes has gained more importance in several countries. The emexgence
schemes promoting the local consumption of PV electricity is raviiromed, and some
countries rely on these schemes only to ensure PV deployment.

Instead of national support schemes, several countries favor private costtact
purchase PV electricity (PPA :Power Purchase Agreement) from utility{scaler
plants, while in several European countries the same plants are being thenma
official support schemes.

Policies targeting the entire electricity system remain marginal, witlersg\countries
running RPS systems but few with real PV obligations.

3RZHU 6FHQDULRYV IRU DQG

JRUHFDVW RI 39 LQ (XURSH XQWLO

Considering newly connected systems, 2012 showed the first PV markietediec
Europe since 2000, mainly due to the end of the boom in the ttatiarket (which was
§Z A}Eo [+ 0 EP 3 ]Jv 1iiie AZ]Jo 8Z € +3]ddd3HadltalyE} % Vv u
experienced a more reasonable market level in 2011, the PV market wawid h
stabilized from 2010 to 2012 or experienced slight growth. Overall, theduwftithe
European market is uncertain for the coming years. The drastic decrease eff§om
programs will push some markets down in 2013, though a few emerging mankets i
Europe could offset any major decline. Given these new conditions, and augtod
ERA forecasts, the short-term prospects for the European markets are stathe best
case or declining. In a busineassusual scenario, without support from policymakers for
PV, the transition could be quite painful over the next twolmee years. Irapolicy-
driven scenario, the market could stabilize in 2013 and grow again féd# @nwards,
driven by the approaching competitiveness of PV and emerging markets ineEurop
(Figure 4.11.2-b

JLIXUH - (XURSHDQ DQQXDO 39 PDUNHW VFHQDULRYV XQWLO
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SRWHQWLDO DQG WDUJHWYV LQ WKH (8

Different EPIA reports published in 2012 [2] and 2{8]3identify three possible PV
deploymente v E]}e pvs]o 1i1i §Z § E % E » vS Ws[e E0}dP %o}S VvS]
and market trends:

i TheBaselinescenario envisions 4% of the electricity demand in Europe provided by
PV in 2020. This represents about 130 GW of cumulative capacity by 2020. #2030,
could represent up to 10% of the electricity demand.

i The Accelerated scenario, with PV meeting 8% of the demand, is based on the
maximum PV growth in Europe that is possible with the current markeidseThis
represents about 200 GW of cumulative capacity by 2020. In 2030, RY/tacggt up
to 15% of the electricity demand.

i A third case, which assumes that all regulatory, perceptual, and technical bamgers
lifted to allow the PV market to grow in most countries at a very $aged, is called
the Paradigm Shiftscenario. This foresees PV supplying up to 12% of EU electricity
demand by 2020. This represents about 390 GW of cumulative capacity by 2020.

EPIA has compared various PV market forecasts until 2017 against the three scenario
A 0} %o ]Jv §2z 2~ }vv §]vP g3 astwell asGheB®at®ral Renewables
Action Plans (NREAPSs). For instance, Table 4.11.2-1 compares the cumuliatites ins
capacity at the end of 2012 in most EU markets, the official NatiBenewable Energy
Action Plan target for PV, by 2020 and the necessary yearly market to rea@02ais
target (linear projection).
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7TDEOH - 15($3V YV UHDOLW\ RI 39 PDUNHWYV LQ WKH (8 L C

The same analysis for Europe is shown on Figure 4.11.2-6, where thediffexent
2020 EPIA scenarios [5], the two forecasts for 2(2]7 and the NREAPs are also
presented.
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JLIXUH - (XURSHDQ 39 FXPXODWLYH FDSDFLW\ IRUHEDVWYV
ZLWK (3,$71V VFHQDULRYV DQG 15($3V WDUJHWV 0: >

TheBusinessas-Usualscenario for PV until 2017 that used to be aligned with the 4%
target now appears to be slightly higher. This represents an improvefr@antprevious
EPIA forecasts, which estimated that growth would not quite redeh4% target by
2020. Thus, it looks reasonable to expect that t8% penetration for PV could be
reached even in the low growth case.

The Policy-Driven scenario for PV until 2017 appears almost in line with the
Accelerated scenario. It targeB®/to cover about 8% of the electricity demand by 2020.
While this scenario of reaching 8% by 2020 looks coherent andeirwiih optimistic
market expectations. It is clear today that this 12% scenario is naloagealistic
option and would require tremendous market developments, wraok unsupported by
public policies in Europe for the time being.

TheNREAPs+ Ale v 7ii0 E (& (E}u 8Z €E o0]8C }( 8} CJ-
from in Germany and Greece, market evolution in most countries coudidlyeavertake

the action plans. The extent to which they have underestimated tharket
developments in 2010, 24, and even further in 2012 is obvious.

For EPIA, the potential for 2020 is at least twice as high as the leveteén in the
NREAPSs, pushing towards 200 GW capacity or even more in Europe byraegible
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revisions of the action plans will need to take into accotlr¢ rapid increases in
installations over the last year.

The same forecasting exercise has also been conducted by EPIA for 2030 (Figure
4.11.2-7), and the three scenarios have been extrapolated. In 2030, RYrepuésent

up to 10% of the electricity demand in tHgaselinescenario and up to 15% of the
electricity demand in théAcceleratedscenario. Thé?aradigm Shiftscenario, based on
the assumption that all barriers are lifted and that specific boundarnditions are met,
foresees PV supplying up to 25% in 2030.

JLIXUH - 3URMHFWHG SHQHWUDWLRQ RI 39 LQ (XURSH XQWL

Considering the wider context of the evolution of the EU electriaitix, these

scenarios also take into account the contribution of the two anajariable renewables:

Ws v Alv U AzZ] Zz v A}EI 8}P 3Z & (] $3ADQESHU 1BE}%P[v
electricity demand (Figure 4.11.3-8The assumption of 30% wind penetration comes

(E}u sz HE}% Vv t]v v EPC e} ] S]}v[e (JPp%E €% dZ]-
understand better certain needs of the future power system.
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JLIXUH - 3URMHFWHG 39 DQG ZLQG FRQWULEXWLRQ WR ILQDO (
XQWLO 7:K > @

OXiiXTX HE}% Vv <« «Su C
, QWURGXFWLRQ

In the following section, the main challenges for system integratibrivariable
renewable energy into the European power system are described. This waideton
the overall power system, and therefore most issues discussed arealelant for the
transmission-grid level. However, this does not mean that issues at lower vdétaele
are considered of lower importance. In fact, as PV is a distributed reneveasrgy
source, there are a variety of integration challenges to be solved at thebdittm
level.

In order to draw an all-encompassing picture of the challenget dbme along with
high shares of renewables in the European power system, the most relevant system
integration studies published within the last two years were idésdif The studies are
briefly characterized, and the key focus is described. Subsequentlyabdindes for the
integration of high shares of variable renewable energy generation, incp&ti of PV
generation, are discussed.

fe 5( VHUYLFH6 3URMHFW z6\M@HVPHQBHEGKYN IRU DC
VHUYEFHY Gii€0-
The REserviceS project (see 4.12.5(2) 2-5), is the first study to investigdteanwd
solar-based grid support services at the EU level. D2.2 explores the diffesdi@nges

that occur at different penetration levels of variable renewables la¢ thand of
experiences in different national power systems across Europe. As in almostlaiemha
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countries, wind power capacity is significantly higher than the itedaPV capacity, and
it is difficult to separate the effect that is due solely to PV.

The analysis is split into an investigation of the needsreayuency support and thus
reserve power and the needs for voltage-supporting measures in a systemhigith
shares of variable renewables.

ie 7TKH ,PSDFW RI 'LVSHUVHG *HQHUDWLRQ RQ
6HFXULW\ RD &X33S0O\@

Over the last decade, the penetration of distributed energy sources hasaised
significantly. These generating units have been subjected to colmmentiguirements
compliant with the operation principles for passive loads. For thests, the lossf-
mains detection (loss of connection of the main network) is offerformed by
measuring frequency deviations and triggers generators' disconnection to avoid
unintended islanding. However, if applied to a large number mtsu deterministic
frequency thresholds can put the system at risk in case of frequeeaciations.

The work presented in this ENTSO-E report aims to assess the risk gactirgy of
the interconnected system due to the large amount of existing disteith generation
with disconnection settings (over- and under-frequency) and ifienteeds for solutions
like retrofit programs.

i*)LQDO UHSRUW RI WKH B RERRWE&689 SURMHFW

Smooth PV (see 4.12.5(2) 2-6) is a project that worked out the ingbdgh shares of
PV on the power system. Several simulation tools were developed aniestwere
performed. The work covers both the implicatioasthe transmission leveds well as
for the distribution grid. The findings relevant for the distritmnt grid will be
disregarded in the following. The power flows in the European transmissidnmgrie
modeled extensively assuming different scenarios and also including assompn
future storage deployment and grid extension. A focus was on thadigpcredit of PV
and thus on the contribution of PV to the security of supiplythe European power
system.

The study names PV variability, ramp rates, and uncertainty about fgemeration as
key general issues. Ramp rates were, however, only studied based on léerasearch
and not explicitly for Europe. The findings on ramp rates enstudy are therefore not
discussed in detail. The study further investigates the need fdrextension in Europe
in case of heavy PV deployment.

