DNIY NN
DM MINNRND ,NPNINDN NPHYNN TIVN
YUNRIN WTNN NOYD

DPND ,DPDYN MY (INIYIA 1901975 MY
DIV 1135113 NNHNY HPNIN

DOUN T

279 DY T
NY A7) T

195N NYNIND YHNIWIN TIVND

MPY 071
Y9995 PPNRPL v’
195891 MINNIAN 19999

2018 9210VOD
V7YYN VN

215-11-038 ON NIIN 29-DY TPININN TIVN MY 1IN IPNNN



L)

OV 1MUY TANIPINT NMOND DX JNY 7PYNIND MNINNNAN 15902 TV IYNX IPNN 050N Nt YT
PAY INYNIN KW XIN TINIPD MIIWYN NNPN MYNNINI DNYNN NIIYN N ORIV IN2HN DTN
T80, 09N .O»NIANN N DMPNDIADN ,0MYI5ON ,0MID0N PMNIN HYA 0Dy NN OPWNI 19
,TN90 NPPO HYI IPNNN TN MDIWN DY 2NTI DIYHD DIPRNNI DIHIDN LYNI XY DYAX) D297 MNP
NN APNNN N L9000 P2 DMV NPYNINTIND D02 HY D»HOHD DIXMITPN PNY YV MONNYNL MINITO
DYNNND D1 IX NN NOIWN N ,MNMON MPTHNI HNPYN MAYIL DINIPNN DINH MNNINN
MNP , 0939570 DNPIVYN NN TN ORIV TIAINIPMNIN NMNOWY» NN IPNNN NI ,90N2 .OIDNM
DNYNN PYNI TIAINIPM MDY DIWHS 2D 11 IPNNN NNPDN .7PXDINT NPNIDI NYTNNND MIIIND DINN
IYAND 1) DY NIND DY DININD VIV OVPINII NN DTPY ¥ 131,112 MOIN NPNY NMIVY DNV
NN CTTIVY TINNY NN DY 07 TNIPINY NHMPN PNYNIN NN DINRNNDY ,DOPMIY10 NOVNN-NIDY YNIN

Rulaialvy)



Abstract

This report surveys current trends in integrating microgrids into electricity systems in developed
countries, and the potential for microgrid integration in Israel. In addition to the technological
advances affecting microgrids’ viability, changes in regulation and markets present both
challenges and opportunities for microgrids.  This report summarizes the societal costs and
benefits of microgrid integration, focusing on incremental environmental, socioeconomic, and
electricity system benefits and costs. Approaches to quantifying these costs and benefits, as well
as the advantages and limitations of each approach, are described in some detail. The report
concludes with recommendations for actions necessary in order to advance microgrids beyond
their current niche focus on specific institutional sites to a resource to be included for electricity

system planning at a national level in Israel.
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yP9 NP
Modwn DY ,09Wa TINIPIRN DINN MNNIND TYW NMITAN NPYHYN MIOD NPPD NN AT SY Nt Pona
SPYNT MON MY PIMONIN NN 1) P TIAINIPINN NITINA POW NYUNRIN IPIN ORIV NPIVIN
UTNNND 9XIN YINOWN NI 0D DOMPY NPIONR MYNNINA AN P2 ,N99100) IPI19NN NN MPHINY
SY MM XA, TYNNL TP DY NOWNIN/MYY 2IWIND 1Y) D) TN N PPN .N1PNII0) NPNIIN MYIN 1O
DRI NOOPN TINDNID ADNUND TIAINIPID NWY T 7IXDNIN NPND 1VINY ,TINIPND MNIY DI NNND
.DYTANIPN DY HY NPYYHD MINDNT YV NN NI TIN, 0912 DITIRNIPINN AN NN IPI0 PINNOY PHNN
990N 1IN IRV DITIANIPD NINPOIY DMIDND DOIYIN MININT JNI2 1T NPPD YW DIDNM PNINND PINN

PYTN MNONN

199999 901

NN, TVIN ,NYD DIVNWNN DIYNNIND DY TPNIMVINY DINND NOIYND (Micro-grid) TIAINIPIND PTHIND 1)
TN, DIVNP ,DIN TP PNIAN NN ,DMINHD ANOY NHNT) DINNI OOTNVINT N/ DPINND MY XN
NPODN MWD PNNNIA (MYNRYN OR7) NIND NN DIPED 9155 TP (NN MTPI DY 1978 )10 ,1Wyn
MICROGRID EXCHANGE n¥12{p .72 59T RPONI MY, 2122 MIVNY NYAY pYnn TiN X, 110990 DHDvni
TRIPION DN NVTHIN (DTN DIW»I) IPNNA DPOIWN DYV DNDIN DY PIN-TN N¥I1aApP) GROUP
Y2 oomnnNn ("DER” W DISTRIBUTED ENERGY RESOURCES ,1919) D©31)12) 717X YANWYN) DI NP
TINIPMIN NN PITIN IIND 1N I NITIN DY ./ NYIL NVIDWD NININ NNNX MY DY 2VIN DTN M)
MOWN HY IMINOPAN N¥YINN) CIGRE-N /50WN-"RD DN NYIY 121NN ARWNI D) DIWaN IWIRD >Td NUINN

NN SN NVYOYA DIVIPIDI NN NPNN ,INX HNN DN DN DINNN T NITHND NDI (MY DRWN

JPNIN DD TONUN NN DY DX1>5991 90 NN 10N Y0P DTN TP DNRYN PYN NN TIAINIPIN ,NYYND NOON
NNVAN TIN 9955 DY HY JOP NN P ORNNY TINNX TIVH D1 IWAND NTYN TRIPM MWD MIPNN
P IPOIVAIRD INNNND TANIPND MIIWN TPNIND Y9UND NYY DY PYNNI NOIWHN YWY NITIYY MR
MOIWNY NPV MINXDT MNP TR ,09IV2 MXINID 19971 DIV DNNINRN D901 XIDN NN MDD MOIWNH
Y9 INIPMI DY NPIAPOY MMEN DY PIAND 1 TINIPII NINOMIY ,NOIWNHN DY DIINDN DXIIN MYDION
DY NPOYON NYINN POND X AUNR PRI ;099 193X YT DY SN DNDN YININ NN 11D 0PN

2, DMV DN MHBPINHTI NININOV 190N

TIINIP220 22909
: DYNAN DXDD991 AYIZY NN 2170 MY TP MWD
:DMIPY DD IVIZYD DXPINDN ON MNMPN .7IN NYD DIPNIT MINPNRND PIN— 9PN NN» .1

192) NYTAND MINVX MNPNY ,IPEDNP MOWN (190 IN Y0 1) NONT) DMONIVPXIAND MINX MNPH
(IPANDID PPN N MPANY

2 http://interestingengineering.com/7-benefits-of-microgrids/
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D203 DYPR MDY TNNN NPNN NBNT DNYN 3098 P ,WIPPan 189 DNMIN NT D90 — N9
SPMIPHN DY 591N YIPYAY DRNNA DXIDINN NN NONY J10I,DNIYN MYW1 .0»INDN D1IN
DXNNDY M) PAHYND ,9IYNT MR NN NPVIND DIWITI TIANIPIIN NYIL NONKRN NIPNN— D9IIN PONNR
D991 NONN MNIPNN (DXWTNNN MNPN DY MPNID DN NNITY) NIIWNN DY PIDDIVIIRD MDY NN
3,509 NONNY DT YND2 MOAVNN MDIWH ,NPYRYN NPNDNOV

2

.3

PIANIPINN MONN

MOINN P2 MINT W DIPYY AWRD ,NPPWN 595 IR VI9N NN NPND NMVY TANIPIN VWD 11D MIINN
NOMIN DYDY 9POYA MYIN VION NN MIWINNY TV ,NNT DY .(PTI55N0 MDY MPNND NN 951 Hwnh)
SV N DXANT DXODNA MIYII TINIPD MDY DIWIHI THIPYWHN MOWNNY 31 (DI NI IR NIDN) N NIND
NNNAN) DNYNN PYA 9117232 191 ,NN0HN 71 MVIYI NNNONY NIINND PYNA NDIADN DINDT DINNDY PIMVYYN MY
SY MZYIN P2 7991 Y1) VI NN O .(NXPYWNI 59 VN NTIPID NOIWNN MNP NTTIN DNPVYNN NITN MNDY
MOVIND ONYNN NY NPT D955 MINMN TN ,NNT DY . INIPMIN DO¥90) M PAY NNPN IN/NSPN 197N

.DONMN OPNVININ IN OPAIMNNNN M, TINTIPMIN NN DIVWHNWNN DI MOMWNI VI NN

A4 MINAD MPYIND NN 19X WIND DI TN

,02I1) %1577, MNIN N¥1Y DYDY ,PIPIT INT,MINVIDIDNIN,DIDIN YN — NNV NN FTPYN NIIYN
DNIPNNI.MYINN XYY 119X NN NPODNI DN DXODN D27 NPNYN VYN HPNNI DONIN DIDID2
DYN ,NINT .DIN PN HNYN NPIDRD DIWNRWYNN (91T HY DYNN 2179) D1VIY DINV) DIPIIN WK
LINY WD .OMNNY 0”305 DOPIID OYNY NDWY DNYNN NPADNRA NP MVPN NYININ 1DPANY
MOIWNI NN DI HN DIWIPIAN NN TN NIV 1IN IRT THPUMIVIRD 7PN NI NYTY ,TIAINIPINI
IPADRN MY X MNOPVIANY NIVN ,NNT .DPDIPH NONK PINNY THPXINRN DPYNN NYI DI 121,200
DMPNN HY IO NNVIARY N2 MDYN ¥ ,JNVIY NI 90NN NIY — 932901 0INNAY 51970 DINNA PNV
WNR APIVAID ¥ 11DP0N NN IR MPYN 2WNND MOWNY NIN M INRN .I12DN DINNA NN 191
NOINDY PHN,DTPNN SNYN NPION NPHNI TN

YT MIANINN YIPHNNT DINNIN DNINPN D) YN 121D TIPIN NOIWN — 1322 MADIM 0V
TNYTIY NI DY WTNN 712 INAN DIDA IN NVIDIDNIN 23210 DY 1A NANIN,NNNTY .IINT vIidwa
S NPAN TONN DY NHRTNT WHNYND 1N, M7 MOVIN NPND NMYY TP NN DN 0PN ON
.DIPNN XY NORMNT TINIPYI NI NHRMPN NN NN PONNY NI

71992 NPNVYIY MOLINT MPTH YTY YIIND DITNT TIVY TINIPIND NI NP —D09IPN 0I8ININ
TPVINNRN MODYOPANN TITYD DPMIPH DIXINN DN TNSD ,NNNTI TPINND N TPSIND ,TDIPHN
)2 100 . DOWTNNND MMPNI YYD DMNIND DT APNY TN N, DYTINNND NN VIV
IN,TPNIND NWID D0WN D15 195557 MIWINN 038D TN 0N OXNINI NI NN ¥ PINIPINID

3 . https://en.wikipedia.org/wiki/Microgrid
4,

https://w3.usa.siemens.com/smartgrid/us/en/microgrid/Documents/The%20business%20case%20for%20microgrids

Siemens%20white%20paper.pdf
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NYY (NMNSWNND MANYN) NYTONN NN RXIOY 3N PYTIND DNYNN PNAYNI NYPYNN DX PINND DYWIT)
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;YINDN PIY NPX TNXD Y3057 HTINN NN NIND TN DY, DX TINIPN

