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Generation units are changing crucially in many power systems worldwide. The concern
for the environment and energy security, as well as rising fuel prices, have led to significant,
sustainable growth of wind and solar electricity generation capacity worldwide. Long-term
transmission and generation planning face numerous challenges to accommodate the integration
of a high penetration of variable generation. The system flexibility, or the ability of a system to
meet changes in demand and variable generation production, is one such issue receiving much
attention. An emerging challenge in power system planning is to evaluate the ability of an
existing system to successfully integrate a targeted penetration of variable generation. As system
planning techniques evolve with the demands from variable generation, the flexibility of a
system to manage the periods of high variability will need to be assessed. The energy system
flexibility has a very important role in ensuring the sustainability of the system. As a result of
the integration of renewable energy sources, the problem of ensuring additional flexibility of the
system becomes even more important. This article aims to discuss the issues on flexibility in the
system, as well as the need for additional flexibility, resulting from the integration of variable
sources such as wind and photovoltaic energy. Besides, in the article, the assessment of the
flexibility of the energy system is given based on the visualization principle.

Keywords: renewable energy, integration of power plants, system flexibility, flexibility
asessment.

Introduction. Renewable energy is rapidly developing around the globe. Solar
energy is one of the most important and fast growing industries, one of the most essential
part of renewable energy industry of the 21st century with its inexhaustible resources
and ecological purity. In the 21st century many other types of renewable energy have
been developing steadily. Figure 1 illustrates the growth rate of renewable energy
globally by the end of 2015 [1].
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Fig. 1. Average annual growth rates of renewable energy capacity and biofuel production,
end-2010 to end-2015. Adapted from Renewable 2016 Global status report (p 29)

The interconnected photovoltaic solar technology was the one with the highest
growth, with an annual average of 42% for the 5-year period between 2010 and 2015.
Other technologies that showed a high growth were concentrated solar power (35%),
wind energy (17%), and solar energy for heating (12%). In conclusion, the renewable
energy growth is much greater than that of hydropower (2.9%), geothermal (3.7%),
ethanol (3%), and biodiesel (0.9%) for the same period of time [1].

System flexibility requirements. Many countries around the world have instituted
policies with the aim of increasing the amount of installed variable generation (VG),
such as wind and solar. A consequence of increased penetrations of VG is that changes
in their output must be met by the remainder of the system's resources so that the
demand-generation balance is maintained. In this context, flexibility is the ability of
a power system to deploy its resources to meet changes in the system demand and that
of variable generation [2]. Flexibility in power systems is mainly required to balance
unpredictable variations in demand and generation. Such variations may be due to, for
example, load forecast errors, forced power plant and transmission outages, and wind
forecast deviations. Variations in supply and demand are compensated by drawing on
short-term balancing services provided by so-called operating reserves. These usually
consist of power plants that can adjust their generation at fast ramp rates or at loads that
can be increased or decreased at short notice. Numerous denominations for these
balancing services exist, yet the same term might entail different technical requirements
in different countries [3]. The ISO (Independent System Operator) has identified
through technical studies the need for flexible resources to be committed with sufficient
ramping capability to balance the system within an operating hour and between hours
for scheduled interchange ramps. System operators must rely on the ramping capability
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in both speed and quantity to balance the VERs’ production change. Also, any
underforecasting or overforecasting of demand requires dispatching flexible resources
at higher or lower levels, respectively, to minimize inadvertent energy flows with
neighboring balancing authorities [4]. As shown in figure 2, the typical ISO load (curve
2) during the spring months has ramps that extend across multiple hours. As the
penetration of VERs increases, the net load (curve 2) is the trajectory non-VERs would
have to follow through RTM dispatches [5]. The net load comprises ramps of significant
capacity and shorter duration, and on days with high VER production and light load, the
minimum net load occurs during the middle of the day. Figure 2 also shows that neither
wind nor solar peak production coincides with the system peak load. During the spring
months, the ISO may have to cycle resources on and off more than once a day to meet
the double peak shown. At times, this may not be possible because the down time
between resource shutdown and start-up may be too long, which may prevent the
resource from being restarted in time for the morning load ramp that begins around 4:00
a.m., or meeting the system peak demand around 7:00 p.m. [4].
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Fig. 2. lllustration of increasing the system flexibility requirements along with wind and solar
energy penetration