039 SDULW\ *ULG ,QWHIJUDWLRQ &RVW RI 3KRWIE
N %S u E T1iT7T €0
The PV Parity project, co-financed by the Intelligent Energy Europe pragjrthe EC
aims to identify and promote the use of some measures that could dempnt or
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replace the existing support schemes for the deployment of PV lastals throughout
Europe.

A subtask dedicated to grid integration has been conducted by an etgemt from
the /u% E] o }oo P }( >}v }vX dZ Ws W E]SC o0]A E

Photovoltaic Power Gv (E S]}v_ % E ¢ vSe SZ %% &} Z + v SZ &

PV system integration costs in 11 key EU markets. The aim is to assess thktyeafsib
installing up to 480 GW of PV by 2030 (EPIA accelerated scenario), cossfirgg the
European electricity demand. The report shows that not only it isrteetly feasible but
also that the costs of implementing the necessary system integration measiees
relatively modest.

A&RQQHFWLQJ WKHUEXQ @ TIET €f+X

CTS is the first study that focuses on PV system integration in Europe.tBeré were
of course a variety of integration studies carried out as the dena gralydt{i0] and I
[11], EWIF12], TradeWind [13], and OffshoreGrid [14], to name a few. Thesdestud
either disregarded PV generation completely or treated PV as a less relevanatigme
source in view of needed infrastructure measurements and system security. 6(3€S cl
this study gap and clearly shows the relevance of PV for the operatidnstability of
the European power systems, and explains and studies the issues that ndsal to
considered in light of rapid deployment of PV capacity in Europe.

(0]

AN

‘|

, VVXHV Rl +HDY\ '"HSOR\PHQW RI 9DULDEOH 5HC

The studies investigated show a large overlap of several issues, inclodifajlowing:

PV variability There are different levels of variabililty depending on the size of a

portfolio and its spread across an area. The highest variability is olobs&@wveingle
PV systems, while the PV generation of larger portfolios shows a icagmif
smoothing effect. Furthermore, PV generation is only available duringldlye The
variability is often claimed to be a large challenge for the integrationPy¥
generation. Whether this is true and what aspects variability effeasyever, need
further investigation. From the perspective of the operation ofanmission system,
which is subject of this report, the variability of singledystems has no relevance, as

a TSO always sees the aggregated generation of a large number of PV systems in i

balancing zone (Adressed and/or investigated in: Smooth PV, PV Pas}y, CT

Residual load ramps due to PV generatidAV generation increases in the morning

hours, reaches its peak around midday, and decreases during the afternoon.

Particularly during the evening hours, a PV generation decrease often @sneith
an increase in demand, which results in steep residual load curvei¢oad) which
need to be followed by other flexible generation systems. These rawipsh already

today are considered a challenge to system security by many TSOs, will incitbase w

further PV deployment (Adressed and/or investigated in: Smooth PV, CTS).
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Capacity credit The capacity credit of a generation source is defined as its
contribution to meeting the peak demand in a power system. As vand PV are
weather-dependent generation sources. they are not always available dpeag
demand hours. Therefore. a firm conventional generation source neebls teady in

order to meet the peak demand at all times. This so-called standapacity is
associated with high costs (Adressed and investigated in: Smooth PV, PV Parity, CTS).

Transmission grids expansioiit can be considered a consensus in Europe that heavy
deployment of renewables needs to be accompanied by reinforcement and expansio
of the transmission grid. New transmission capacity, in particular betweentries
(interconnector capacity), is a source of system flexibility, helps to dbalencing
power between the regions, smooths renewable generation, and facilitées
implementation of an integrated European electricity market. The <oate
considered comparatively low compared to other measures, e.g., storage
construction, but new transmission line projects face strong publpospion, leading

to lengthy development processes (Adressed and/or investigated in: SmootR\PV
Parity, CTS).

PV generation forecast uncertainty and increased need for angillservices From
the perspective of system generation, it is desirable to forecast éhérgtion as
accurately as possible. Snow and fog forecasts are considered a serioustyliffic
fog or snow is not forecasted accurately, steep PV ramp may happen without
warning, posing a risk to safe system operation. Ancillary services, nantalyevahd
frequency support services, have traditionally been supplied by theventional
power fleet. There have been flexible conventional power units tbatdprovide the
desired reserve power, and there was a large amount of synchronous genetaabrs t
could easily adapt the power factor for voltage support. When the sghirging and
the wind is blowing, large shares of this conventional powentglare no longer
online and the traditional resource for frequency and voltage supposignificantly
decreased. It is therefore a question whether conventional power plae&lro be
kept as must-run units to provide these services or whether wind anda®\provide
them instead (Adressed and/or investigated in: REserviceS, Smooth PV).

Inappropriate grid codes Grid codes define several requirements that PV systems
and others generators must fulfill in order to be connected. Among othsome
requirements aim at facilitating their integration into the stking power systems.
Requirements may vary depending on the voltage level and the penetratioV of P
(and other distributed generators) in a specific location, witictld be a distribution
grid, a country, or even a synchronous area. These locational specifteitidead to
requirements for reactive power capabilities, active power management, falet ri
through, etc.
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One of the major issues in Europe at the moment, known as the frequency

]+ }vv 3]}v }E ~ATXT ,1_ ]Jeep U ]e+bEmass discohnédion%f}RY ]
systems when the frequency reaches a specific value. Frequency cdstionn
requirements were adopted in several countries as a result of safetyecos@bout
unintented islanding at a time when distributed generation was nraigiDuring the
major system disturbance in Europe on November 4, decentralized generationly{mai
wind turbines) massively switched off after the disturbance happenedh@g were
required to do). This sudden loss of generation severely aggravated the @itukitthe
same extreme event were to occur at midday during the summer, more than 20 GW of
PV systems would instantaneously disconnect from the grid at the\eU

Such a massive disconnection of PV systems would accelerate the passibéeling
breakdown process but with a proper definition of the disconnection settings, P ca
easily support TSOs in the case of an extreme over-frequency event. Nafichabdes
have been revised in some of the key countries (Germany, Italy, Belgium, anl t8pai
integrate new frequency requirements (active power reduction in ca$eower-
frequency). For the existing PV installed capacity, retrofit programm are dgirea
underway in countries like Germany and Italy and under analysis in sevbel o
countries (Adressed and/or investigated in: REserviceS, Smooth PV, ENESQH,
CTS).

1) PV generation variability

Smooth PV states that systems spread across larger areas show a relatively smooth
production curve (Figure 4.11.3-1). Thus, in a sufficient large batangv U §Z d~ K[
operation will not be affected by rapidly changing PV productioh mmps; distribution
of PV plants over only 1 km will have a significant impact on rtqpd power
fluctuations of the aggregated power generation from the plants causgdyassing
clouds.

The same results are found by the authors of CTS, which shows thrRMigleneration
time series that across larger regions PV generation shows very smooth shapes. When
looking at the PV generation across Europe and across time zones, it becoméisatlear
the peak PV production does not coincide anymore and is smoatkedabout 2 hours
when considering the PV generation in Bulgaria and Italy. The autlsorsighlight that
this characteristic can only be fully exploited when a strong trassion grid allows
transferring the power across this area.
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J)LIXUH - ,QVRODWLRQ DW GLVWLQFW ORFDWLRQV LQ ,WDO
ORFDWLRQV ULJKW RQ D VSHFLILF GD\ LQ ZLQW

An interesting point in the discussion of PV variability is adge@TS's investigation of
joint PV and wind production. It is impressively shown thatRveand wind production
do not correlate when looking at seasonal or weekly generation (Figure.3-2). In
fact, they even perfectly complement each other. While during winter there Insgh
contribution from wind power and lower PV generation, the reverse is truenguhe
summer months.

JLIXUH - &RPSOHPHQWDU\ ZLQG DQG 39 JHQHUDWLRQ LQ (XU

However, in view of the discussion below on the capacity credit of PWisal] it must
be emphasized that appropriate storage capacities are needed to staftpower
generation and reduce the need for conventional peak power in #ee ©f large-scale
PV penetration. Still, the analysis (see 4.12.4.3) clearly proves that alr@adyany and
weekly storage from pumped storage plantse complementary character of PV and
wind generation can be exploited. This is an advantage, as tkts dor storage
generally increase when longer storing times are needed.
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2) Residual load ramps due to PV generation

Flexibility is the key requirement for planning and operating power system with a
large share of variable renewables, as has been emphasised by the International Energy
Agency [4]. Flexibility expresses the capability of the power systemaintain the
security of the supply when rapid changes occur in production andiemand.
Flexibility can be provided by four types of assets: interconnectionsage#o DSM, and
flexible generation.

Only a proper mix of these assets will limit the costs of the transit@m example, if
only flexible generation were implemented, high costs would inoutkéeping the full
power fleet online while operating systems during a limited tirfdm the other hand,
there is a risk of under-investment in flexible generation duentirket uncertainties for
plant operators.

In order to evaluate how much up- and down-ramping will be requiiredn other
flexible sources, an analysis was carried out in CTS to identify the Wagriabithe

residual load. The scenarios developed by EPIA and EWEA(European Wind Energy
Association)were used for this analysis. In order to facilitate the calculation,
interconnection constraints between countries have been taken intcoastc The
residual load difference within 1, 8, and 24 hours was analyzed (Fglie3-3). The
duration curves for EU-27 countries show at how many hours of the year cearaips

are required to cover the residual load difference within the aredytime intervals.