NMY DI TN INKIND S TINIPXD MIWNN NN INIWND 2N NHODIN TINNTINND VTIYN e
; DNV DMPDY DITTINY DYTINIPMI DY DINY DIND MNNONN DY PINNY 2DY 1T NNN . I0MNIN

DNPIVIP NPNY ONYY G D30 GURI NP NVIVLDY ,IPXINT IO MD)W DIT) 190N DY MaNyn e
; DTN N DNIYAYY DMWY

NNN NYITIN TPWNXPNN NPNDIND NN DITIRNDN DN NONKDY ,MNY NPMINHDNNL MINPN ML TNINN
()N PN IN MDD NPOYNI) TOUN NIMDY DI 1D DPNNN DONNID DY MIWPNIN YIT .ANX D-NNP
SY DXDIvNPA HWNI) PRI DXPNY DIMNYNI MITOI MIIN DY NPDINON MDD 72yN v
; DYTRNIPI NNPNA 25N DI NN (MRVDIDNIN

MTYPN IPOIRY , NITNN DI MOIYN TUNI ,DONY DIPADN NYIN 21N DIWAN DY NOIR , DINNLONP e
; TPINDN MPNT IOX PITY , NPOIN HPYN MIIND

; TINTIPIARY DPVIAYIN DIINNL PPN DTR MO NN e

DYPYTA PODIN 591D, TN-1IPIIN MNIN 1N MIVANNDT MPADN NPON) NPION NPNYNI NN e
LN9NIN NXA7 HY DIVTHD OOP . MPNRN NN ,DI0730 MY NN ,(CHP-1P 0 »PNna 9pdy3a)
DN DN N ,DNIINN TN WIOWYD MIINKD NN TNV YD D911 1IN DT JUND
.DNY OONWN MYV ON P YYD NNNY

DIVYOY 7, DIMNMYRIN DWINVNN T HY ,NLYA I NTIYN D2 10 MIITINY M2 MDD ¥ PINIPMOY 9N
DOVIN NPNY DIZY 2N G102 TINTPIN MOIWYNH

,199IN ,7X» NAYWNN N3N NOIWNY DNY 100-D 1T NHNMN INPYNN PYNI IDVIYNM DNVONIN NPONN
MNPN 2OVNN DINIPD DY STINY 1T NN0N NPOY L19INY YININ TAN PNPIA DN DNYN DY Nipiom
; TVUID DN TRNIPIN PVPNIY NMYOIN MY TWIRNY ,NYTN 7IXDINT MNP NYPYN TINND DN
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; VIV NTYTHY NINIID NMIND NI, D27 DD 29 HY MTINON DITINIPM DY NPYIOIN NOVINN e

T2 53 .22 MI0I-RIY MYTN 30 TIIPINI MWD MWD YIDIWY MITYPHN NPNYIOLN NI e
(INTEROPERABILITY) n5yanin 912°N1 Y5555 NN DYDNNDY,009T) TINIPIN Y0PNI91 DIINDP0NI NMOYN
; TNMPN HYPYN MIN TN

,INUN APODND MIN DTN YIND WNN HY 7PSDVIN MDINKDY DNINY 1Y ONY 0059810 YW 7PN MDY e
DN 173N TWKR D09 DTIVINIY NN 1T NYNN YD PINY LTNNN T DOWNIT DPN 1Y DMDDNY VIO
NY MTTINNNA
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NIVORD TINIPIRN 229590 1PT9 PEER-N No7y1n ,97»a0 nn7a (NYSERDA) 271-12)2 %N MY Apnnd
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NOMN OO HNVONIN 12220, MOW 12D TANIPIN NPNDNIV ION DXIDN GN DY .NA0D YT PHIN
MDY NDMO HY DIWYON AXP PAIPD DY NN NDMAY DIZMA HVPNIN T2YNI NINRN Y2 INY DYDY
VIDWN NMDT NINANLIND IN 7DNYN NN NIN TPINIPINN OND ,OWNI) MM MITHND MON TNYL TP

STPINIPIN OMNMDI DIMPWYIY IR DIIYN NYAPY L (YPIPN ARWA NNNT) NPNDY NPNVYNI

T AYTY 6 NODIT DOYAN DXNDXIN MNIND MINDIIT 1) WX DINNND YINA AN VI

PINIPM TV (MNI) MYn

9901 DY WANND 1M ,PPYN-5D57 NN VIO NN MSIN NPPYH MIZWNN TINTPMI MDD DIV»D [ NNND
MY NYOX TN, IO TPNYWNN MANYN NOY INIDNI IN PN DX MOVIN Y110 DIVIND DPNY DI ODW)
125599 DY 1201 MNIN DY D) NP KDY, TINIPINN NHRPNAY 1120 NHT DY NYAUN SUIP Y115 (NIVNDOD)
NXMY ONPNN NNPNAY NPNNNT MOYINT DY NNINT-IRND Y21 YINRIYN PYNI MDY 3P NI TUN G0N PV HV5
M N L(MYTNNN TXNIN DY) 1PN PADN 12D WATIN PADNN P2 YO NN ,ToN R 9¥9D) , NUTNNN 7N
SNPYNN NN A0 7NN PIYN P2 WINY 2N ,IT 0 03085 Ty (feed-in tarrif) Natn 297yn SY nY»THN PN
.D»NOYNN D¥9YNI DONN PYNI

TP ITNIWD TNPPN 50N TNION

95, DONNNI NN 12 INTNOVN YTV .DNPYN HY IHIMDIN) NN, NTHNN NPOOND N2 MWD MY NNPN 1)DIN MY
NPADNR-YN HY MOV 1N NV MDY NI NYIN MDN HY D597 NI .PWNIA YD NYIZY DNYNN NPIONI NYI9N
D»359910 DX TN TN ,)O0 .IPNN MIYND MYITIN MMN MYpYna 1 ,m555510 mM»Yan nPsy Dnwnn
MA¥I NMPNIA NRVANN (Reliability) MPNIN .NPNN NN TPINND NPIORY KN DHYNN PYN DIYINIY NONI
NV TIT NN TN NNDINNY ,SNYNN NNMIT NIYIYA NV Y NI N ,NNPN 198D HnYNn NPIoNa
SY Y09 JPNNN IX NDNN NTIPI2 NNPDY ,THN NNN INPY M) NNN MNP L PYY DY NNN ONPA DNPVYNN NN

: 01970 DYVPION NIYWA NNVAND NPNKR DNVN NPIDN .NYIT 11¥/19987

; YIWIAND DINOND NYIL MYIONN DINNY TIN NN DNHYN NPIDN N

ST NNND PDNX,ITNN MDY DY NPRY TIN PN DNYN NPION. .2

S NOYVIND MYIGN MADIN MYIAN ,0MIPY DN NYD MPONI DNYN NPIONI MIYIN
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NP2 NVXYY MWD MYNNNI PVNIVIN NN YXINND JPIPPD TYR MYIINI NITHN MANN YD N
; 9NVYNN NYI NMIPMNN

T2 9NYNN NPODNT NIVINKD NYINN 21270 . 1MINT TPYNN NP2 DY MANYH MYNTI MOVINHD MYIoN .2
NP 12 YOPN NIPND TY ,NYIT NNW MINN NI MWD MYSNNI NYI9ND DIPN NN 5D 7172
YIONN IO TN NLWY NTIAY SNNY DINDWI NYIONT NHPMP 12 YOPN INMINY INNY .NYI19N

(27N INOYPIP NN DY) PN D PN THIX,2DYNN NN 1P D% : 11D D27 DMIVNINN NITN DNYNN NYI MPHN
DN PN NONIPN TN T IPN N0 PNND TN )P DIPMND DOPDANN 190N 1P JPRIN TSN N0
DY DNP IN DN DNPY DMINKN DIIIXD NPADND MPHIN IMPHN NNT JY INPA DIWAWNN D¥I0NI9N

.D»YPIP NN X D8P OMNMPY DIINNN DI5IXNY NPAONT MPHIND SOITNIN 19IN TNV NI

OP1 MNKI NN ,ONYNN NPADNRI NMIDIND YNYI MPDIN DY NIPHNI NNNTY ,DNYNN NPIDN MMNNI NYNI
TUNY 901D NN MPVPNY ,NXPN 19X DY MPNHRN NNDT DN NN TINIPYNI MOIWN .DIIIXD DINNY DMYIYD
Y N99YN NOINT NO9YD HNYNN MDONY MMNNN NOTHINAY NPYITON NOVIND NTTI .(DNPYNN MPOIN) MYI9IN
V9NN TV DNYNN MIYVIAN YWY WIND MNANDNN NNNON DY IXPNY 1Y NPIDI XD NPODI MdOYIN
MY MDIDM NMDY DY NODILN NPODNN MPNN NN TINIPANI DY NOMINN 2WOND NOPNN PNNITINDD

.PODN-NON DNPVNN MY HY DMIVNMPR DMPD DY D

DYNMINRNN PHNI .DDIXN MDA DOMNN DIDTINND NYNIN NPIDNRN-IN MY NTHHNRI N2 MNY NP, NNT DY
DYNINIY TIVA (YT 21579) DRI D2I7D HWND) NIV DV PRI NMIAY MPNHN NNID DNWNN 2DIN OIPIPY
MID P NPADNI-R MOYA NI MNY D) YOV NI .TIDNNX DY N0 NANIN DYITI XY (072N 11102 Hwnd) 0NN
198N 99779 IND 2NN NONNITIND NN DIRNNY W ,0DIPIN DXININ P (7217 YIMOWUYN 1) NN
99Y7T 9ON 12,000-9 3,500 P2 Ny) NP INN-NONA DNRWN Ypwnia (PVOLL”) NpaorRn->N MDY N1 . 1INIpna

SYrONPY @ 110-52 TN INIYIA NPIONN-IN MYYY T ,(W7ONPD [l 17-40-3 99195) woNny

YOPNIIZINY,NPIZNN NIJINN YOPN NXIN DNPYNN NIIYN MNNKN 29599 TP MNYI DY MR YN 1NN
YOPRI MPNIND PNNND TN DIDIT (D¥1123-KD) BTN NININD DIINPY INRD NN AN 11210 NNNDIIN NN
SNPYNN MNYA YW 717 1PN a8m M) VOLL Pa 19 wn XN 270N DY TINIPINR NNRPND Py ¥Imnn .im
YNRYNN YPYNI DMIAN DMPY DY, 00 THIND NN MNY MPTHY 27NN NYIN MNP MYPYNN DINNY
N AT LYY NNINT DINYN) HNYNN NPADNI MPON YW I 2IWNI MPTNY TOY D ,NMIVINT MINTN-IN)
,T2°9Y .0»I1PN DMPY MTOI M) GOI TIY MYYL NOPWYN DY NNORHD NPIZNNY 199INN MDIYH MPNINI
LVNNN 19987 Y VOLL-n1n M2y VOLL »ya) mynsn 0owniIn 9HYN 198 YW M) 1157 D»P DN DINNI

DY NNPNY MTIN NYIN MPNINI NV Y37 IMYNYN NPD55D NoVIn W

D> NN .https: //sites.hks.harvard.edu/hepg/Papers/2010/VOLL %20Final%20Report%20to%20MIS0%20042806.pdf. °
MISO 5 270N NOIYNRN 51NN MIAN HY DIPO
https: //sites.hks.harvard.edushepg/Papers/2010/VOLL%20Final%20Report%20t0%20MIS0%20042806.pdf
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9719 M0 MIVAND ,NPADNN MIPHINX NWNI MYANT MININD TS TINTPI NNPN DY NPVLIMNMDIN IMOYN N
2OPY MYNNNI NAVIND MPNINT NOTINIY NYDIYIN NONIND INNPN DY NPYYITIN NPNTID ¥INI MLONN NYaP
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NN NYIDOINDI NPNONN MINND e
Y YT 1 NADIA NYIN TINIPMI NNPN MYSNNI MIPNIND 2957 NIINIY MOWIND 21IWPND NYXIN INON