In order to meet power ramps while integrating RE, we should somehow evaluate
the system flexibility. The flexibility of a power system is defined as the ability to meet
these ramps. To make assumptions on future portfolios and the integration of
renewable energy sources without losing in the system reliability, it is crucial to measure
and evaluate the existing amount of flexibility in the system [6].
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Power system flexibility assessment. Power systems have at all times had to cope
with variability and uncertainty in load and unit outages, so the need for flexibility in
these systems is not an entirely new issue. However, with higher penetration of variable
generation (VGQ), the netload ramps (NLR) become more frequent and show higher
values [7]. In this chapter, we will make a rough estimate of the network's flexibility
according to GIVAR visual flexibility assessment tool [8] as well as the "flexibility
chart" [9]. The purpose is to evaluate the operation supply flexibility during different
seasons. The main feature of the assessment method is that it ignores the storage and
demand response. Thus we need to obtain data on dispatchable power plants and
interconnections. The second feature is that we can evaluate the flexibility through
visualization.

Figure 3 illustrates some features of dispatchable power plants [8]:

e how fast can it change output?

e how long does it take to start up and shut down?

e what is the minimum stable operating level?
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Fig. 3. The proportion of the installed capacity able to respond within the time frame
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Fig. 4. a-online flexibility chart for January, b-online flexibility chart for July

Analyzing the response capacity of dispatchable power plants we can visualize the
System flexibility model of the Armenian power system according to the flexibility
evaluation chart [9]. All data are taken from the Energy System Operator report of 2018
[10]. Figure 4 a and b illustrate online flexibility of the Armenian power system in
January and July accordingly. As the output of the Nuclear Power Plant is not flexible
it negatively influences the overall online flexibility. In July, when NPP is not involved
in the power system operation, the overall online flexibility is much higher.
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Fig. 5. Online flexibility curtailment due to the interconnection loss

Figure 5 illustrates how generation diversity can positively influence the online
system flexibility. When the interconnection is lost, the overall curtailment of the
system online flexibility is more than 6%.

In this example, simple summaries can be quick and insightful, but they have
limitations. A limited number of characteristics can be measured, and the chart does not
provide enough information to evaluate the overall level of flexibility. The flexibility
chart restricts the comparison to capacities in order to employ common units across the
variables, and excludes the aspects of flexibility that cannot be reduced to capacity (e.g.,
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market designs). Using the flexibility chart, non-technical audiences (e.g., policy
makers, journalists) can make quick comparisons of the countries’ (or specific power
systems’) relative strengths in flexibility, and how much wind each country currently
integrates with that flexibility [11].

Conclusions. Flexibility has a very imoportant significance in the power system
stability.

1. It helps to balance energy demand and supply.

2. It hepls to meet power rumps because of significant renewable energy
curtailments.

The proposed flexibility chart is employed to visualize the dominant factors and
compare the variety of solutions in different areas. The chart was designed as an "at a
glance graph" that clearly shows the difference of flexibility strategies and provides an
"easy to understand" tool, even for none technical experts including journalists and
policy makers.
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LUbpywjnwu pwqidwehy tubpgwhwdwlwpgbpnw gwhwagnpdynn wmwppbip gubpwghnu
dhwynpubip Ypnud Gu qquih thnihnfunigyniuutip: Spowlw  dhowdwiph b Eubpgbinhy
wuyunwugnyejwt  fuunhpubipp, huswbu twlb  Jwnbipph qubph  wpniuwywlwu  wép
hwugbgund Gu pwdnt b wplwhtu biEYunpwtutpghwh oguinwgnpddwu swywubiph dEdwgdwu:
Jdbpwywuguynn b ginthnjuwlwu  Eubpghw  wpunwnpnn Jujwuubph  punbgpnudp
Fubpqwhwdwlwpght  pwpnwgund £ Fubpghwih - wpunwnpnigjwu bW wbnuighnfudwu
wwuwynpdwu fuunhpp: “pw hbn deynbn wnwewumd Bu pwgnighs fuunhpubp' Yuwyws
hwdwlYwpgh ayniunigywtu wuhpwdbonm  Jwlwpnwyh quwhwwndwu hbn:  Lwuph np
Eubpquwhwdwlwnpgh wjwuwynpdwu dbnnubpp qupgwuntd Gu hnthnfuwlwu gliutipwghwih
hunbgpdwt wwhwugubphu gnigpupwg, wuhpwdbonnentt £ wnwowund quwhwwnbi
hwdwYwpgh aynwuneyniup, npp pnyp Yuw  Ywnwywpb] thnihnfuwywu  gqtubpwghwih
huwnbgpdwu htunlwupny wnwowgwd ptinh pwpaén thnthnfuwlwuntegyntup:
Eubpquwhwdwywpgh ayniunggniut niuh 2w Jupunp nbp hwdwlwpgh  Yujniuntejwu
wwwhnydwu  wnbuwuyniuhg:  Ybpwlwuquynn  thnthnfuwlwu  Fubipghwih  nbunipuutph
hunbgpdwu htnbwupny hwdwwpgh (pugnighs GYyniunyejwt wwwhnydwt fuunhpp nwnunwd
E bl wdbh uplnp: Rutwpydb) Gu hwdwlwnpgh  dyniunypuwt wwwhnddwt fuunhpubnp,
huswybtiu twl thnthnfuwlwu nbunwpputubph hunbgpdwtu  hGwwupny wnwowgnn  [pwgnighs
dyniunypjwu wuhpwdbonnipjwt wwwbwnubpp: Pwgh wyn, Ywwwpybp b twl npdws
Fubpquwhwdwlwpgh GYyniunipjwu quwhwnnd wmbuwubihniygjwu uygpniupny:

Unwtgpuypti punbp. yipwlwuquynn Lubipghw, EGlwpwywu Yuwjwuubph hunbgpndd,
hwdwYwnpgh GYniunipniu, GYniuntejw qguwhwwnid:

BAKHOCTb T'HBKOCTHU SHEPTETUYECKOM CUCTEMBI U EE OIIEHKA
C.H. Mocosin, 7K.P. [Ianocsan

EnuHunel reHepanyuy CymieCTBEHHO MEHSIOTCS BO MHOTHMX SHEPreTHYECKHMX CHCTEMax
Bcero mMupa. [IpodieMbl OKpy:karomieil cpenpl 1 SHEPreTHIecKor Oe30IMacHOCTH, a TaKKe POCT
LeH Ha TOIUIMBO NPUBOAAT K 3HAYUTEILHOMY M YCTOMYMBOMY PpOCTY MOIIHOCTH IO
NPOM3BOJICTBY JHEPrHM BeTpa M COJHEYHOH »Heprud BO BceM Mupe. Jloarocpounoe
IUIAHWPOBAHUE TE€HEpallMd U Iepelayd SJIEKTPOIHEPIHMU IPHBOAAT K MHOTOYHCICHHBIM
npoOiemMaM B ITaHE WHTErPALUK TIEPEMEHHBIX CTOYHUKOB 3HEPTHUHU. | HOKOCTh CHCTEMBI HIIH
CIIOCOOHOCTH CHCTEMBI pEarupoBaTh HA U3MEHEHHsS CIIPOCa M IPOU3BOACTBA SHEPTHH - OJIHA U3
Takux MpobieM. B cBs3M ¢ 3THM 3amadeil IUIAHWPOBAHUS SBISIETCS OLIEHKA CIOCOOHOCTH
CYIIECTBYIOIIEH CHCTEMBI YCIIEHIHO WHTEIPHPOBATh HMCTOYHUKH IIEPEMEHHON TI€HEepanum.
[TockombKy METOIBI CHCTEMHOTO IUIAHMPOBAHWS Ppa3BHBAIOTCS C Yy4YETOM TpeOOBaHUH
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MepEeMEHHOM TeHepaIiu, HE00X0IUMO OIICHUTh THOKOCTh CUCTEMBI JUIS YIIPABJICHUS IEPUOIAMH
BBICOKOW W3MEHUYMBOCTH. | MOKOCTH IHEPrOCHUCTEMBI UTPAaeT BAXKHYIO POJIb B OOCCICUCHHH
YCTOHYMBOCTU CHCTEMBI. B pe3yibTraTe MHTErpalié BO30OHOBISIEMBIX MCTOYHUKOB SHEPTHH
npoOiema odecreyeHus JONOIHUTENbHOW THOKOCTH CHCTEMBbI CTAHOBUTCS ellle 0oJiee BaXKHOH,
MO3TOMY  OOCYXXIAIOTCS  BOMNPOCHI THOKOCTH CHCTEMBI, a TaKKe HE0OXOIMMOCTh
ﬂOHOHHHTeJ’IbHOﬁ FI/I6KOCTI/I B pE3yJibTaTC MHTErpalli NEPEMCHHLIX MCTOYHHMKOB, TaAKUX KakK
JHEprusi BeTpa W (¢oTodyekTpuiecTBa. Kpome TOro, mgaHa oOlleHKa THOKOCTH JTaHHOW
SHEPreTUYECKON CUCTEMbl Ha OCHOBE MPUHIINIIA BU3YaIU3aIHH.

Knrouesvle cnosa: BO300HOBIsIeMasl SHEPrHsl, MHTErPalMs DJICKTPUYCCKUX CTaHIIMH,
THOKOCTh CUCTEMBI, OLIEHKA TMOKOCTH CHCTEMBI.
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