For example, the 1-hour ramp curves show how much PV and wind affect t
variability of the residual load and therefore how much flexibilifl} e required within
an hour (vertical axis) and for how long (horizontal axis).

As seen in Figure 4.11.3-3, the ramping needs are not dramaticalcietpby the
increasing share of PV and wind until 2020. Looking to 2030, trg & completely
different. The EU system flexibility will need to be increased fmeawsith the variable
renewable penetration foreseen by EPIA and EWEA.

JLIXUH - DQG UDPSLQJ UHTXLUHPHQWY LQ WKH (¢

246



A separate ramping analysis was also conducted to examine in detail thetiofpac
each component of the residual load on the future ramping nedeélgure 4.11.3-4
shows the comparison of the maximum up-ramping for 2011, 2020, and. ZHaGach
of those years the maximum ramping requirements are presented separately for the
load (without any PV or wind), for the load minus the PVegation (RES_PV), for the
load minus the wind generation (RES_wind), and for the residucl(RES).

JLIXUH - DQG FRQWULEXWLRQ WR UDPSLQJ UHTXLUHPH(
> @
Some important conclusions that can be drawmfrBigure 4.11.3-4 are: 1) there is no
maximum ramping increase due to PV for 2011 and 2020. In fact, PV eversdtac
maximum ramping requirement. 2) The ramping requirement increase Mlibbstdriven
by the load until 2020. 3) Beyond 2020, additional flexibility vallneeded, with PV
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having a more significant impact on the 8-hour requirement anadwan the 24-hour
requirement

For 2030, results can be explained by the fact that the sun goes domng the
evening when the peak demand occurs. The up-ramping and down-rgrspisw more
or less the same behavior pattern for each of the three years examined.

Ramp rates were also studied by the Smooth PV project based on setsredlife
sources. Concerning changes, simulations results show that on the mimgtestale 10
km?2 service areas must be prepared to variations of 15.9% due to cumulus clbud
number decreases to 5.5% for areas of 1,000 km? and 2.7% for 100,000 km? areas.

Looking at the possibilitgf losing the complete PV generation due @a incoming
squall line, it will take 1.8 minutes for a square-shaped afeh0 kmz2 (with a uniform
distribution of the installed capacity) and 5.5 minutes for a larger service afel00
kmz,

While fast but rather small fluctuations can be easily balancedrelaé challenge is
posed by the steep and high ramps that occur only for a few hours athe worst-case
scenario require additional flexible sources. This in particular raisegjtlestion of
whether it is possible for the conventional power fleet to falldhese high ramps,
considering that a cold start of conventional power can require upadours.

In fact, an analysis of the ramping capabilities of conventippaler plants also done
in CTY5] showed that the current flexibility from those sources can mtmet ramps
until 2020. However, even if the new power plants can easily meet thesps,athe
flexibility of the existing fleet and moreover the access and valooaif the existing
flexibility is an issue. Beside the technical aspects of this discussiai, needs to be
done to redesign the market rules in order to better valorize flexasigets.

To achieve the variable renewable penetration foreseen in 2030, addititexibility
will be required so as to reduce the periods during which pathefconventional power
fleet will have to be operated in standby mode to respond klyido any balancing
needs. Additional flexibility can be provided by a combinatioin dispatchable
renewables (hydro, biomass, geothermal, etc.) as well as innovative storagephd
DSM. Because region-wide PV production ramps can be forecast quite tabgura
coordinated actions can be planned for these few hours.

3) Capacity credit of PV

The analyzed studies agree on the fact thatsRMntribution to meeting the peak
demand in the EU or its member states is considerably low. Howeverggiuts were
obtained by a straightforward analysis of load curves and PV generatiersgries. This
approach gives a good estimate for the capacity credit, but experts agrégdha
more accurate estimation of the capacity credit, a statistical approacteasied that
also takes into account the availability statistics of the therp@her fleet and other
renewables. The capacity credit is ultimately determined by the overallepow
generation mix in the country or region. A statistical approach wiltibatte PV
generationto a higher but still low capacity credit.
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CTS [9] investigated the capacity credit of PV generation by looking at the PV
generation time series for 2011 and the load curves of the same year feredtff
countries and for all of Europe. It was found that only fa tase of Italy PV generation
effectively reduced the peak demand by about 1.5 GW. For all othantdes, the PV
contribution during the peak demand hours was zero or consideraiy lo

The Smooth PV project [8] concludes that the capacity credit\ofn Europe is zero.
This is due to the fact that the highest demand often occurs whensun is not shining
in particular for northern countries. In the case of Germany,ghak demand occurs in
the evening hours in winter. For southern countries, this can be diftesen the peak
occurs midday, for example, due to the use of air-conditioning. Howétvesras shown
§Z § "]v o0 }uvsE]top 1Ywof the Bighest demand hours fall into a period
}( v} e}Jo E & ] 8]}vU 11X X v]PZ3 Z)ia@e4.1:3% X 5Z ~u]lv_ EL}A

7TDEOH - 39 JHQHUDWLRQ GXULQJ WKH KLIKHVW GHPDQG |

However, when wind and PV generation are considered together, there gnificant
contribution to the reduction of the residual peak load. CTS fadotsut 14 GW of firm
capacity contributed by PV and wind generation together in 2011. Still, teere doubt
that flexible generation or storage is needed to complement variable renewabl
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generation. CTS shows in this regard that PV generation in particalar be
complemented with storage capacities.

JLIXUH - &DSDFLW\ FUHGLW RI ZLQG DQG 39 LQ (XURSH

4) Transmission grid expansions

There is consensus in Europe that grid infrastructure reinforcemerdseapansions
are a cost-effective measurement for the integration of renewables. A large aeuofb
system integration studies have looked into this issue and found evedensupport
the above statement [10][11][12][13][14]. Therefore, most of the sasdinvestigated
here do not further analyze this topic, but stress the pdhmt grid expansions are a
prerequisite for the cost-efficient integration of PV and wind.

CTS, for instance, assumes the necessary grid expansions to be carried out as a basis
for the detailed assessment of other issues as the smoothing effect of RAfagien
across countries or the use of the storage capacity to increase the capacityafréue
PVstorage system. The authors emphasize that grid expansions are a comudnedydy
measure to increase the flexibility of the European power system.

Nevertheless, the authors of CTS are certainly aware that grid expanarennot
popular and face strong opposition from local initiatives, paréidyl when the
construction of new overhead lines is discussed. In fact, there are several exarhples o
grid infrastructure projects that are far behind schedule.

The Smooth PV report investigated the optimal mix of storage deployraedtgrid
infrastructure measurements and concludésZ § }usS 019 }( HE}% [¢ u Vv
met by PV generation with low curtailment, without major extensions to the
transmission grid and feasible amount of storage capacity. Note that this statement is
certainly not supported by all stakeholders and experts and seems taligbtly
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optimistic. The Smooth PV report further found that an optin@ordination of
generation capacity development, storage capacity development, and grid egpansi
until 2050 is largely beneficial over scenarios in which, e.g., storageepl@ydd but
the grid is only extended marginally. This subject is developedeiuin section 4.14

of the European case study.

5) PV generation forecast uncertainty and need for ancillary services

As the PV penetration in a specific power system increases, the availabditgurate
PV generation forecasts becomes more and more important. Current systemtiopera
strategies are designed to cope with a certain amount of uncertaintytdugenerator
outages and the difficultpf accurately predicting the demand. Today, deviations from
the forecasted generation and consumption are primarily handledth®y balancing
reserves constituted by conventional generators. As penetration of variabwvales
like wind and PV is likely to increase the complexity of disppkahning, the reliability
of forecasting is currently a subject of intensive R&D work.

Z + EA] ~ o Jue 3Z 8 "3Z ul]v Ju% 3 }( AE] dEE v A
variability and uncertainty that will result in more balancing needd aan impact

(E «<p v C }iny@tlcubdr, when PV and wind generation is high, there will be a
lower amount of conventional power units online to provide theseahaing services
and inertia. The All Island TSO Facilitation of Renewable St{hés studies, EirGrid
and SONI, 2010) determined that the TSOs of Ireland and Northern Ireland ¢aweach
the renewable energy targets securely and effectively by 2020 and can securely manage
the system provided that the systenon-synchronous penetration (SNSP) level in real-
time operations remains below 80 (Figure 4.11.3% SNSP is a measure of the non-
synchronous generation on the system in an instant. It is a ratio efré¢al-time MW
generation from wind and HVDC(high-voltage direct curremdrts to demand plus
HVDC exports.