YRPYNN DY MY

.DYPINY DOYP DIYIPRND NNIINI DPNINND DOPTI OY TTHANND NI MYITHN DNwnin nwA (RESILIENCE) mmav
DINNNY TNXN 192 OPN TN ,99YNN NN HY 1INV 1720 MNPPWA XMINN PoN 7PN KD MTIVN 259 ,1aya
, TPV 127202 DMIPYI DOIPRN 1IVN ,TNYNIVN MNNANNN NIND .NT IPPY DDA DY MINMPN MOIYNN NN
2559 HY MVYNN DNYNN NPADR NN WHINY DN YNY) DIVP DWYPN DY DMYNINNY N11AN0ONN N2
YNAT MDY NN YNTA YIINND NINNIND NWAN DY 1991 NN THIMYNYN NNXI MNINND 0N N1 MTIVN
XY ,NMPY NN, TPNONN NIIWNA NDOPN MTIYN IR TIYNY 1N DY .NP3952) DONN NININD YMYNDYN 19N
NN DYOPYAN DY DOVNRNN DXYIN YINYW MYYY ¥ NYI NYNO DY DN PND ORNDN MYNIN DY NYavinn

7,022 NN 17T DIDIIN MO, NN YD DN, MPIYN DY DIWAIVNIN Y2357

OV ,2770INND NONT NNPY 1N .NYTIVN 297 NY2IND PINIPIHRN DY INDIN NN PNIAD W ,NT 9pNNn YV qwpna
NN MDIWNN Y NITIYN 2557 NN PTHIND NIIYNN DI MI2NN (FERC) %7790 1109190 NMININKD DOV wNT
259593957 TIVN,NNT DY .NYITIN 1192 1OIND NN P2NY 7N DY NMNONND JNY DXTYNN NN VIO, 007N ON
SY MOYIND NIIWNY YD NIOY NNNN (NPIOR-IN) MPNKD 137 MOYY 92¥0 10D NNMID 00 MWD
PR 1D TY OMN INNPNY VYR FERC-NY 17H2 101N XMW INKN TNXD 00X TR MTIYN Y TINIPIN
,9992 N5IYN NITIVN 2557 NYNRLN NITAY YN Y2 MAD MITHI IN HNIYI DINVIINN NN PNPITIN

0792 NOIWHNN MTIYY TNIPIIN NIDIN

6 jeeexplore.ieee.org/document/4202248
7 https://arxiv.org/ftp/arxiv/papers/1205/1205.0768.pdf
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9 Barker et al., 2001; Lovins & Rocky Mountain Institute, 2002).
10 (Barker et al. 2001; U.S. Department of Energy & U.S. Environmental Protection Agency, 2012).
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D%3D1%26LNGID%3D2%26GID%3D6427&usq=AFQ|CNF2p3fiQWnppJhBMFBwsOXXUiPBOA

12 http://www.theenergytimes.com/derms/self-generation-microgrid-world

13 http://assets.fiercemarkets.net/public/smartgridnews/mckinsey _demand side mgtm.pdf

14 http://www.neaman.org.il/Neaman2011/userdata/SendFile.asp?DBID=1&LNGID=2&GID=4204

15, http://www.ontarioenergyboard.ca/oeb/ Documents/EB-2007-0630/report_Power Advisory 20080922.pdf
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16 Electric Power Research Institute (1995). Option Pricing for Project Evaluation an Introduction.
17 Dixit, A.K. and Pindyck, R.S. (1994) Investment Under Uncertainty, Princeton University Press
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62 (Campbell, 2012; President’s Council of Economic Advisers & U.S. Department of Energy Office of Electricity
Delivery and Energy Reliability, 2013).
63 )Overview of current Microgrid, Policies, Incentives and Barriers in the European Union, Unites States and China )

37



9HYNN NMNAN HY NPVINNYITN VN NIN DY DIPINIPMI NYNVNY MIPOYN YNVIININ VNN I PAD PN
N9V YNYNN YPYNI NN NN 1IIYY NITHI DI INTNOVN AR N1 GN SMYHVI I3 NN .N»PN
PRYNRN Y955 DY PNSNIN DY 1IN RN DY, DI NVDININ DY YW MDD NI PITY 1N DNRYNN MIany
TNINN NPNYN 555 HY VYWY MINIY HNPYNN MIIN DY 1N IR TINIPION DNNANND INITHN DIYHD .pwna
Sy MAHaNN Yv ynyovn »p L(REGULATORY CAPTURE) /" Mvo1an »wrn NN D) DN ,PYNa NPonm
MN2N YWY DINNNNAN NN NINID 11 TPNTNT DMWY MONY DMN DOWNHDIYA D NVININ DY MOINNN NJAP NN
.DYMINN ONIMN) MANNYND OINIM ,TPNVN DY MSYA 1119955 NPXTI 2IWIN HY NPNNITINND DY VYYD SNUNn

OMSYIN X1 DY NN NANY NIONA KD TN ,DNNYA TINIPNN NN NNAD NINYI 1D MIANNN PN

IWUNI L (42%) TPON (42%) 27NN P2 NV 19IND OPND 1193 PHNY TIANIPMI DY PIINNDM JPIINN PIoNn 1Py
MATIN PADNN TO .T292 1%-5 NPPI9NAY 12NN N3N IDINY,4%-D IPVI-NPMINN,11% DY TMY NOPN DY NPoN
VTP NN NIN L,V PIVN PN NN NPINT 29 DY ,ORNNIND 1400-5 DY 2015 NIV THY TP DY Jpmnn
DYPNYIN DY TINIPM 2D WITY .2024 WD TY (N2PNIN NOIYN) DRNININD 8700 WX (N2)710VW NIIYN) DRNNMI 5700-55
Moya3 OMNIONP OXTINIPN DY YONIN DPHN TWYND JPMIND M2V PAONN TON 54%-1 009N (REMOTE)
DM MOYI WRI (15%) DXOIVNPAT MTONA OPINIPI .26%-d NI IPIYN MIIN DY NV
I8N N NPN2M YO0 NPNXTI I INRIIN D0 NNT .PYKIN DIWON 1P OPN (5%) DONMOVYN/OMINDN

TPAD NN TITY 1M XYY NTHN NN NHMP NPRY ,DINYNIN DXRYINN

DIVIT) D270 O2120) SPWNiT 1119305 D2 INNND 1D

YPAD NIT ,PINTPIAT DIXIIN SPADI DY DINDN 190N PV ¥ HNUNn MIaN YV DINNDN N DY
1PRY ODN PN W ITR DIIINN TNN DY .NDTHIN NN ,TINDID N3N NN IPNN YPI0 Y10 NPNIONOV
NNPNA DM P2 DWW HNMY NP M PIN 9D PN HNYNN MIIND ,TORND DNYNn mMHana o»p
T MNKY DXIYN MOIWN MYNNINA PARNIPIIN DITP DX HY»D 0DV DYNVYIY DINDN,TIAD .D*TINIPI
.DYPNAD INDNOVY IN DIND MO TY NDD ,0INNN DITPY DN D12V (DD DY NYNITN IN) DN DD NDNY
.DRNNA DXYM DTN MNN YIIPT NOTININ NN PNTWNN MANYN DIISNY PIY 99U DINOPY 1971

PIVN YTIAND NNIIT) YPYNN NIINY OPNNDNN DXPIDN 0N TINIPHN DINNA TN DODIYIN DINDNN DIRINN
MmN D) MO PIva HnPwn MIIN DY DDINN SPOY STIiND DONNNA DONAN (NMT ,ABB 780N 0300
MO P2 PNHINY NVININ DY L1090 NNV OPDY I 29D MY ,INY DY NPNTNOVY DI TIN DY IN-VINVD

PYNY N ND5 1NONY DYDY NIAPY NI ,DYPAD

TN YANYND NADIND MM PN DM MO 157110 NPNYR NNPNA DI DMNRNNND Y1 NN TONNN PoN
LN .NPIZNN NYI NPHIVIVONX MTIPIA (JPMIN PADN) NP NIDIND NPXNIN MPTIA HYNPVYNN MIIN 0NN
NN MYNA NIN GON DIPOY .DMINAN MINN YINYI ,DOVIPOXA DI, NPINX MOYPNN P2 1NDOW MYNNHINI
DMWY 1YY YMN HNYN HY INMDIYN NIINN NIRD .NIYIY MNIYN 120 MOPNN Y0 NIMOND NNMPN
2 ,93PN2 N1 MDND MAYNIY — DXPRIPM 10 — MININ MOIWNI WPYNY MM MNTH 07PN

1120 19182 DWMY DNINGI D27 MNING YN ,NNNN 1T NVIYS PNID MYITIT TINYY 1N DIANYND

1797 1IN DXANNN NI YN ,DITINIPINA PIYN NN 1PN ZRVYNN NYIL MYI9N HY DOV DIPH DRI
NN 1N MOAN MNRNDNTN P .DOPNNN 1IN NDXINRD NYID DII12INNN DNIDINN IV TV YN PADh No
VIND .(2012) >TID 1> (2011) PION PN ,(2011) 19>2 NPTRN DTV L(2003) 270N NIIR-I9¥A NVOYN NN
SnYN FDA-N »TIWn2) PAY-17) )TVDI9 NPRVIDIDNIND DIPNIND DITIAINIPINN IPD ,DWND YTID 1p1 N HY

38



PIN PNN IND MNYPN DNYN MPON DY Y5355 PN .NLYYI 1IN DD DINRY Tyl 09> NN Twna
PN NN MOOYN 990N NN IDITN DIOPRN MMNY D YYN DM TN ,NIYD IOYT 11D ) 18-33-51 NN 27NN
DOIPIN NN NVPRTI HY 73D NN PIV-19) PPN DY PTIOY PIONX DNPINNN MIAPYI NN 1Y 295950
2¥ MOY22 PIDNY MNDI MXID 2/NIN NPMIPH MY 12)D DIWNYNN DXNVID PONND ,TINIPIHL OMIPN
NPYPN MNPIN DWW 7D DYY X ,DO1IN DXANNI MYN NNY WOPY MmN Sy ,0»0VI19 DTN OY DX PINIPI

SHTPNONN

64 (New York State Energy Research and Development Authority, New York State Department of Public Service, & New York

State Division of Homeland Security and Emergency Services, 2014).
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66 https: //microgridknowledge.comvmulti-utility-microgrid/
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The estimate of reliability benefits takes into account the capabilities of the backup power systems already available
at the Broome County site. It also takes into account the variable costs of operating all generators, both in the baseline
scenario and as integrated components of a microgrid. The estimated improvement in reliability stems from the
assumption that establishment of a microgrid would promote regular testing and maintenance of all generators,
reducing the risk that these units may fail when called into service. In the baseline scenario, the analysis assumes
a 15 percent failure rate, based on an estimate provided by the Electric Power Research Institute (EPRI).3 it assumes

that establishment of a microgrid would reduce the rate of failure to near zero.

% https://www.nyserda.ny.gov/-/media/Files/Publications/Research/Electic-Power-Delivery/How-Reliable-
Is-Your-Microgrid.pdf
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Average electric power service interruptions per customer by utility type, 2015

Y -.-_\"
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Source: U.S. Energy Information Administration, Annwal Electric Power Industry Report (EIA-861) 2015 early release
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What is the largest source of value to be realized from microgrid development in Ontario?
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Abstract

With microgrid being such a new and evolving market, much of the lessons learned are not yet documented.
It is too soon to get to final conclusions on this market as most of the market is still on the learning curve
on almost every aspect that relates to microgrid. We see frequent and continuous updates, especially in
the US which is currently leading the market by sponsoring feasibility studies, R&D funds, and support for

project deployments.

The goal of this section is to open a window to what we see going on in the market, even if this information
is not final and sometimes a bit confusing. We see value in ensuring that the academic study is tightly linked

to what is currently evolving in the market.

As this section focuses mainly on less documented information, it was heavily based on interviews of market
players and attendance to relevant industry events.

While conducting the interviews and collecting information, we tried to address the ‘real life’ answers to the

following questions:
Main resources used
US Events -«
DistribuTECH, San Diego =
Sustainability Real Estate Conference, New York =

Net-Zero Energy Districts, New York =
Homer International Microgrid Conference =

Interviews  *

Siemens ConEd
Hitachi NYSERDA
ABB NYPrize organization

GE PIDC, Philadelphia Navy Yard
Cisco Hudson Yard, NY
Oracle NY Medical Center

Homer Energy
Microgrid Institute

Willdan Engineering
Prudential Real Estate

NREL Power Engineers

NRG Presidio

CEZ Research Inst. NREL
Constellation
NYPA
University of Albany

The City University of NY
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Case Studies *

Philadelphia Navy Yard project =
NY Prize feasibility studies =
Key Takeaways

The microgrid market is taking front stage in all power market discussions and planning, yet it is still in the

chasm phase and clear regulations, standards, and leading players are yet to be defined.

It seems that the fragmented and flexible nature of this market, plays a significant role to make it an industry
forces led market, where the regulators follow, rather than what was the typical case in the energy market

where the regulators led the way.

Due to the very open definition of what a microgrid is, the actual number of microgrid deployment is unclear
and differs significantly based on the exact definition. The current de-facto perception of a microgrid in the
developed economies calls for an energy network that can be at least partially self-sufficient, and most of
the microgrid deployments are grid tied. The common perception is that there is no financial justification to

disconnect from the grid unless during a forced disconnection

There are three market anomalies that are holding the microgrid market back, mostly related to the legacy
nature of the energy industry. We see more and more new players getting into the space: technology
vendors, service providers, engineering companies, and others. Our belief is that those new players will
bring a refreshing thinking to accelerate the resolution of those market anomalies and accelerate the

evolvement of a new market structure where microgrids will play a major role.
MARKET ANOMALY #1: MARKET LEADERS

The greatest challenge presented by the migration to microgrid deployments is neither technical nor
regulatory; rather, it is the change of the leading market shapers. While the energy market was dominated
since its inception by the power providers, all eyes were, and in most cases still are, raised to the existing

market leaders — the power utilities, to lead the way.

Beside the dependency on governmental incentive programs, the market tends to rely on power utilities to
take a leadership, or at least a significant role, in shaping the microgrid market.

Indeed, most power utilities are either already engaged, or have strategic plans to engage with the microgrid
market, and power providers are looking carefully at the evolution of that market and most of them are
taking pro-active approach to ensure they are not being left out of the game when this market takes off.

Power utilities, weather incumbent or newer competitive ones, certainly understands the power market,
have access to the customers, relevant technologies, vendors, and the regulators. Moreover, they have the
financial strength to lead a significant change, and their business will be the first to be impacted by a

massive migration to microgrid structure.

Yet, Power Ultilities, especially regulated utilities, have limited motivation to lead a market disruption through
broad adoption of microgrids with an open and competitive market that will eventually impact their current
profitable operation. Moreover, their current strength comes from the economy of scale, a factor that by
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engaging with multiple small sites becomes a burden rather than an advantage. Their operation is less
suitable for an agile, adaptable, tailored, and cost-effective operation which microgrids will require.

There are many contenders to take the leading position to the microgrid market, those include Campus
owners (mainly in educational campuses), power equipment vendors (especially energy storage and solar
providers), energy management systems’ vendors, engineering companies, consultants, municipalities

(vet, those still heavily depend on the utilities), and more recently even real estate developers.

MARKET ANOMALY #2: MOTIVATION AND ROI

The motivation to deploy a microgrid is naturally the first step when starting to evaluate a possible
deployment, most probably a motivation need to be in place to even trigger any discussion on the topic.

The mativation is closely linked also to the definition of a microgrid. As mentioned previously current the
typical perception of a microgrid in the developed economies calls for an energy network that can be at
least partially self-sufficient. With this definition, the most commonly accepted motivation for microgrid today

is to ensure un-interrupted electricity during power outages.

Power-outage protection is highly appreciated by both the regulators and the microgrid site owners. With
almost everything being dependent on energy nowadays, including water supply and communications, un-
interrupted electricity has indeed a significant financial and strategic impact. The recent natural disasters in

the US, raised the possibility of long power outages and the resulting damages.

Whereas uninterrupted electricity is clearly a justifiable motivation, it requires significant investment in
deploying distributed generation resources and sufficient energy storage devices and a proper
management systems and controllers.

When getting to measure the financial investment required for to re-commission the energy network it is
typically fairly significant. Comparing the cost to the possible lost during power outage, based on statistical
number of unavailable minutes of power, quite often results with un-justifiable Return on Investment (ROI).

Poor ROI, requires governmental subsidies, which is very limited.

Recent deployments and vendors have started to adopt a different approach which seems to open up
accelerated microgrid deployments. The new approach takes into account also the financial gains
associated with a smart optimized operation of the site’s energy operation. Looking on various OPEX and
CAPEX gains, as energy losses, reduced consumption, improved maintenance and other improved
elements, changes the ROI making it profitable for the developers without the need of government support.

MARKET ANOMALY #3: OPERATIONS

The last, yet probably most important, market anomaly, is the actual operation of the microgrid. As the
name implies, a microgrid is a small scale of the national grid. It has a verity of generation devices (including
the grid itself, renewable generation, often CHP, might be some emergency diesel generators), energy

storage systems, different loads, and its own infrastructure (cables, transformers, etc.) .

And indeed, most probably microgrid control & automation is the most spoken-of issue, with a focus on
controllers and management systems. Yet, little attention was given to the ability of microgrid owners to
operate those sophisticated management systems on a day to day basis.

Managing such a complex operation require different management systems, and eventually a Network
Operation Center (NOC) with skilled team to operate, react, and manage it all.

Such skilled teams are scarce and expensive and will be beyond the reach of a typical microgrid site does
not have such teams, so are at a risk of not taking advantage of the system once it is in place.
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Utilities and vendors alike, are now looking at providing remote management services to enable cost-
efficient operation for such microgrids.

Market Players and Stakeholders

The microgrid market is currently packed with current and potential players and stake holders, with no
current clear market leaders. This causes some confusion with regards to the directions the market will

take, and whom should customers approach.
Among the common market players active in the microgrid market today:

Utilities

States/Municipalities

Engineering Companies

Campus owners -«

Vendors e

Consultants
The initial natural candidates to take the lead were the power companies as microgrid is perceived to be
an extension or evolution of the grid. Joining the power companies, were the power equipment vendors
who identified the opportunity of a large dispersed market, and the requirement for so many engineering

projects attracted the large engineering firms.

To this date, most of the leading members of microgrid projects are indeed one of the three traditional
power industry players: The power companies themselves, the power equipment vendors, and the large

engineering firms.

Microgrids however, presented a completely new approach to energy, beyond just a technological change.
It enables the microgrid owners to take ownership of their energy networks. With that, we start to see states
and municipalities that are looking at taking the front seat. This trend is still somewhat held back by
regulation, but the pressure exists, and in some countries (mainly in Europe), the municipalities are free to

run their power network.

Same approach led some Real estate developers, and Educational and other campuses to take the lead,
in such closed facilities they do not have the regulatory obstacle and can deploy a microgrid to improve

their energy expenses, quality, or as a differentiator for possible tenants.

Another segment of new-comers to the market are Information Technologies (IT) vendors. Operational
microgrids require a well-integrated system which is composed of both energy devices, and a set of
networking and computing systems. Such microgrids are a great example of the fast growing Internet-of-

Things (IoT) market and represents huge new opportunities for the IT vendors.
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With such a complicated market and technology structure on one hand, no finalized standards and no clear
leaders on the other hands, sometimes consultants who take the lead in microgrid development, as there
is a need to perform extensive analysis of the needs and available solutions and possible partners. To the
traditional energy consultants, have recently joined microgrid dedicated consultant and microgrid

engineering and service firms.

Currently, the most active players in the market are the legacy power vendors on one hand (i.e. Siemens,
ABB, GE, Hitachi, etc.), who bring technical and financial capabilities yet maintain a Utility style cost and
complication, and new startups (Homer Energy, Spirae, Advanced Microgrid Solutions, and many others)
on the other hand, who bring new technical and business solutions yet strive to support a market at its

embryonic stage.

The energy and IT system integrator, could have played, and most probably will still play, a major role in
the market, yet those players are risk averse by nature and waits for the market to further evolve before
taking a major commitment.
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Case Studies

PHILADELPHIA NAVY YARD, NEW BUSINESS MODELS & ROI

HES.V:§§ MICROGRID SOLUTION

for creating a 1,200 acre smart energy campus

PIDC faced a 200% increase in energy
demand, while maintaining The Navy
Yard as a national center for energy
excellence. Burns developed a Strategic
. Energy Master Plan to increase capacity,

| reduce demand, minimize capital
investment, improve energy pricing,
and reduce carbon footprint. The plan
deploys innovative technical solutions
that provide a breakthrough model for
future microgrids.

PIDC, Urban Outfitters, GSK
Property Trust

variables: fuel, demand, technology, energy
cost of capital

NOLOGIES
chieve $95 million project with cost to

ic and energy storage

uction equating to 10 MW

1sity reduction

An example of adoptihg a more
comprehensive approach to the benefits of
a microgrid deployment and operation can
be seen at the Philadelphia Navy Yard
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microgrid. This, very large microgrid, was
designed with financial gains in mind,
looking at the various benefits that a

microgrid can bring.

The Philadelphia project looked at the
following benefits:

New Revenues e
Reduced Costs e
Lower Emissions e
Greater Resilience e

Details of the business model are vyet
unclear, but as can be seen on the project
publications, claim to generate an

impressive 20% ROI.

The business structure of this project is a
tailored, complicated model, as it is part of a
whole build-up of a new “mini-city” and
involved commitment of some of the
participating parties (as Alstom) to set up
local facilities, long term commitments and

various partnerships.

The size and complexity of this project
enabled a carful design to reach that
comprehensive approach vyielding the
required results. For smaller microgrids, this
approach is not yet applicable, but we see
new microgrid players entering the market
with more agile and cost-effective solutions
to eventually enable also smaller projects to

adopt such comprehensive approaches.



NYPRIZE

The New York Prize (NYPrize) is probably the most comprehensive microgrid initiative take in the US. It
scale and phased approach was designed to generate wide interest among all possible stakeholders. Some
criticism was raised on mandatory engagement of power utilities in each project, and on the demand to

build power resiliency at each microgrid with secondary focus given to the financial aspect of the project.

Yet, with its drawbacks, the project contributed significantly to the acceleration of microgrids awareness,

education, know-how, and partnerships between stakeholders.