The studies indicate tha&s SNSP level of up to 75% is achievable by 2020 with the
development of enhanced system operational policies, tools and practides, t
investment in the required transmission and distribution infrastruetuand the
evolution of the appropriate complementary portfolio. Some curtailngemf wind
power have already been made recently in Ireland due to concernsatdbw inertia
and consequent instability risk in the system. So far, the issl@noinertia is limited to
small systems like that of Ireland. Possible solutions are currenthg beirestigated,
such as wind power plants providing ancillary services or feexalancing plants
operating at low output levels and delivering stabilizing services. Howewer, t
reduction of inertia leading to more pronounced frequency dewuiadi still needs to be
studied further for larger systems like that of continental Europe.
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JLIXUH - 6\WWHP RSHUDELOLW\ 5HIJLRQVY ORDG DQG +9'& H[SRU
DQG +9'& LPSRUWV %OXH + RSHUDEOH $PEHU * QHHG DFWLRQV
WR EH IHDVLEOH HYHQ ZLWK VLIJQLILFDQW PLWLJDWLR

REserviceS states that it is therefore necessary that PV and wind providerfogqu
support services if services cannot be provided by flexible demand or networ
components at lower costs. Of course, the impact of renewables on #eal rfor
frequency support is system specific. If a larger balancing area islemeiand there is
abundant interconnection capacity to neighboring systems, the impé&aeonewable
generation is less pronounced compared to the case of a small systemlomith
interconnection capacity. Authors of the Smooth PV report also staettie problem
tends to be aggravated for markets with longer dispatch blocks, as shorter timesra
allow inclusion of short-term changes the PV generation forecast and subsequent
adjustmentof§Z %0 vSe[ ¢ Z poO]VPX

At the same time, the authors of the REserviceS report admit that thera &ariety of
other changes in the power system (e.g., new balancing zone delimgatiooperation
for frequency balancing on European level, and new reserve market detigiid)ave
an equally strong impact on the balancing needs. Thus, from empiricalitdatdifficult
to quantify the impact of renewable sources. However, in theory there isear cl
increase Iin reserve requirement that comes along with increased wind shgoker
(even if the impact of the latter has been analyzed less than thatimd)wThis is well
shown by plotting the results of several system integration studieshaw/s in Figure
4.11.3-7. Without giving further evidence, the authors state thaimilar dependency
can be expected for PV generation, partaty in view of the ramping of residual load
occurring in the evening hours when a load increase coincidés avPV generation
decrease.
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JLIXUH - ,QFUHDVH UHVHUYH UHTXLUHPHQW GXH WR ZLQG

Concerning voltage support services, REServiceS states that voltage management by
TSOs will need to be adapted as renewable generation, mainly wigehésally located
further away from load centers tlmais conventional generation. If wind power replacing
conventional power is a less flexible source for reactive power compensatiem nost
conventional power plants, TSOs will in particular, have narrower regubwer ranges
at their disposal. The authors conclude with a general stateridéithough it is difficult
to quantify the full impact of the reduced and changiragure of reactive power control
on the management of voltage, the estimated levels will present &igntfoperational
issues in the future. Systematic practices, tools and policies are ndeddd eflecting
§Z Jeep ¢ JVA}oA X_

The authors do not explicitly discuss the impact of PV generattating that reactive
power provision by PV generation is rather an issue for the distabugrid level.
Nevertheless, following their logic, it is clear that PV will alsdaoep conventional
synchronous generators and therefore reduce the availability oveptional reactive
power sources. Furthermore, the report does not clarify whetheisitpossible to
provide reactive power from distributed PV generators at the distributioid level to
the TSO for transmission system management.

The latter is still a heavily disputed topic today and an alwi@search gap that needs
to be closed in particular in view of the excellent capabgitof PV systems in reactive
power control.
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6) Inappropriate Grid codes xthe frequency disconnection settings issue

In parallel to the increasing deployment of renewable and decentralizesrggn
production, the quality of the common European power system hsg @écreased due
to the restructuring of electricity markets and the related operatibrbounday
conditions. Increasingly often and for longer time periods, thetesy frequency of the
continental European system deviates from the set point by reaching védwes and
higher than 49.9 Hz and 50.1 Hz, respectively. Reaching these valuestdetus
activation of 50% of the positive or negative primary control reserve.

Due to badly designed grid codes, the disconnection settings for mbshe
distributed generation currently connected are in the range of 383 Hz for over-
frequency and around9.7 t49.5 Hz for under-frequency, while the mandatory range to
remain connected within the transmission system is 483155 Hz.

Knowing that the current installed capacity for distributedhgeation corresponds to a
multiple of the available primary control reserve, the risk of sesieystem disturbance
due to an uncoordinated and massive disconnection of generatéom o longer be
excluded. It can be foreseen that the system balance might only be manag#teb
activation of large-scale load shedding. In March 2013, ENTSO-E eddisteport
describing the analysis performed for defining the necessary amount of bdittd
generation that will need to be retrofitted by changing the freqay disconnection
settings.

For the authors of the report, the coincidence of a steadestfrequency deviation
and the loss of approximately 2,000 MW of load (for instance, thedb#dse HVDC link
between France and Great Britain) can drive the system to 50.2 Hz. Sdoackection of
a large amount of generation capacity due to the frequency diseotion settings
would cause large power imbalances and consequently very higheéneguransients.
These can only be managed by a large amount of under-frequencylheattiing (Figure
4.11.3-8). There is a severe risk of the system collapsing. The ongoingtréfit
programs in Germany (300,000 systems) and in Italy (12,000 systems) are essential for
the overall system security. After completion of the two programs, the secusk will
be reduced. However, the remaininm-retrofitted installed capacity is still too high,
and further actions (Figure 4.11.3-9) should be determined (for 5x249.8 Hz, and
49.5 Hz).
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The authors also provide several recommendations. Among them, two havecHisp
impact on the characteristics of PV inverters:

i Automatic reconnection after a severe frequency transient is permitieat,
specific logics are required in order to avoid reconnection during restorati
phase and to guarantee a maximum total gradient of the PV power generation
after the resynchronization.

i No automatic disconnection in the frequency range from 47.5 HZlt6 Hz shall
take place. This should be implemented in all European countries as a®o0
possible.

OXiiXadX ~}ous]}ve (JE ,]JPZ o Ao Ws W v 3E
%0 VV]VP

This section describes a measure aimed at addressing only one of the ghallen
identified in section 3 of the European Case Study: namely, the foeédinsmission grid
expansion in case of large-scale PV deployment.

(XURSHDQ &RRUGLQDIW® GHIDDQ QHYZRUN 'HYH
30DQ

European laws request ENTSOS} ~ } %o S -bindihg Community-wide ten-year
v SA}EI A 0}% u v3 %o o0[18] withd thE dWjective to ensure greate
transparency regarding the entire electricity transmission network and to stipghe
decision-making process at the regional and European levels. The ficsaloffYy NDP
was released on July 5, 2012, two years after the pilot TYNDP gtigolion 2010. The
second official TYNDP is expected to be released in December 2014.

The TYNDP 2012 package is an eight-document suite comprising the TYYWBP re
itself but also the Scenario Outlook and Adequacy Forecast (SOAF) and six IRegiona
Investment Plans. Theseight reports jointly deliver a structured, systematic, and
comprehensive vision for grid development in the coming 10 years in Europe. They
describe significant investments in the European power system, whichegrered to
achieve European energy policy goals.

Grid development requires the anticipation and consideration of fbng term.
Notwithstanding the ongoing Electricity Highways 2050 project 4s¢&.5 (2), ENTS®&
developed four visions up to 2030 to examine the challenges and appubets for
TSO's development of longer-term scenarios. Within these visions, ®@alsos have
been used as a basis for the TYNDP 2012:
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i dz ~ v &]} » h 1iti_ Z < -down,pdsedl én}tlie European 20-20
objectives and the NREAPs (see 3.2.2

i dz ~ v €]} " &£SE %}0 S ¢ JV(}EuU S]}v (E}u u EI §
investment perspectives in a bottom-up approach.

Both scenarios, however, match the Europear2®d0 objectives.

According to these two scenarios, the net generating capacity weilease by about
250 GW (i.e., 26% of the 2012 capacity) in the coming decade. Almost aictbase
can be explained by renewable energy development (about 220 GW). The, figur
however, hides the important decommissioning by 2016 of obsolete fosdififed
units (not compliant with the emissions thresholds set bypther EU directive) partly
substituted by the commissioning of new conventional power. ENIS@ted that the
major shift in the generation mix will therefore induce a massiveocaion of
generation means and more volatile flows, requiring the grid to adapt.

Market studies also conducted in the framework of the TYNDP alsathimé resulting
gross electricity exchange patterns by 2020. As shown in Figure 4.11.4-1thigalyK,
Poland, and the Baltic states remain major importing countries. FrandeScandinavia
are the larger exporters, as is the case today (however, exchanged volumes are higher).
Germany, Spain, and Portugal experience high exchange volumes, but faniputtis
and exports, which results in an overall balance. Rather logicallhitjeest volumes
are exchanged in the heart of Europe. Market studies conducted by EN&Ss@ntially
show larger, more volatile power flows ovarlarger distance across Europe, mostly
north to south from Scandinavia to Italy, between mainland Europe te Iberian
Peninsula, and Ireland and thdK or east to south and west in the Balkan Peninsula.
Investment m the grid is needed to avoid worsening of current congestion and the
development of new congestion.
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J)LIXUH - 6LPSOLILHG H[SHFWHG HOHFWULFLW\ H[FKDQJH\
EHWZHHQ {(LFRXQWULHV > @

About 100 bottlenecks have been identified by ENTSO-E on the dauro@twork by
the end of the decade; ENTSO-E further mentions that about 60%eafoncerns are
primarily related to market integration (either between price zones, draiprice
zones), with about 30% primarily related to generation connection #d%b primarily
related to the security of the supply. However, for ENTSO-E, 80% bbttlenecks are
related directly or indirectly to renewable energy integration. Thetmsouth internal
corridors in Germany are typical examples of the latter.