The following brief is an extract from “Tackling the Challenge of Smarter Energy Design” an Analysis of the
New York State Microgrid Prize Competition written by Kyle Downey, Sam Holmberg, and Michaela
Kerxhalli-Kleinfield

“The New York State Energy Research and Development Authority (NYSERDA), in partnership with the
Governor’s Office of Storm Recovery (GOSR) announce the availability of up to $40,000,000, under the
three stage NY Prize Community Grid Competition (NY Prize), to support the development of community
microgrids. The objective of NY Prize is to promote the design and building of community grids that improve
local electrical distribution system performance and resiliency in both a normal operating configuration as
well as during times of electrical grid outages. NY Prize objectives include empowering community leaders,
encouraging broad private and public sector participation including local distribution utilities, local
governments and third parties, protecting vulnerable populations and providing tools to build a cleaner more

reliable energy system.”

The mission statement identifies the objectives of the NY Prize Competition as improving resiliency,
reliability, distribution, and spurring innovation of energy production in New York. The competition also looks
to ameliorate community partnerships with utilities, local governments and the private sector. This paper
will define resiliency as the ability of power 40 sources to withstand stress. It is most applicable to storm
induced outages in the context of the NY Prize Microgrid Competition. Also reliability refers to the

consistency of power.

In NYSERDA'’s initial request for proposals (RFP), “RFP 3044 NY Prize Community Grid Competition”
guidelines they elaborate: “Key NY Prize objectives include empowering community leaders, encouraging
broad private and public sector participation, protecting vulnerable populations, expanding the use of locally
distributed energy resources, engaging with private sector or third party interests and providing tools for

building a cleaner more reliable energy system.”

The first phase sponsored 83 feasibility studies, all of which are open to the public:

https://www.nyserda.ny.gov/All-Programs/Programs/NY-Prize/Feasibility-Studies

Out of the first phase, 11 projects were granted additional funds to progress with actual design.
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Integration, Operations & Management

Operation & management are at the heart of every microgrid. Without proper, intelligent and somewhat automated

operations, the complex structure of a microgrid is doomed to fail.

The schematic requirements of an intelligent microgrid require an integrated approach of different

automation, monitoring and control systems at levels, and include hardware products, software systems,

integration process, and management services.

Whereas the hardware and software systems are today commonly available in the market, the challenge

lies with the evaluation and design of non-yet-standardized systems from different vendors, and mainly with

the integration process and management services.

An example of the complicated structure required by a microgrid, can be seen in the diagram below that

represents the management systems built for the Philadelphia Navy Yard project.

Microgrid NOC and Smart Substation

Alstom e-terra Platform

SCADA & DMS

* Grid monitoring event and
alarm logging

* Enterprise data and interface
management

* Failover and restart

DTE
CIs

Billing-White Mountain

Smart Metering and Communications

Landis+Gyr

Meter Data Management

Alstom Microgrid
Management System

e Forecasting and planning Landis+Gyr
® Market operations

¢ Customer operations
® DER asset operations
® Smart substation and

microgrid controller interface

Gridstream
Command center

AMI head-end

Alstom Smart Substation

DAP Server
Substation SCADA SA-DA Platform
L+G Gridstream
Smart meter network

(breakers, relays, switches, feeder metering)

Alstom Microgrid Controller
Islanding, re-synch,
voltage frequency and protection

infrastructure ] DOE microgrid

System

* VEE

¢ Virtual metering

¢ Rate structure

* Dynamic and/or tier
pricing

* Billing extracts

* TNY tenant portal

Interface Legends

Alstom
NEWYAET|

Alstom
Navy Yard

project

ﬁ Alstom internal
—) L+G internal
{———— Alstom L+G
4= Alstomn DTE

project

Grid monitoring and operations in grid-connected and islanded modes.

The following example, presenting the Israeli Maale Gilboa microgrid management system, shows that
even for much smaller microgrids, the complication remains and requires long and costly systems’

evaluation to be followed by tailored integration development.
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To ensure that the design, implementation, and integration of the microgrid management system result with
improved operation, there is a need to ensure that there are skilled personnel that can operate those
systems. Most campuses or communities, lack a professional energy team that can dedicate the time to
manage those systems. A possible cost-effective solution may be remote management by the system

integrator or external consultant.
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Training & Education:

Training and education are two separate issues, yet are interlinked one with the other.

Education relates to microgrid owners or users. Whereas the terminology of microgrid is well known in the

energy professional space, many of the potential microgrid-owners are non-energy professionals, and are

not exposed to the changes in the energy market and to the opportunities they may leverage.

The numerous interpretations of “microgrid” add to the confusion, and with it to the evaluation of possible

deployment and relevant solutions.

Some examples of the more common confusions are around the lack of clear understanding of the

differentiation between:

Microgrid vs. Distributed Generation

Should campuses with installed distributed generation look into anything beyond such
generation and/or storage devices?

What are the minimum characteristics of local energy generation that may justify to
evaluate a microgrid structure? (are renewable a must or will thermal storage, boilers etc.
sufficient)

Vs. Energy Efficiency & BEMS

There are energy efficiency and Building Energy Management Systems (BEMS), how are
those different from microgrid management system? Is there a value in deploying both
microgrid and BEMS?

Vs. Utility bills & RTEMS Vs. MG

Real Time Energy Management Systems (RTEMS) and other systems that monitors
energy consumption and improve either consumption reduction or participation in
demand response programs are quite common and often confused with microgrid

management systems.

o

Lack of trained personnel with adequate design and implementation knowledge in microgrids, adds to

the confusion as well as makes it challenging to evaluate comparable solutions and deploy a complete

microgrid architecture.
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Challenges:

As an outcome of lack of education and trained personnel, there are key challenges that hold the fast proliferation of

microgrid deployments, to name the main ones:

Who Gains, especially for RE Developers

With the main characteristic of a microgrid calls for a portfolio of buildings, there is often the
guestion of who actually pays for the different elements related to energy: CAPEX, OPEX, and
Utility bills.

There are education or healthcare campuses where the city or state pays the utility bills, while the
campus pays for the OPEX, at commercial real-state campuses it is quite common that the
tenants pays their utility bills.

The wide acceptance of the LEED standard is a good example that this issue may be resolved

once there are either incentives or “market” demand for a more effective energy operation.

Initial CAPEX investment without a clear ROI
The current main focus in the US for microgrids to provide full energy operations during power

outage, require high deployment costs with questionable return on the investment.

New designs and business models are emerging now and are required to provide a clear,
justifiable, ROI

Regulations
The current regulations in most locations, make it complicated to establish a microgrid if more
than a single legal entity is engaged. Engaging the local utility, proved to be very complicated,

and in many cases not feasible.

Complexity of design/deployment
A well operating microgrid requires effective integration of energy devices, energy automation

systems, networking infrastructure, and management systems.

Few companies today hold the diversified skills to cover all the needs. Many of the companies
that are able to cover all such needs are the large global energy system integrators, yet their
current operations are more suitable for utilities and less for relatively small operations as

microgrids.
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Ongoing Operations & Management

Microgrid deployment requires the campus to continuously operate and manage a “utility like”
operations. In most such campuses, there is no such professional skilled team, nor does it makes
economic sense to hire such teams for each microgrid.

Requirements for Proof of Concept (POC)/Testing/evaluation

Closely related to the education and training, and lack of reference designs. Each microgrid
needs to perform complicated and costly evaluation of systems, vendors, implications and
benefits. The complication, and cost, are beyond the reach of most potential

campuses.
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The Market driving Forces:

Probably the most important ‘lesson learned’ from the US market is that microgrids are top of mind for most
relevant stakeholders, gain massive support from states and municipalities, and there is a keen effort to
solve current challenges and accelerate microgrid adoption.

There are growing number of conferences and seminar with a main focus on microgrid that contributes to

market education.

Projects’ funding that by states and municipalities accelerates the formation of partnerships between
relevant players, and such partnerships continues beyond those funded projects to further develop the

market.

The US Department of Energy and other research organization as NREL (National Renewable Energy
Laboratory) and NYSERDA (Research and Development Authority) are supporting initiatives to share
knowledge of existing distributed generation deployed, consumption information, potential for energy
saving, and ROI calculations tools. All relevant information for microgrid developers to help map potential

customers. Some examples can be seen here:

U.S. DOE Combined Heat and Power Installation Database: https://doe.icfwebservices.com/chpdb/

NREL’s Real-time status of the solar photovoltaic market in the U.S: https://openpv.nrel.gov/

NREL’s The Cost of Renewable Energy Spreadsheet Tool (CREST):

https://financere.nrel.gov/finance/content/crest-cost-energy-models

NYSERDA'’s Customer Targeting Tool: .
https://portal.nyserda.ny.gov/CORE _Solicitation Detail Page?Solicitationld=a0rt000000BnT1jAA
F

With the understanding that campuses and smaller utilities (as cooperative utilities) may need to drive the
market adoption, even with the complication of evaluating new solutions, there are supporting initiatives
being formed. NGOs as Second Nature that works with the higher education market, or coop-utilities that

join forces to have ‘group evaluation’ centers.

Last, yet very important is the work of global standard organizations as the IEC on microgrid standards,
and the recent Performance Excellence in Electricity Renewal (PEER) rating system that drives market
transformation in the power and energy sectors. The program translates the goals of resiliency, sustainable

.power delivery and environmental impact reduction into a third-party, metrics-based certification program
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1. ABSTRACT

2.

In countries with established centralized electricity systems, policy makers, electrical
utilities, and citizens are evaluating whether the current dominant utility paradigm of
one-way electricity flow from large generating plants to far away end users is the
best approach to meeting their societies’ needs and aspirations. The vertically-
integrated monopoly model of massive generating plants and extensive transmission
systems is starting to show its age and reveal vulnerability to natural disasters,
congestion, cascading outages, environmental concerns, and competition from
nimble distributed resources. At the other end of the scale, developing countries that
lack reliable power are trying to improve lives by increasing access to reliable
electricity. Interestingly, rich and poor nations are converging on the same solution
to their respective dilemmas: the microgrid. This review paper covers a broad scope
including the trends driving deployment of microgrids, what microgrids are and how
they function, their potential benefits, the major barriers to their adoption, and
possible solutions to these challenges. The goal is to give readers a general up-to-
date understanding of important technical and non-technical aspects of microgrids
and the role microgrids can play to help provide safe, resilient, affordable, clean, and
accessible electricity to citizens from remote rural areas all the way to the world’s
biggest cities. The paper focuses mainly on the situation in the United States but
includes observations from across the globe including examples and lessons

learned from microgrids operating today.

INTRODUCTION
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2.1.Background

This review paper focuses on modern microgrids being developed and deployed
today in the context of a mature “macrogrid” that features gigawatt scale generating
units, thousands or even hundreds of thousands of miles of high voltage
transmission lines, minimal storage, and that is predominantly fueled by fossil
energy sources. Today’s grid is not a static entity, though; we are traveling a historic
arc that began with small-scale distributed generation in the late 19t century,
followed by consolidation and centralization driven by growing demand, and now
experiencing the beginnings of a return to decentralization. From the 1920s through
the 1970s, the increased reliability afforded by connecting multiple generating units
to diverse loads, decreased construction costs per kilowatt (kW), and ability to draw
power from distant large generating resources like hydropower drove the
development of the grid we see today (Barker, Johnson, & Maitra, 2001; Lovins &
Rocky Mountain Institute, 2002). However, those advantages seem to have reached
their limits, and seem to be eroded by environmental and economic concerns.
Driven by utility restructuring and improved distributed energy resource (DER)
technologies in the context of economic risks that accompany the construction of
massive generating facilities and transmission infrastructure, companies that
generate electricity have been gradually shifting to smaller units over time (Lovins &
Rocky Mountain Institute, 2002). This transition is driven by a range of DER benefits
that have been studied in detail (Gumerman, Bharvirkar, LaCommare, & Marnay,
2003; lannucci, Cibulka, Eyer, & Pupp, 2003), such as deferral of generation,
transmission, and distribution capacity; voltage control or VAR supply, ancillary
services, environmental emissions benefits, reduction in system losses, energy
production savings, enhanced reliability, power quality improvement, combined heat
and power, demand reduction, and standby generation. These benefits accrue not
only to smaller versions of existing fossil-fueled plants — they even accompany

deployment of intermittent renewable generating sources, as shown by a
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foundational study of a 500 kW distributed generation PV plant in California (Farmer,
Wenger, Hoff, & Whitaker, 1995; Hoff, Wenger, & Farmer, 1996).

Some of the decentralization is driven by challenges to siting additional transmission
infrastructure and the capital cost of adding traditional generation; utilities are now
exploring ways to add capacity to the grid at strategic distribution system
chokepoints through a combination of energy efficiency, demand response, and
distributed energy resources. Another driver is vulnerability of the grid to natural
disasters, physical and cyber-attacks, and cascading power failures. Recognizing
the importance of uninterrupted high quality power to their economies and critical
services, governments are increasingly willing to put money into supporting smatrt,
decentralized grid architectures that are thought to be more resilient to these threats.
The challenge of radically decreasing greenhouse gas emissions to mitigate serious
climate disruption have led to policies that incentivize deployment of carbon-free

generating sources, many of which lend themselves to distributed applications.

Cost savings; improved resilience and reliability; integration of clean generating
sources needed to dramatically reduce greenhouse gas emissions: the case for
distributed generation seems compelling; however, it is not without its challenges
(J.A. Pecas Lopes, Hatziargyriou, Mutale, Djapic, & Jenkins, 2007). The move from
a one-way electricity flow from large synchronous generators to customers to a
complex flow of energy between a multitude of power-electronics based distributed
energy resources and end use loads is a profound paradigm change for the industry;
it therefore must clear multiple legal, regulatory, and technical hurdles. One small
example is safety: distributed generating units introduce special safety
considerations since they continue to inject electricity when the grid is down, putting
line workers at risk unless they are taken off line. Many renewable resources are
variable and non-dispatchable, leading to concerns about the impact of widespread

adoption on grid management and stability (Liu & Bebic, 2008). How will the new
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grid manage thousands — or tens of thousands — or hundreds of thousands — of
distributed energy resources to match supply and demand for electricity at all points

in the system, at all times?

Microgrids, which can operate while connected to or disconnected from the main
electricity grid, are poised to handle a rapid introduction of distributed energy
resources including intermittent renewable generation in a way that is safe for line
workers and transparent to distribution system operators, while delivering superior
resiliency advantages compared to other smart grid architectures. The microgrids
being discussed today in industrialized nations, echoing their U.S. university campus
antecedents, emerged in the mid 1990s as a way to mitigate the challenges of
distributed generation (whether renewable or fossil-fueled), capture economic
benefits, and tailor power quality and reliability (and in the case of military
microgrids, energy security) to end user needs. Today’s microgrids even evoke
comparisons to Thomas Edison’s original power stations installed in the late 19
century, not least in the emergence of all-DC power systems and in the use of
batteries to help balance generation and demand (Jo&o Abel Pecas Lopes,
Madureira, & Moreira, 2013).

Despite the appeal of the microgrid concept, proof of its capabilities in the laboratory,
and demonstration by early adopters, all of which will be described below, uptake
today is still slow, for several reasons. There are four main challenges, along with
some possible paths forward to resolving them that will be discussed in this paper.
The first is that the regulatory and legal framework undergirding the electricity
market reflects a century of growth under a centralized generation, transmission and
distribution system with a one-way flow of electricity, so that a great deal of time and
expense is required to gain legal approvals for microgrid projects and interconnect
them to the grid. The second is that the benefits of microgrids are manifold but many

of them are not easily calculated and there is no market for them. The third
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challenge is that many of the technologies proposed for microgrids and their
deployment as an integrated system are still fairly new and unfamiliar in the market,
leading to cost premiums, interoperability challenges, and perceived risks that may
deter potential investors. The last challenge is simply inertia — aside from special
cases, customers may generally be fairly satisfied with the status quo and lack
motivation to seek a new utility model, especially if they fear it will result in higher
electricity costs or a new set of poorly understood risks. At the same time, while
barriers may still remain, it is important to recognize that microgrid technologies are
rapidly maturing and the regulatory environment is showing a flexibility that is
helping microgrids move from the pilot project and R&D phase into the next phase of
project deployment (Asmus & Lawrence, 2016a). This transition is being driven by
standardization of technology, communication, and interconnection requirements,
proven contract structures, successful pilot projects, and identification of key value
streams. Further market uptake will depend on a clear statutory and regulatory
microgrid definition (specifically whether a given microgrid qualifies as an electric
corporation or not), clarification of franchise rights across public streets, liability for
service quality issues, tariff issues for energy buyback and ancillary services, and
other customer service issues that will arise as the energy market evolves (Jones,
Bartell, Nugent, Hart, & Shrestha, 2013).

The more than 1 billion people on the planet that currently lack access to reliable

electricity —

or to any electricity at all — face a separate set of challenges from those who may
face just hours without electricity each year (Schnitzer et al., 2014). In many places,
they face a situation where nights are dark, water carries disease, critical medicines
cannot be preserved, and even small-scale industry is impossible. Often, the limited
electricity that is available is generated using expensive diesel fuel and light is
provided by unhealthy and dangerous kerosene. Remote microgrids combining

clean generation and storage, in some cases facilitated by innovative mobile
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payment platforms, provide a lifeline to people in poor and remote areas, allowing
children to study at night, medical systems to provide reliable service, and
entrepreneurs to improve their livelihoods. These remote microgrids are leveraging
the same advances in power electronics, information and communications
technologies, and distributed energy resources that are driving changes in the grid in
industrialized countries, allowing developing nations to potentially leapfrog to a world
of smart microgrids, in the same way that mobile communications allowed them to
connect to each other and the outside world without building up extensive landline

networks.

Several broad review articles have been published that cover recent developments
in microgrids, from technical (Basak, Chowdhury, Halder nee Dey, & Chowdhury,
2012; Parhizi, Lotfi, Khodaei, & Bahramirad, 2015), legal and regulatory (Basso,
2014; Jones et al., 2013; Kroposki, Basso, & DeBlasio, 2008; 2008; Qu, 2014), and
economic (Basu, Chowdhury, Chowdhury, & Paul, 2011; Schwaegrl et al., 2009;
Michael Stadler et al., 2015) perspectives. Some authors have provided good
multidisciplinary reviews of the topic cutting across these three categories and
explore barriers to microgrid deployment (Del Carpio Huayllas, Ramos, & Vasquez-
Arnez, 2010; N. Hatziargyriou et al., 2006; Jodo Abel Pecas Lopes et al., 2013;
Soshinskaya, Crijns-Graus, Guerrero, & Vasquez, 2014). Readers are encouraged
to consult these valuable contributions and the articles cited therein. This paper aims
to build on previous efforts by synthesizing important conclusions across these
multiple disciplines, so that readers gain a broad understanding of microgrids from

multiple perspectives.

2.2.Foundational Microgrid Work

Research on microgrids began in earnest in the mid-1990s in the United States and

Europe, as part of an effort to evaluate the benefits of distributed generation
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(including distributed renewables) for alleviating transmission and distribution system
capacity constraints and to improve electric grid operation (Farmer et al., 1995; Hoff
et al., 1996). Early examples of remote (Nayar, 1995) and grid-connected microgrids
(Hoff, Wenger, Herig, & Shaw Jr, 1998a) in the literature from 20 years ago
resemble systems being discussed today, in many ways. The advantages of hybrid
diesel-renewable remote microgrids (often called “mini-grids” in the literature) for
improving system efficiency, reducing fuel costs, and improving reliability were
recognized early on. In the case of residential grid-connected systems, the potential
of cogeneration of heat and power to radically improve system efficiency was
highlighted in the literature, as was the ability of the microgrid to combine
renewables and dispatchable fossil-fueled resources like fuel cells. However, the
relatively high cost of solar photovoltaic panels at that time — which have since
declined dramatically (Feldman, Barbose, & Margolis, 2015) — and lack of mass-

produced micro-generation fuel cells were cited as barriers to market uptake.

Systematic research and development programs began with the Consortium for
Electric Reliability Technology Solutions (CERTS) effort in the United States (R.
Lasseter et al., 2002) and the MICROGRIDS project in Europe (N. Hatziargyriou et
al., 2006). CERTS, formed in 1999 and funded in 2001 by the U.S. Department of
Energy and California Energy Commission (McGowan, 2011), has been recognized
as the source of the modern grid-connected microgrid concept (Jodo Abel Pecas
Lopes et al., 2013). CERTS envisioned a microgrid that could incorporate multiple
distributed energy resources (DERS), yet present itself to the existing grid as a
typical customer or small generator, in order to remove perceived challenges to
integrating DERs (R. Lasseter et al., 2002; R. Lasseter & Piagi, 2004; Chris Marnay
& Bailey, 2004). Emphasis was placed on seamless and automatic islanding and
reconnection to the grid and passive control and protection strategies such as
reactive power versus voltage, active power versus frequency, and flow versus
frequency droop controls (Piagi & Lasseter, 2006). The goals of these strategies

were to: 1) remove reliance on high-speed communications and master controllers,
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yielding a “peer-to-peer” architecture; and 2) create a flexible “plug-and-play” system
that would not require extensive redesign with the addition or removal of DERS, in
order to lower system first costs and provide the freedom to locate cogeneration
facilities near thermal loads. The droop-based controls are critical for seamless
isolation from the main grid and for stable, autonomous control in an islanded
situation (Jodo Abel Pecas Lopes et al., 2013). CERTS emphasized the role of
cogeneration of power, heat, and cooling, recognizing an opportunity for cost
savings and peak load reduction that could drive market uptake. The CERTS
microgrid concept has been deployed in a test bed setting (Eto & Others, 2009; R.H.
Lasseter et al., 2011) to test innovative strategies for automatically islanding and
resynchronizing microgrids, providing electrical protection within the microgrid, and
controlling energy sources autonomously in the microgrid during islanding; it has
also been deployed in real microgrid projects (Alegria, Brown, Minear, & Lasseter,
2014; Panora, Gehret, Furse, & Lasseter, 2014). While the initial motivation of
CERTS was to improve reliability rather than to reduce greenhouse gas emissions,
per se, CERTS microgrids can incorporate renewable microgeneration sources.

European efforts to stimulate microgrid adoption seem to have been largely driven
by climate change concerns (N. Hatziargyriou et al., 2006). That said, the EU
MICROGRIDS project explored technical challenges that were similar to the CERTS
effort such as safe islanding and reconnection practices, energy management,
control strategies under islanded and connected scenarios, protection equipment,
communications protocols. Research findings included (N. Hatziargyriou et al.,
2006):

e Development and enhancement of microsource controllers to support
frequency and voltage using droop-based strategies;

e Development of microgrid central controller economic scheduling functions;
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e Analysis of the communication requirements of the microgrid control
architecture;

e Investigation of alternative market designs for trading energy and ancillary
services in a microgrid and development of methods to quantify reliability and
loss reduction benefits; and,

e Measurements from an actual low voltage microgrid installation.