Consequently, over 100 transmission projects of pan-European significance leave be
identified to address and solve the abovementioned concerns inctiraing decade
(among them, 40% are interconnectors) about 76% of the investment itentbel
TYNDP 2012 package were previously included in the TYNDP 2010Geahdnae
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confirmed. 24% are new, which is slightly more than the expectediaegurnover of
the TYNDP process.

Overall, there has been substantial delay the delivery of one-third of the
investments, mostly because of social resistance and longer than inaatilyipated
permitting procedures, leading to project reengineering. As displayddgure 4.11.4-2
projects of pan-European significance total about 52,300 kneef or refurbished extra
high voltage routes, split rather equally between the two five-ysab-periods. This
represents a 25% increase compared to the TYNDP 2010, especially wittuizty
long-stretching new investments: +3,000 km of subsea routes are envisioned,
(developing in total 10,000 km of offshore grid key-assets) and+7 @00f koutes are
inland, mostly to bring to load centers the power generated on the bredof the
European territory.

JLIXUH - 3URMHFWWXBRSBRQ VLJQLILFDQFH LQ WHUPV RI YR

Projects of pan-European significance are very diverse. They developragrgiet
capability (GTC) ranging from a few hundred MW to more than 4 GW (Figaré-3)1

Globally, comparing the situation before and after grid reinforcement, the analyse
conducted by ENTSO-E show that transmission projects of pandamaignificance
will help alleviate total generation operational costs by about 5%.
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JLIXUH - 3URMHFWYXRIRSBIQQ VLIQLILFDQFH *+ YROXPHYV

To conclude the report, ENTSO-E conddcan economic analysis of the future
investment needs. Total investment costs for projects of pan-Ewops&gnificance

uluvs 8} 'iid Joo]lvU }( AZ] Z !ii Joo¥vdp ((J®uE » E dv
with the previous analysis of the TYNDP 2010. This effort isisggifor TSO's financial
means. It equates, howeve§} }pus !iXAt!TIDtZ }( %}A E }vepu%s]}iv ]
over the 10-year period, i.e., only around 2% of the bulk power pricesserthan 1% of
the total end-pe E+<[ o SE] |]SC ]JooX
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The full report series can be found on the ENTSO-E website:
https://www.entsoe.eu/major-projects/ten-year-network-development-plan/

/UDQVPLVVLRQ FRVW IRU ODUJH VFDOH 39 GHS

In the framework of the European project PV Parity, an expert team fhemmperial
College of London evaluates the impact of PV technology on the capmdcityain
European grid and the increased operating cost due to increased opgnaserves to
deal with the variability of PV. For this purpose they have employedthtperial College
Dynamic System Investment Model (DSIM) fb7¢alculate the system operating cost
and the incremental network capacity needed to facilitéle increasing installed PV
capacity across Europe.

The model optimizes generation and transmission investment decisions aasntbié
short-term operation of the entire European system on an hourly basitjding plam
dispatch and scheduling of reserve and frequency regulation servicesstareesub-
hourly (seconds to minutes) balancing of the system. The model takes aafaystem
adequacy and security requirements.

DSIM provides information on the amount of transmission capacity needeithe
system to maximize the overall benefits. This enables quantificatfothe increased
network capacity caused by incremental changes in installed PV capacity.

On the other hand, DSIM also estimates the system operating cost, mainly dyiven
generation costs (fuel, no-load, and start-up cost). This operatingrodaties the
carbon prices and also the effect of running a generator part-loadedawige
operating reserves. As installed PV capacity increases, the operating reserves also
increase to hedge the risk of uncertainty caused by unit unavailabilithanges in PV
energy sources, among other causes. By comparing the operating costs of twondiffere
scenarios, with and without an increase in operating reserves, the autlioinge eeport
have been able to derive the changes in system balancing cost doer¢ased PV
capacity.

However, the present report will only describe the part of the study cagetthe need
for transmission grid extension. For further reading, please consult the PY Parit
website:http://www.pvparity.eu/.

1) Description of the methodology

* SZ Ju% S }( Ws }v §Z ME}% Vv SE veuZee|[Ev(-E*S u %r
e ¢ 0 8§ U SSZ HSZ}E- }( 8Z +3u C (e A} + E S @EPVS C o «
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In addition to uniform distribution of incremental changesPN capacity, the authors
have also evaluated the impact of incremental changes in selected target counitles s
as ltaly, France, Germany, Spain, and the UK. The results of this araadyisesfound in
the PV parity repdr[9].

2) Results

Figure 4.11.4-4a) shows the capacity of European main transmission system @opos
by ENTSO-E and Figure 4.11.4-4 (b) shows the required network capacugqutdyy

§Z /u% €] o }oo P }( >}v }v[e ~/D 8§} juu} 8§ 1€1 't }( W
2020. It can be observed visually that some of the corridors, particulagySpain t
France interconnectors, need reinforcing beyond the proposed capacity B$ENE to
accommodate the projected PV 2020 scenario.
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JLIXUH - ,PSDFW RI 39 RQ WKH (XURSHDQ 7UDQVPLVVLRQ .
E\ WKH 39 SDULW\ SURMHFW > @

Additional proposed network investment can be seen in Figure 4.11.3-4vfdch
shows the optimal capacity to accommodate the 485 GW of PV capaditgedcin the
2030 scenario. It is important to note that not all network inveents shown here are
driven by PV. Some are driven by other technologies, particularly pawveer in the
northern part of Europe and also the projected increase of load.

The results ofmperial College of Londoanalyses arsummarized in Table 4.11.4-1
showingthat the additional EWransmissiorgrid costdue to PV by 2020 is modeféss
than |1 X AlDtd the electricity generated by PMVieven with further increasing the
installed capacityin a particular country up to 50%, the additional cost of ®\gtiil
relatively modest. This is likely to laeconsequence othe availability of sufficient
capacity margin provided by the 202nsmissioncapacity proposed by ENTSORE
their TYNDP 2012.

By 2030, higher deployment of renewable power generation including pomer and
PVhas increased demand for new investment in the European transmission grid. It is
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illustratedin Table 4.11.4-1 (c) that the capacity of many interconnectord) loobss-
border or within the member states, needs to be upgraded. In this c¢mmdithe
transmission cost of increasing PV capacity r&¢s; 1 X01DtZ X

7TDEOH - $GGLWLRQDO (8 WUDQVPLVVLRQ JULG FRVW GXI

/S ] Ju%}®E&S vS8 S8} v}S SZ S Jv S$Z /u% E]S& }edjaRof}( >}v }v

network capacity has been efficiently shared across different generadohnblogies
including renewables. With regards to wind power, the characteristiosind energy
output are complementary to the characteristics of PV. Wind is strongiriber and
during evenings, while solar is strong in summer and during daytime, as shdwahble
4.11.4-1. This allows power flows to utilize the same networlaciyp while optimizing
the use of different renewable sources. This effect is important iweddown the
transmission cost of PV.

The authors further mentioned that high PV penetration may alsggén
reinforcement for local transmission, which is excluded in our arsalysie impact of PV
on transmission is also affected by many other factors that cannot be eealuat
isolation, e.g., changes in load and generation mixes and generation OEpIGEst,
renewable energy profiles, etc.

For these reasons, the results of the Imperial College analysis shoulchfidered as
a worst-case scenario (evefi( $Z C & <«<u]8 o0}A ]v § 4E alterhétiyjdDtZ e
options like storage, curtailment of PV power, strategic spreadshefRV installed
capacity, and DSM have not been included.

For the latter, the authors mentioned that the use of DSM could furitdeve down
the cost of EU transmission grid expansion due to PV by 20%.
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Storage and a strategic spread of the installed PV capacity could alsoqoleryad role
for cost-efficient PV integration in the EU transmission grid. Thesesbldions have
been extensively analyzed in the framework of the CTS and Smoogmoig¢ts. The
results of these analysese briefly described in the following sections.

$QDO\WLV RI WKH VWRUDJH FDSDFLW\ QHHGYV

1) PV and daily storage

The authors of the CTS study stated that daily storage is well stote®V peak
generation. This is because it is guaranteed that PV generation (irgex iegion) is
available every day with a well-predictable peak that always occurdroudday. As
the peak demand in Europe occurs in the evening hours, the shift between peak PV
generation and the peak demand normally does not exceed eight hours.

Figure 4.11.4-5shawvs simulation results for the EPIA 2030 scenario (480 GW) that
reflect this PV storage compatibility for a summer month. A storage pow&0ofGW
with average storage use around 45% in spring and summer and 40% innaatan
winter has been assumed to run the simulation. Daily storage complemi¥ts
especially in summer, significantly flattening the residual load (aftmage). The same
effect can also be seen on a winter day. However, the flattening ofldad curve is
reduced, due to larger variations of the load and lower PV prtcinc

JLIXUH - ,PSDFW RI D *>» VWRUDJH FDSDFLW\ RQ WKH 5HVLGX
>@
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Storage can flatten the residual load curve by significantly redubegeak demand
on one hand and avoiding excess generation on the other. The former éféeca
positive impact on the reduction of flexible standby capacity; iéer is a significant
solution to excess generation (which wastes green energy) at the EU levehittatbe
seen on some days in 2030. Further calculation results showed tbedgst has a
positive significant impact on ramping as well.