2.2.1. Definitions

Two similar microgrid definitions are cited repeatedly in the literature and seem to
represent the consensus definition of the modern microgrid. The first, developed for
the U.S. Department of Energy by the Microgrid Exchange Group, an ad hoc group
of research and deployment experts, defines a microgrid as:

“A group of interconnected loads and distributed energy resources within clearly
defined electrical boundaries that acts as a single controllable entity with respect
to the grid. A microgrid can connect and disconnect from the grid to enable it to
operate in both grid-connected or island mode (Ton & Smith, 2012).”

The second slightly more detailed but essentially similar definition was developed by
the Conseil International des Grands Réseaux Electriques (CIGRE, translated into

English as “the International Council for Large Electric Systems”) working group
6.22:

“Microgrids are electricity distribution systems containing loads and distributed
energy resources, (such as distributed generators, storage devices, or

controllable loads) that can be operated in a controlled, coordinated way either
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while connected to the main power network or while islanded (Chris Marnay et
al., 2015).”

The CIGRE working group added three qualifiers to this definition:

“Generators covers all sources possible at the scales and within the context of a
microgrid, e.g. fossil or biomass-fired small-scale combined heat and power

(CHP), photovoltaic modules, small wind turbines, mini-hydro, etc.

Storage Devices includes all of electrical (e.g. superconducting magnetic energy
storage), electrochemical (e.g. batteries), mechanical (e.g. flywheel) and heat
storage technologies. While the microgrid concept focuses on a power system,
thermal storage can be relevant to its operation whenever its existence affects
operation of the microgrid. Similarly, the precooling or heating of buildings will
alter the load shape of heating ventilation and air conditioning system, and

therefore the requirement faced by electricity supply resources.

Controlled loads, such as automatically dimmable lighting, building pre-cooling or
delayed pumping, are particularly important to microgrids simply by virtue of their
scale. Inevitably in small power systems, load variability will be more extreme
than in utility-scale systems. The corollary is that both load control and storage

can make a particularly valuable contribution to a microgrid.”

While the electrical capacity of a microgrid may have practical implications for
interconnection and regulation, there is no universally accepted minimum or maximum
size for a microgrid (Soshinskaya et al., 2014); rather, microgrids are defined by their

function. At the same time, microgrids are generally recognized to be low or medium
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voltage systems. Fully grid tied systems with distributed generation that cannot separate
from the main grid operate in island mode are typically referred to as active distribution
networks (Soshinskaya et al., 2014) or virtual power plants (Asmus, 2010; “Navigant

Research,” 2014); these systems are compared and contrasted with microgrids below.

In thinking about microgrids, it may be helpful to think of them as a topology for
aggregating distributed energy resources within a smart grid — a decentralized network
with 2-way energy flows enabled by advanced information and communications
technologies — into virtual power plants — multiple resources are managed to behave as
a single controllable load or source of energy and ancillary services — that have the
ability to operate in isolation from the main utility grid. Currently there is some debate
about whether society would be better served in its pursuit for reduced electricity costs,
reduced environmental impact, and improved resiliency by pursuing a decentralized
architecture or doubling down and seeking a centralized “super-grid” approach
enhanced with improved conductors, sensors, and information technologies. However, it
is safe to say that microgrids are now seen as being a viable competitor to earlier, more

centralized conceptions of the smart grid (Chris Marnay & Firestone, 2007).

3. Motivation for Microgrids

3.1Power Quality and Reliability/Security
Public and governmental interest in microgrids has spiked following a series of recent
major grid disruptions. In many of these situations, microgrids have demonstrated their
ability to provide valuable continuity of service while the rest of the grid was without
power. Examples include, but are certainly not limited to, the Northeast U.S. Blackout
(2003), Japan Earthquake (2011), Hurricane Irene (2011), and Superstorm Sandy
(2012). In Superstorm Sandy, for example, microgrids at New York University, Princeton
University, and the United States Food and Drug Administration were able to provide
service during multiple days of utility grid downtime (LaMonica, 2012). Grid outages
related to severe weather in the United States from 2003-2012 have been estimated to
have cost $18 billion to $33 billion per year, on average (President’s Council of
Economic Advisers & U.S. Department of Energy Office of Electricity Delivery and

Energy Reliability, 2013). In 2012, the year that included Superstorm Sandy, the cost
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due to weather-related outages in the U.S. was estimated to be $27 billion to $52 billion,
due to lost output and wages, spoiled inventory, delayed production, and damage to the
electric grid. Sandy alone took out electricity for more 8.5 million people, with 1.3 million
still without power a week after the storm hit. There is a growing concern that weather-
related disruptions will become more frequent and more severe over time across the
United States due to climate change, lending a sense of urgency to addressing grid
resilience (President’s Council of Economic Advisers & U.S. Department of Energy
Office of Electricity Delivery and Energy Reliability, 2013). In the United States, so-
called “critical facilities” and infrastructure such as transportation, communications,
drinking water and waste treatment, health care, food, emergency response are
receiving the most attention regarding resiliency (the ability to bounce back from a
problem quickly) and reliability (the fraction of time an acceptable level of service is
available). New York City, hit hard by Hurricanes Irene and Sandy, has begun
evaluating the economics of connecting multiple dispersed critical facilities on a single
microgrid in comparison to the business-as-usual approach of having separate backup
generators for each facility (New York State Energy Research and Development
Authority, New York State Department of Public Service, & New York State Division of
Homeland Security and Emergency Services, 2014). The authors note that this scenario
is a challenging case in the current regulatory environment because it would involve
installing distribution infrastructure across public rights of way and would likely require
regulatory reform. The study concluded that microgrids in this scenario may not be
justifiable on a purely economic cost-benefit basis if back-up generation is already
installed, though the economics improve with the amount of time the microgrid is
operating versus just providing emergency backup. At the same time, municipalities are
starting to show a willingness to share microgrid ownership with private entities in
recognition of the social value of secure power for critical facilities (Trabish, 2016), often

entering into innovative public-private partnerships for project financing.

The United States Northeast Blackout of August, 2003 was a so-called cascading power

outage, where a seemingly innocuous problem in a small part of the system leads to a
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domino effect that can take down an entire electrical grid. Cascading outages have
been diagnosed as an intrinsic grid phenomenon because it is a complex electro-
mechanical machine increasingly run near the edge of its capacity (Newman, 2015).
Part of the situation stems from increased generation caused by utility deregulation
combined with a recent lack of investment in transmission capacity (U.S.-Canada Power
System Outage Task Force, 2004). There is also no appreciable storage in the
macrogrid today to buffer sudden mismatches between electricity supply and load,
although states like California are now investing heavily in these technologies.
Unplanned generation outages and increasingly large peak summer cooling loads can
take the system even closer to the edge where there is no tolerance for error. Outages
can occur at individual generating plants or be due to broader scale issues, like the
massive natural gas leak at California’s Aliso Canyon storage facility at the end of 2015
that threatened fuel shortages for generating plants in the region. Sometimes decreases
in generation are correlated with increases in demand, such as the impact of drought in
California which lowers the level of reservoirs serving hydroelectricity generating plants
while also raising peak demand.

Cascading outages often are triggered by issues out in the transmission or distribution
system; when one transmission line trips in a situation near critical capacity — in the
case of the 2003 outage due to a tree getting too close to a 345-kV transmission line —
the entire system is at risk as the load from the failed line is transferred to other parts of
the system that are already overloaded. The 2003 situation was compounded because
of a problem with the decision support software used by the regional independent
system operator used to understand the state of the system (it had been temporarily
disabled and not returned to running automatically). The impacts of the 2003 outage
were severe, affecting an estimated 50 million people and 61,800 megawatts (MW) of
electric load in the Northeast U.S. and the Canadian province of Ontario. Economic
costs in the U.S. were estimated to be between $4 billion and $10 billion U.S. dollars
and Canada experienced a 0.7% decrease in gross domestic product due to decreased

work hours (U.S.-Canada Power System Outage Task Force, 2004). The 2003 outage
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subsequently led to a great deal of thinking about how to decrease the likelihood of a
repeat situation. Some commentators have responded by calling for a centralized
“Smart Supergrid” (Minkel, 2008) with larger capacities and greater interconnection
combined with stricter reliability standards and improved sensors. However, others have
invoked the microgrid concept as a way to compartmentalize and therefore more easily
contain and manage local problems (Walton, 2014). Microgrids have even been
mentioned as a possible pathway to a “self-healing” smart grid of the future (DeBlasio,
2013b).

While classic cases of cascading grid outages have been triggered by accidental
causes, the vulnerability of the macrogrid to localized disturbances has led to a
heightened concern about intentional actions to take down the system, whether by
physical means (Smith, 2014, 2016) or cyber-attack (W. Wang & Lu, 2013). Of
particular concern are very large transformers, of the sort attacked at a major California
substation in 2013, which serve a critical function and yet are in limited supply because
of their custom construction and sheer size. Because of an increasing dependence on
information and communications technology to manage the grid, modern electrical
infrastructure across the globe is also vulnerable to the types of attacks seen recently in
the Ukraine in 2015 that crippled a grid serving hundreds of thousands of customers
(Perez, 2016) and in Israel in 2016 that was successfully thwarted (Times of Israel,
2016). Targeted or large-scale threats from either natural (Baker, Balstad, Bodeau,
Cameron, & Fennell, 2008; Maize, 2011) or man-made (Foster Jr et al., 2004; Maize,
2013; Miller, 2005; Wilson, 2008) electromagnetic pulse (EMP) events have also been
recognized as having potentially catastrophic results. The solar storm event of March
1989 that incurred severe damage on the Canadian grid is often cited as being a small-
scale preview of the damage that extreme solar activity akin to the 1859 Carrington

Event could inflict on today’s extensive and critical yet unprotected electrical systems.

175



The States of Connecticut, Maryland, Massachusetts, New Jersey, and New York in the
Northeastern U.S., an area of aging infrastructure and frequent severe weather events,
have been exploring the feasibility of adopting microgrid architectures for their electrical
systems beyond just serving critical facilities, the. Several states have publishing their
findings in comprehensive reports (Center for Energy, Marine Transportation and Public
Policy at Columbia University, 2010; KEMA DNV, 2014) and have even begun funding
pilot projects (Tweed, 2015; Wood, 2014). Planning at the state level has extended to
encompass so-called “community” microgrids which would serve entire neighborhoods
up to the substation level, perhaps up to the level of tens of megawatts of load. The
most notable example of state support for community microgrids is New York State’s
“New York Prize”, a $40M competition administered by the New York State Energy
Research and Development Authority (NYSERDA) to help communities from feasibility
evaluation through implementation.?3? Evaluation of the technical and economic case for
microgrids has even the national level for the United Kingdom (Abusharkh et al., 2006).
That study, which also provides a good review of the regulatory environment in the U.K.,
found that residential micro-CHP/PV hybrid microgrids with some storage would provide
a good balance between supply and demand of electricity at a price competitive with
centralized utility generation. The conversation about microgrids at city, state, and
national levels is also spurring a rethinking of policies and regulatory frameworks
around the ownership structure of the electricity distribution system, the way investor-
owned utilities are paid for providing electricity to customers, and the utility franchise

model itself; these considerations are covered in more detail below.