Daily storage is already available today in the form of pumped storag@spland
there is further potential for new capacity in Europe. This does nbtaje into account
Norwegian storage capacity that might be connected to the centuabfean power
system via an offshore grid. In total, existing, planned, licensed, anddg@n capacity
can add up to about 80 GW. When combined with DSM techniques,ahid mtal 100
GW, the assumption used in this analysis.

Further capacity might be built up by installing CAES(Compressed Air Energy
Storage)storage capacities. In addition, batteries that run about ayales a day, and
therefore may shift the PV peak to demand peaks, might be used ishbg or mid-
term, as their costs are decreasing. For these cost reasons, the daily profile paftern o
PV is a beneficial match. Finally, EVs can play a role here by beiagyestdt noon, for
example, $§ Ju% vC[e Z EP]JVP % }]teXassumpfion ased] hv this
analysisy that storage and DSM techniques can offset 100 GW of peak RMgqtion v
is a realistic one even without taking into account possible deploymkdecentralized
storage. An optimization analysis as described below shows that for thec@&hario
considered, beyond 150 GW there is no benefit to increased daiyagt power
capacity.

$QDO\VLV RI WKBE VWRUDJH QH

In order to estimate the storage size (power and capacity) that opynmaditches PV
production, a number of storage simulations were run by the arglof the study using
the 2030 scenario. The simulation was carried out with JModelitl the goal of
flattening the residual load profile. The storage was varied in peakepand storage
capacity. The storage power was set to B8, 100GW, 150 GW, and 200 GW. The
storage size was for each of these storage powers set to 3 houmyr6,H2 hours, and
24 hours of full load (e.g100 GW storage power would have the storage capacities of
300 GWh, 600 GWh, 1200 GWh, and 2400 GWh).

For each of these storage power and storage size combinations, thmingtion was
set to flatten the residual load profile. For evaluation, the residuadl Idaration curve
was plotted in order to see how much the minimum and maximum values ®f th
residual load were reduced.

Figure 4.11.4-6shows the potential of different storage power and size comioomat
to reduce the peak residual load. We can see that the fulkdigping potential is only
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reached when there is also a sufficiently high storage size. In case of XloGye
power, 150 GWh (three full load hours) is sufficient, while 160 GW, 600 GWh is
needed. For greater than 150 GW storage powers not even h&dimgpurs of storage
capacity, the full 150 GW peak reduction is reached.

JLIXUH - 3HDN UHGXFWLRQ SRWHQWLDO E\ GLITHUHQW VWR

Cost-efficient daily storage, which is already available at relatively large ssale, i

perfectly well suited to be combined with PV generation. Energy storaljénarease

the security of the electricity supply, contribute to the avoidanceewtess generation
problems, reduce costly standby requirements, and provide furttraillary services to

the grid (e.g., black-start). All storage options have to be considegpdrdling on the
application. Findings show that daily storage and DSM techniques fsat about 100

GW of peak PV production, without taking into account deceizeal storage
deployment. No real added value is brought to the system beyond 150 GWilgf d
storage capacity.

(4) Maximum feasible amount of PV in the European transmission grid

With the expected increasing PV capaciB\V-generated electricity will cover the
complete feeder or regional demand in certain hours, and excess PV geneveil
occur. This excess energy will either be transported to supply consumebother
regions, stored, or curtailed. Even today, the lack of adequate transmission system
capacity leads to curtailment of wind power. Although issues associatéd RW
systems currently predominate at the distribution level, large-scaled¥ldpment will
lead to similar effects, especially if current postponementgrid expansion measures
are taken into account. Large-scale deployment of storage capacity is tyrierted
by location scarcity for mature technologies like pumped hydro stordgatg the
limited maturity of certain technologies, and their high cdsbr the latter two factors, a
large improvement can be expected in the coming decades. In the lightesketh

267



restrictions, PV electricity could be curtailed, which may decrease et@nomic
attractiveness of the technology.

In order to assess the influence of the abovementioned factorsGeeman company
Energynautics conducted a series of simulations in the frameworkeofStnooth PV
project. These simulations are based on a proprietary EU transmission grid aratlel
were carried out in DIgSILENT PowerFactory looking at future utilizafiogrid-
connected PV systems. Energynautics determined the optimal spread oflddsRV
capacities using power flow simulations. From these simulations, the authongederi
several possible projections of future PV capacity growth starting thigh amount
required to supply the complete European load on a sunny summeekand, and then
increasing this amount linearly.

Furthermore, the effect of optimally located and operated storage onuBfization

was investigated by the authors in several scenarios representing various amdunts o

storage. The results for each investigated case are summarized by thalaoad
coverage of PV and the amount of curtailed PV energy. From that, th®m@sugave
some hints about the maximum feasible amount of installed PV capadiyrope while
minimizing curtailed PV energy. It should be emphasized that issues comgc@awer
system operation based on large amounts of non-synchronous generationdesre
assumed to be solvable by the authors, allowing the operation of antervdominated
power system.

The principal question aimed to be answered by the authors is d@imalysis is how
efficiently power available from PV installations can be utiliaedhe European level.
This depends on how much power generated by PV is consumedy)dealV much of
the excess power can be transported to other locations, and how moerepcan be
stored provided storage capabilities are in place.

1) European transmission grid model

Energynautics conducted the simulations using DIGSILENT PowerFactattyewith-
house 200 nodes model representing the load and generation centefEsiiope in an
aggregated way.

Although the model is tailor-made for AC load flow calculations, optpoaler flow
calculations (OPF) were conducted in DC for this study. The year 2050 sas alscan
indicative target for the estimation of the electricity consumption. Regaydihe
transmission network, the authors used the assumption that all prejdobm the
ENTSO-[¢ dzE W 1iit1 & ]Ju%o0 u vS§s E % E& « vS]vP §Z
point onwards, no further expansion of the transmission grid isswared until 2050.
With this assumption, the authors aim to provide a good understandifrtge role that
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SZ SE& veul]ee]}v PE] %0 Ce Jv S Eue }( Ws}(UELS u @BX &
nodes and lines is shown in Figure 4.11.4-7.

JLIXUH - (QHUJ\QDXWLFV DJJUHJDWHG P R GHRO M DW K HV(XDJQR\EHLDAY LK
JULG > @
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2) Determination of the minimum PV capacity under transmission grid
constraints

Before conducting the calculations of PV utilization unztnstraints, the authors
defined a base case scenario for the installed PV capacity. For tipatgauthe authors
defined the installed PV capacity to cover 100% of the load on a clear+skyesu

A v C 3 v}lv ~}v }( 8z C[* 0} %o }Uvs(@®] o0 i3 o}
profiles for each country in 2050 have been developed by the InstatiEenergy
Economics at the University of Cologne (EWI) based on ENTSO-E 2011 data.

Hence, the authors performed a DC optimal power flow (OPF) calculatibntiet
objective function set to minimize generation costs. Thisrojation mode led to the
maximization of the power output of generators located in areas wigh hrradiation.
The OPF was then configured by Energynautics to respect the therntaldintine lines
while still prioritizing the PV generation from sunny locations.hvgitid restrictions in
place, this led to a PV distribution similar to the demand distidoutotaling 770 GWp
of installed PV capacity. This distribution and number represeaththse case to be
used for simulations of the complete year.

With the base case defined, the authors performed simulations ofctiraplete year
for different scenarios. These calculations consist of hourly OPFasiomsl using hourly
demand and irradiation data for Europe as an input for the model. Tleaasos
analyzed are based on four options in terms of PV installed capaityng from the

base case, i.e., 770 GWp and reaching a maximum of 1,925 GWp by steps of 395 GWp,
and three different storage assumptions. These assumptions are bast#tcurtailed

PV energy calculated by the different whole-year simulation for 770 @k¢p1155

GWp of PV without storage. Table 4.11.4-2 gives an overview of thearsos
considered by Energynautics for their simulations.

7TDEOH - 6FHQDULRYV GHILQHG E\ (QHUJ\QDXWLFV IRU WKHLU

3) Results

The results of the power flow simulations of complete years accordinghe
distribution of PV installations of the base case and the assumptiothghenscenarios
are defined in Figure 4.11.4-8
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JLIXUH - &DOFXODWLRQ UHVXOWYV IRU VFHQDULR

By introducing transmission restrictions, the authors developed PV piajscfor
2050 characterized by a well-distributed placement of PV capacitigshing the
distribution of the demand. Curtailment of PV associated with excess PV eaedgy
insufficient transmission capacity has been assessed by the conductiaptiofal
power simulations of a complete year for a total installed capapityportionally
increased from 770 GW up to nearly 2,000 GWp. The influence oégitatly placed
and dimensioned storage capacities has alserbdetermined by Energynautics through
several simulation scenarios demonstrating a potential for significadtiction of
curtailed PV energy.
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JLIXUH - &DOFXODWLRQ UHVXOWYVY IRU VFHQDULR

The authors also found that with 1,540 GWh storage capacity in the system
approximately 1,550 GWp of PV, covering about 33% of the annualroptisn, could
be integrated in the European power system with only a 5% annutdilcoent of PV
energy. DSM could providefurther shift in the diurnal load cycle, helping to keep the
PV power and demand in the system well correlated.

JLIXUH - &DOFXODWLRQ UHVXOWY IRU VFHQDULR

Finally, Energynautics stated that appropriate grid enforcement couldhdunteduce
the amount of curtailed PVv EPCX &}E A u%0 U Ws[e «Z E ]v o}
increased up to 38%, which, however, would lead to 12% curtailmelgiss necessary
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grid extension or additional storage capacity is provided. For the asithiorther
expansion of installed PV cappSC Ju]vP S Jv (E <]vRheNeapesupplyE |v
would necessitate disproportionately high storage and grid extension etep kthe
amount of curtailed energy low.

The complete methodology and assumptions used by Energynauticeefaanalysis
described here above can be found in the Smooth PV final reportafd] the
accompanying paper [18].

SXiiXAX Z2© (}JE& dE veul]e*]}v o A o Z 00 VP -

5 " 5RDGPDS

The Strategic Energy Technologies Plan (SET-Plan) supports European edergy an
climate policies through technology innovation. It aims to coordinaferef at the
national and EU levels through joint strategic planning and effedthgementation
mechanisms. European Industrial Initiatives are industry-driven strategic aésin
alliances to address key low-carbon energy technologies. The Europsanciy Grid
Initiative (EEGI) is one of them and has, according to its roadmiigredi strategic
objectives:

i To transmit and distribute up to 35% of electricity from dispersed amtentrated
renewable sources by 2020 and a completely decarbonized electricity produmnyi
2050;

i Tointegrate national networks into a market-based, truly pan-Europeetwark, to
guarantee a high quality of electricity supply to all customers anehtgage them as
active participants in energy efficiency;

i To anticipate new developments such as the electrification of transpod;

iv. To substantially reduce capital and operational expendituregHeroperation of the
networks while fulfilling the objectives of a high-quality, foarbon, pan-European,
market-based electricity system.

The EEGI Roadmap 1212018 and Implementation Plan 20102 were prepared by
ENTSO-E and EDSO for smart grids and approved in June 2010. In 20X3adedup
version was produced in order to cover new research, innovation, andlkdge needs
in response to recent EU energy policy evolutions. The innovation adidtiver the
full value chain of activities performed by network operators grouped fivte TSO and
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DSO clusters, as showmFkigure 4.11.5-1. It summarizes the priorities of focus for the
projects launched in the period 2012016 regarding both transmission and distribution
aspects.

JLIXUH - 5HVHDUFK DQG LQQRYDWLRQ DFWLYLWLHV RI WKH (i

The roadmap-upgrading exercise launched in early 2012 has allowed transmisgion an
distribution operators to shape up upgraded clusters (and theirctiomal objectives)
for their research and innovation activities. As shown in Table 4.11.NTSE&=
proposes five research and innovation clusters that cover the vstlges brought by
transmission operators to the entire electricity system.
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7TDEOH - 7KH ILYH LQQRYDWLRQ FOXVWHUV RI 762V >

Jointly, ENTSO-E and EDSO4SG identified five functional objéstiedable 4.11.5)2
requiring intensive collective research and innovation by TSOs andDi3g8Md(tion
System Operator)s on the topics below.

7TDEOH - 7KH MRLQW 762 '62 LQQRYDWLRQ FOXVWHU >

The EEGI Roadmap 2013-2022 and the implementation plan 2014-205vaalehle
at: http://www.gridplus.eu/eegi
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The topics described both in the EEGI Roadmap and the imptatren plans are
covered by several EU and national projects. Some dethee briefly presented in the
following sections.

SURMHFWYV
1) E-Highways 2050
- ORGXODU '"HYHORSPHQWXYIRBZE IRQ WMKIHQYPQVVLRC

Following the $ 41 C ~Z} u % S$}A & - D} po E oAthe}Ban vS Wo )
HE}% v o SE] ]SC ,]JPZA Ce+ ~Ce+3 u TIAIE n&miErrs} &u C
consortium of 28 partners, involving a wide spectrum of stakeholders, propbses
development and implementation of a top-down long-term plannagproach, to be
coordinated by the French TSO RTE France. The approach begirtseevi#dmt European
Transmission Network as proposed by the TYNDP 2012 (see 4.1), vasishnged to be
in line with the 2020 EU energy targets.

The overarching objective of E-Highways 2050 is to develop aawp-glanning
methodology to provide a first version of a modular and robust expandiam for the
Pan-European Transmission Network from 2020 to 2050, in line withpillers of
European energy policy.

The manufacturing industry is helping to identify standardiza@ffarts to accompany
the optimization of future investments. Beyond the top-down scenéased approach,
a parallel, improved optimization route is being investigated to proposethodology
potentially leading to a more robust expansion plan. Thus, &rrtlecommendations
will be made to improve the delivered planning methodology in vidv@ccompanying
ENTSO-E efforts from 2020 to 2050. The study will also idémtifyeeds for additional
R&D, including demonstrators in further research projects, fdaimnse.

According to the project description, the E-Highways 2050 modulartknngplanning
approach can be broken down into five steps (see Figure 4.11.5-2).
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JLIXUH - 7KH PRGXODVWHORGIODQQLQJ DSSURDEFK

Step 1, Energy generation and consumption scenaridsvelopment and application
of an approach to design different long-term energy generation, exchaage,
consumption scenarios, based on macro-economic data.

Step 2, Power localization scenariok/sing the assumptions about the generation
mix, exchanges and consumption by area are developed. Stochastic inputsagsuch
renewable generation, uncontrollable consumption, or failure m®af generation
units) with their temporal and spatial correlations are simulat®dwer adequacy
between generation, exchanges, and consumption should be ensured
probabilistically.

Step 3, Simulation of load flows with potential overloads and/or weak poinfshe
use of market and network simulation techniques to identify feasible effitient
pan-European grid architectures under each of the 2050 scenarios chosea. abo

Step 4, Viable grid architecture optiorVerification that the grid architecture options
selected alleviate critical issues focusing on overload problemgassible voltage
and/or stability problems for a given level of system reliability.dtunn, this must
allow some of the successful architectures to become part of the final taodu
development plan between 2020 and 2050.

Step 5, Implementation of the retained architecture The development of
implementation routes from 2020 to 2050, proposed on the basis st/benefit
analyses, appropriate wider socio-economic considerations and grid governance
models able to address issues such as cross-border power flows.

The top-down innovative planning methodology considers the levlebectricity supply
chain, taking into account all the relevant technical/technolafieconomic/financial,
and regulatory/socio-political dimensions needed to develop efficieet,systainable,
grid architecture options that will meet future energy supply requiretse
Furthermore, the scenarios on generation, storage capacities, and cgot&n
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patternsare worked out in detail, based on stakeholder consultationd smdepth work
with professional associations.

More information is available ahittp://www.e-highway2050.eu/e-highway2050/

2) ITESLA: Innovative Tools for Electrical System Security within Large
Areas

Pan-European transmission system security issues are likely to become more i@nd mo
challenging in the coming years. New challenges will result in more legnsgstem
operation and a grid working closer to its operational limits, arete¢fore a need for a
major revision of operational rules and procedures. As a consequenoeglicated
operation initiatives have already emerged in different regions & plan-European
electricity transmission system (for instance, CORESO(Regional Coordinatime Se
Centre) and TSC). These coordination initiatives will not be éffiigient without a
common toolbox that allows the different TSOs to increasgrdioation and harmonize
operating procedures.

The overarching goal of the ITESLA project is to develop and vahaatepen
interoperable toolbox able to support the future operation thfe pan-European grid.
More precisely, this toolbox will support the decision-making process fiwo days
ahead to real time to perform accurate security assessment taking into account the
dynamics of the system; and to provide a risk-based assessment taking intonatize
different sources of uncertainties (in particular, those brought by ade power
generation), the probabilities of contingencies, and the possiaileires of corrective
actions.

Worldwide, there are only a few tools that are able today to perform dycasecurity
assessment; none of them take into account uncertainties (see Figure 8)11.5-

JLIXUH - 2YHUYLHZ RI WKH H[LVWLQJ WRROV DYDLODEOH WRGD\
DVVHVVPHQW
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The ITESLA toolbox will be the first computing environmentleavaior an account of
uncertainties at regional, national, andupEuropean levels when performing dynamic
security assessment. The iTESLA toolbox will build on the results &Cksipported
PEGASE(Pan-European Grid Advanc®dhulation And State Estimation) project as
much as possible. The computational engine for time-domain simulatwhbe based
on the prototypes developed in the PEGASE project, and the security assessithen
benefit from optimization modules developed in the framework of thedadlon of the
worst-case approach.

The iTESLA toolbox shall bring forward a major innovation: carogin@perational

dynamic simulations in the frame of a full probabilistic approachistgoing further

than $Z HEEiVS BBoE} Z Vv }%SJu]l]vP §Z &SE ve]$ % ]85
different spatial (national, regional,ap-European) and time (two days ahead, day-

ahead, intra-day, real-time) scales.

The toolbox shall be available through a flexible IT(Informafieahnology) platform
that will allow TSOs to address singular, regional,arrBpuropean network simulations
of their own system, of coordinated regional systems, or of theletpan-European
system, provided that adequate system data are made available at trebtaiievel.

Coordinated by RTE( » L dE& ve%} ES3, the AESEA pF§ject joins six TSOs
(Belgium, France, Greece, Norway, Portugal and United Kingdom), CORESO, and a pool
of 13 R&D providers. iTESLA has been launched in January 2012 and wiillilrtimne
end of 2015.

More information is available ahttp://www.itesla-project.eu/.
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3) Twenties

A group of TSOs from Belgium, Denmark, France, Germany, Spain, and the Netherland
collaborated with two generator companies, three power technologgnufacturers,
two wind turbine manufacturers, and R&D organizations in order togoanswers by

2015 to the following questions:

i What are the valuable contributions that variable generation and flexible load can bring
to system services?

i What should the network operators implement to allow for offshore wind development?
il How to give more flexibility to the transmission grid?

iv Overall, how scalable and replicable are the results within the entire pan-European
electricity system?

These four intertwined overarching goals have been addressed through af set
high-level demonstration projects:

System services provided by wind farms, which aim at testing the proy
of new active and reactive power control services to the system (|
level) using improved systems, devices, and tools, but keeping the cy
hardware at the wind farm level.

Syserwind

Large scale VPW®(tual Power Plants)ntegration, aiming at improvin
Derint wind integration based on intelligent energy management of central C
offshore wind, and local generation and load units in the distrdsugrid.

Technical specification towards offshore HVDC networks, which a

DC Grid main drivers for the development of offshore HVDC networks.
Storm Offshore wind farm management under stormy conditions, wh
demonstrates shut-down of wind farms under stormy conditionshauitt
Management| . .
jeopardizing the safety of the system.
Network-enhanced flexibility, which demonstrates at the regiolesdel
Netflex how much additional wind generation can be handled thattkslynamic

line ratings (DLRs), coordination of controllable devices (PSTsD&d)
and usage of WAMS.

Improving the flexibility of the transmission grid, demonstrating ttres
Flexgrid | current transmission network can meet the demands of renewable en
by extending system operational limits and maintaining safety criteria.
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Even though the project focas on wind energy, the outcomes of the Twenties project
can be easily applied ®Venergy.

More information is available ahttp://www.twenties-project.eu/

4) REserviceS

REserviceS (Economic grid support from variable renewables) is the first study to
investigate wind- and solar-based grid support services at the EU levell firoviide
technical and economic guidelines and recommendations for the designkafropean
market for ancillary services, as well as for future network codes.

Electricity grids must be operated safely and efficiently, and technicatesrprovided
to transmission and distribution system operators are an essentialgiahsuring this.
Such services include controlling the frequency and voltage as wepir@asding
reserves. Generally, these so-called ancillary services are provided by largehdibfeatc
power plants. As the share of renewables in the overall energy system contiaues
risevregionally expected to meet up to 50% of electricity demand by 202@rastic
change in strategy for the procurement of ancillary services is required.

REserviceS encourages the efficient and economic deployment of large shares of
renewable energy sources by exploring how wind and PV plants can provibde suc
services in the future European power system. The project also investigates the
opportunities and costs of providing ancillary services from wind BN systems by
analyzing different aspects following a stepwise approach (Figuie544.

Step 1, System needs for ancillary servic&se first phase of the project has set the
common study framework. The consortium published technical specditgtsystem
needs, and costs of ancillary services and a table with explanatory aotescillary
services, as well as the findings on ancillary services costs.

Step 2, Wind and PV _ancillary services capabilities and co$tee second step
consisted of a technical and economic assessment of the capabilities aatslfor
wind and PV plants to deliver ancillary services, today and in theefuThe reports
on capabilities and costs for ancillary services by wind power lamd PV systems
describe the technical options and related costs for the provisioanafllary services
specifically from wind energy and PV technologies. Both reports focubeoret of
ancillary services defined during phase 1 of the project.
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PDUNHWY IRU DQFLOODU\ VHUYLFHV

Step 3, Wind and PV ancillary services in future systemle REserviceS project
carried out case studies aiming at investigating the need for ancillary egriic
transmission and distribution networks, and the costs and optfonslelivering these
services. Various scenarios with different shares of wind and solar B/chesen.

Through this effort, REserviceS will encourage the completion olgedtiJ electricity
market with cost-efficient integration of variable renewables, improveyiid
management, and increased electricity system security by providing recommenslati
for a future EU market for ancillary services. The final outcome of the RESstiedy
will be published in September 2014. The publication will @ontechno-economic
input for market design, policy, and network codes.

More information is available ahttp://www.reservices-project.eu/

5) Smooth PV

Smamth PV Smart Modeling of Optimal Integration of High Penetration ofvid/a
project with the objective to develop advanced modeling and simutatools using the
software tool DIgSILENT/PowerFactory in order to evaluate the impact of large-scal
penetration of PV. The project was led by the company Energynautics.

The main project outcomes are simulation tools that allow the evanadf the impact
of high PV penetration on power system operation. A detailed repommarized the
findings of the simulations, focusing on the technical and econamp@ct of high PV
penetration in the distribution network and in the overall Europgemver system.

More information is available alttp://www.smooth-pv.info/index.html
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6) Market4RES

The Market4RES project focuses on electricity market design to suppoet efficient
integration of renewable electricity into the pan-European eledlyisystem in line with
the 2020 objectives and further towards the forthcoming 2030 targets. Tiogeqt
consortium anticipates that new market mechanisms are needed to compiehe
European Integrated Target Model (TM) expected to be fully implemebie@015,
including harmonized rules at the European scale fy-ahead price coupling, cross-
border intra-day continuous trading and long-term cross-border capatitgation.

Crucial concerns remain about the suitability of existing instrusiémtrigger the new
investments required to reach a progressikecarbonization of the electricity sector in
a cost-effective way, while ensuring system adequacy and security of supply.

The Market4RES consortium, composddl SOs, utilities, research centers, consulting
companies, and renewables associations, will address these issues togetlmer wit
relevant stakeholders via two separate work streams:

i Assuming the current generation fleet as an input and currémplementation
status of the target model:The focus is on determining appropriate, yet novel,
instruments (and their subsequent accompanying national energy policies) for
increased renewable electricity generation in support of the 20/20/20 targets;

i Assuming the future generation fleet (beyond 2020) as a result afent market
designs, and taking into account possible future changes in marllesign
beyond the existing TM The focus is on developing necessary additions or
complementary instruments to the current design, which willuoé investment
incentives and phase-out support schemes in the long term witlkoatpromising
system adequacy or security of supply.

The first work stream will provide specific recommendations orrketaconditions
required for increased renewable energy integration in the existing Europksntricity
system up to 2020. The second work stream goes beyond the existing scdpe of
European TM for electricity trading. It looks at the market incentifgselectricity
generation investment in support of the 2050 decarbonization roadmap.

The project is led by the research center Sintef and will start il 2p14 for a period
of 30 months.
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The ST3 working on High penetration solutions for central PV gimesascenarios, |,
reviewed the impacts of PV Penetration, the counter measures foeisysperation and
augmentation planning, and market design including the impact dferotvariable
renewable generation in order to envision the future PV penetratida spower system
in the scope of transmission system level. The report published by thei§&T@sks also
the stateof-art methodology of power system operation planning and augmentation
planning and presents case studies of system operation and augmentplésming
including issues, solutions and R&D activities of the member countries.

Through the study conducted by the TASK14, it has been revdaethe major issues
of increasing PV penetration at transmission level is the demand supplycbajastue to
the increased variability of PV and other variable renewable generation damd to
decreased flexibility of the traditional generation fleet. Countermeasures e t
additional flexible resources such as flexible generation, demand activatiah
geographical smoothing of PV generation by stronger transmission systeudingl
interconnections.

In order to optimize the utilization of the flexible resources imie of economy and
stable operation, generation forecast technologies have also a crucial ogiday. To
realize the best use of the power system technologies, power markets hega b
continuously improved including closer to real time gate closumee tfor bidding and
shorter (sub-hourly) trade intervals. Capacity markets concepts, a méykgenerating
capacities, emerge also as a compliment to the energy-only market in orderdressd
remuneration issues.

The methodologies of power system operation and augmentation have adapted to
accommodate the flexible resources, geographical diversity, generation and deman
forecast uncertainty and improved market designs.

From the case studies TASK14 member countriee bhown the wide range of efforts
for PV penetration including following aspects:

¥ PV integration studies with various aggressive penetration targets under ayvafie
power system conditions, from a continent-wide system to an tlaman area,

¥ Evaluation and optimization of new flexible resources based on the analf/sis
detailed operational impacts

¥ Research and Development of new flexible resources and system operation including
generation forecast

T Optimization of a total power system operation and market design angment

T Participation of many stakeholders such as regulators, TSOs (IS@g) getilerators,
manufacturers, research Institutes, consultancy companies and Renewables
associations
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For PV to become a major electricity source, power systenas teabe transformed
stepwise to facilitate the increased need for flexibility. Taquired flexibility at each PV
penetration level will be mitigated through the geographical and tedbgical smoothing
effect of the weather dependent PV variability. And there are a latgebers of existing
and potential flexible resources including traditional generati@etfl control of variable
renewable generation, demand activation, innovative storage technologies, trasismi
lines and interconnection, innovative centralized and decentralized energpageament,
% }A E u EI &« A}ous]lveU 3§ Y

The case studies have shown that all stakeholders, including regulators, agerat
manufacturers, researchers, power customers have been practicing their efforts to
realize high penetration of PV through technological but also leggry innovation.
There are enough technological potential to accommodate the transitioa tigh PV
penetration. But increased efforts will be required in the adaregulations including
whole sale and retail market and centralized and decentralized operatioas sbrealize
the optimum evolution of a power system.

5.2. Future Work
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