3.2Infrastructure cost savings

In addition to avoiding the costly disruptions caused by grid failure, microgrids promise
to deliver several types of well understood economic savings. It is widely recognized

that investment in the U.S. electricity grid has not kept pace with generation. As a result,

https://www.nyserda.ny.gov/All-Programs/Programs/NY -Prize?®?
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capacity is constrained in many areas and components are quite old with 70% of
transmission lines and transformers now over 25 years old; the average power plant
age is over 30 years (Campbell, 2012; President’s Council of Economic Advisers & U.S.
Department of Energy Office of Electricity Delivery and Energy Reliability, 2013). The
need to replace infrastructure and add capacity in constrained areas presents an
opportunity to compare the costs and benefits of shifting to a more decentralized
architecture versus a more business-as-usual approach. It is not uncommon to see
reports about microgrid projects designed to offset large investments in additional
substation capacity, such as Consolidated Edison’s efforts to use microgrids to defer
construction of a $1B substation in the Brooklyn and Queens area of New York (Tweed,
2014).

Adding distributed generation in the form of microgrids may also be preferable to
extending transmission lines to remote areas. It is straightforward to evaluate — for a
given microgrid design — what length line extension makes economic sense before
building a microgrid. Since it can cost in the range of $40,000 to $100,000 per mile
(depending on design, terrain, and labor costs) to build new primary distribution

systems, microgrids may be cost competitive in some cases (Barker et al., 2001).

3.3Fuel savings

Microgrids offer several types of efficiency improvements. The first area for
consideration is reduced transmission and distribution losses, which are estimated to
fall somewhere between 5-10% of gross electricity generation (Barker et al., 2001;
Lovins & Rocky Mountain Institute, 2002). The second area of opportunity lies in the
potential efficiency gains of distributed combined heat and power (CHP) applications.
While the electrical generating efficiency of distributed combustion turbines,
microturbines, internal combustion engines, and fuel cells generally fall below the peak
efficiency of new central-station combined-cycle generating plants, the distributed
systems may win out if they are operated at very high capacity factors and the reused
waste heat supply is well matched to the thermal loads. If the theoretical efficiencies of

combined heat and power systems of 80-90% can be reached in practice, the fuel
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savings can help make microgrids more economically competitive (Barker et al., 2001).
If CHP is used to replace old generating technologies, the savings are even greater,
since the average efficiency of the grid is only on the order of 30-40% (Barker et al.,
2001; U.S. Department of Energy & U.S. Environmental Protection Agency, 2012).
Using waste heat to generate cooling using absorption technology would be especially
valuable since cooling contributes significantly to summer critical peak electrical
demand (Chris Marnay et al., 2015). While cogeneration of electricity and thermal
energy can be deployed without microgrid capabilities, it often pointed to as a sensible
choice to provide dispatchable generation for microgrids, especially where natural gas is

plentiful.

Another area for savings lies in direct current (DC) microgrids. Since most distributed
energy resources (including fuel cells, solar PV, and batteries) provide or accept DC
electricity and many end loads, including power electronics, lighting, and variable speed
drives for heating, ventilation, and air conditioning, can be powered by direct current, all-
DC microgrids have been proposed to avoid losses from converting between DC and
AC (and often again back to DC) power (Barker et al., 2001; Dragicevic, Vasquez,
Guerrero, & Skrlec, 2014; John, 2008; Justo, Mwasilu, Lee, & Jung, 2013; Liang Che &
Shahidehpour, 2014; Patterson, 2012). These losses can waste from 5-15% of power
generation depending on the number of back-and-forth conversions. Additionally, faults
in DC systems can be isolated with blocking diodes and issues of synchronization and
harmonic distortion are alleviated; the need for reactive power compensation is
mitigated and problematic circulating reactive currents are reduced (Liang Che &
Shahidehpour, 2014). Native DC renewable resources like solar PV have zero fuel
costs, protecting against long term price volatility. Lastly, a grid-tied DC-based, non-
synchronous architecture simplifies interconnection with the AC grid and permits
straightforward plug-and-play capabilities in the microgrid, allowing addition of

components without substantial re-engineering (Asmus & Lawrence, 2016a).

3.4Clean Energy Integration
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To avoid a global average temperature rise exceeding 2 degrees Celsius over pre-
industrial levels, currently accepted as the threshold between “safe” and “dangerous”
climate change, human society needs to reduce the proportion of electricity produced by
burning fossil fuels to from 70% (in 2010) to under 20% by 2050 (Pachauri et al., 2014).
While there are many candidates for filling in this gap, many of the promising options
like solar PV and wind are variable and non-controllable, which can cause challenges
for the existing grid if deployed in large quantities. One concern centers on the impact
on voltage control for distribution feeders (Hoke, Hambrick, & Kroposki, 2012; Liu &
Bebic, 2008); at high enough penetrations, renewable resources can cause voltage rise
on distribution feeders that exceed ratings. The second concern is systemic and related
to the ability of the grid to handle fast shifts in renewable output, commonly referred to
as “ramping” (California Independent System Operator, 2016; Denholm, O’Connell,
Brinkman, & Jorgenson, 2015). Ramping concerns come in two flavors depending on
whether the renewables are increasing or decreasing their power output, for example
related to sharp meteorological transitions. If the net load is dropping rapidly, large base
load generating plants may be unable to ramp down sufficiently to make room for the
renewable energy entering the grid. This situation would force the renewable generators
to curtail their output, which is economically unfavorable and a waste of clean energy.
This situation is referred to as “over-generation” (Denholm et al., 2015). On the other
hand, if there is a sharp drop in renewable generation at a time when the electrical load
is increasing rapidly, there may be insufficient ramping reserves to make up the
difference. In locations like California, Texas, and Germany, situations have already
arisen where electricity prices have become negative, reflecting an imbalance between
supply and demand (Martin, 2016a, 2016b).

Microgrids address the feeder-level and system-level challenges of integrating
renewable generation because they are designed to locally balance generation with
flexible loads, so that the impact of distributed generation at the point of common
coupling with the utility grid is very small. Rather than, for example, injecting 100 kW of
solar-PV generated electricity directly onto the grid, it can be paired with the right
amount of demand and storage in a microgrid so that only a small amount is imported
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from or exported. The small residuals between generation and demand can be
exchanged with the utility grid or managed with distributed storage technologies

embedded in the microgrids, if necessary.

3.5Government goals
Policy goals at the state and national level aimed at improving energy efficiency,
increasing renewable energy deployment, and making the energy system more resilient
have direct and indirect impacts on microgrids. Direct impacts come in the form of
grants for microgrid projects themselves while indirect impacts include support for clean
generation and storage technologies that could be deployed in a microgrid architecture,
many of which are related to political commitments made to reduce greenhouse gas

emissions that drive climate change.

In the case of the United States, The Department of Energy has goals for microgrid
development specifically: to develop commercial scale microgrid systems (capacity <10
MW) capable of reducing outage time of required loads by >98% at a cost comparable
to non-integrated baseline solutions (represented by an uninterrupted power supply plus
diesel generator set), while reducing emissions by more than 20% and improving
system energy efficiencies by greater than 20%, by 2020 (Ton & Smith, 2012). In 2012,
the U.S. Department of Energy and U.S. Environmental Protection agency declared a
goal of adding 40 GW of combined heat and power generation by the year 2020,
equivalent to an increase of 50%. Interestingly, microgrids were not mentioned in the
U.S. Government document stating its combined heat and power goals. By 2016, only 2
GW of new CHP capacity had been installed according to one source, lagging behind
the government target (Walton, 2016). The United States has also pledged to reduce
greenhouse gas emissions by between 26 and 28% compared with 2005 levels by
2025, as part of the Paris Climate Agreement, and to reduce economy-wide emissions
by 80% by 2050, as stated in its “intended nationally determined contribution” or INDC
submitted to the United Nations. Unfortunately, different parties to the U.N. Framework

Commitment on Climate Change use different baselines and target dates, making it
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somewhat challenging to compare the U.S. commitment with, for example, Europe’s
commitment of a 40% reduction below 1990 levels by 2030 (see

http://www4.unfccc.int/Submissions/INDC).

Many U.S. states have also committed to either renewable portfolio standards (RPS),
greenhouse gas reductions, or both. For example, 29 states and Washington D.C. have
committed to renewable generation targets and major studies have been done to
evaluate the impact of these programs on solar PV deployment, greenhouse gas
emissions, and electricity costs (Wiser et al., 2016). The state of Hawaii deserves
special mention for its commitment to move to 100% renewable energy by 2045.
Massachusetts has committed to reducing greenhouse gas emissions by 25% from
1990 levels by 2020 and by 80% by 2050 (KEMA DNV, 2014). California is aiming to
reduce emissions to 1990 levels by 2020 and also to drop emissions by 80% from 1990
levels by 2050, consistent with the Intergovernmental Panel on Climate Change’s
assessment of mitigation required to stabilize global CO2 concentrations at 450 parts
per million (Williams et al., 2012). In addition, greenhouse gas emissions trading
markets have been established in California, the Northeast U.S. and in Europe. While
renewable portfolio standards and greenhouse gas reduction goals do not imply support
for microgrids per se, they do suggest movement of energy-related policies in a
direction that is consistent with a future that microgrids are well suited to support
through their ability to manage a high penetration of variable renewable resources. A
recent compilation of international programs supporting microgrid research,
development, and deployment also includes barriers to microgrid adoption and lessons
learned from existing programs, to help future microgrid planners and developers
(Romankiewicz, Marnay, Zhou, & Qu, 2014). A sampling of other commitments from

around the globe relevant to microgrids include:

e Canada - Goal of 90% non-fossil electricity generation by 2020. In 2009, non-

fossil generation stood at 77%, mostly from hydro, nuclear, biomass, wind).
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e Europe - 20% RPS, 20% increase in energy efficiency, 20% drop in GHG
emissions by 2020. Goal of 80-95% reduction in GHG emissions by 2050.

e Japan - 2010 plan calls for RPS of 20%

e China - goal of 15% of generation from non-fossil sources by 2020. Plans for 100
“‘New Energy City” pilots and 30 microgrid pilot projects.

e Israel (currently about 2.5% electricity produced by renewables): goals of 10%
renewable generation by 2020 and 17% by 2030, and a 26% reduction of per

capita GHG emissions by 2030, versus a 2005 baseline.

4. Legal and Regulatory Issues

This section includes a general overview of policy areas with legal and technical
considerations considered to be relevant to microgrid deployment and which, in several
cases, have represented a barrier to more widespread adoption. Several states in the
United States have evaluated the costs and benefits of microgrids in the context of the
current legal and regulatory framework pertaining to electricity generation, transmission,
and distribution. For the most part, the motivation for these studies has centered on grid
resiliency; however, they do cover other benefits from distributed energy resources in
general and microgrids in particular. The resulting reports should be a starting point for
any government body considering the merits and challenges of microgrids (Burr et al.,
2013; Center for Energy, Marine Transportation and Public Policy at Columbia
University, 2010; KEMA DNV, 2014; Maryland Resiliency Through Microgrids Task
Force, 2014). More recently, review articles have been published that give a good
global overview of so-called “smart grid” policies that impact microgrids (Brown & Zhou,
2013).

4.1.Interconnection Policy
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Following deregulation in the United States in the late 1990s, there were no nation-wide
standard requirements for small independent power producers to interconnect to the
grid. Manufacturers and project developers had to deal with a patchwork quilt of
requirements that varied from utility to utility (DeBlasio, 2013a), adding substantial cost
and time to the microgrid development process. The development of IEEE 1547,
released in 2003, was an important step for integrating distributed energy resources to
the macrogrid in a safe manner (Basso, 2014), with rules around critical voltage and
current thresholds for taking DERs offline. IEEE 1547 covers distributed resources with
an aggregate capacity of 10 MVA or less and has been adopted by 80 percent of U.S.
state public utility commissions (DeBlasio, 2013a). Until recently, though, the main focus
of interconnection policy around distributed energy resources, including IEEE 1547, was
on ensuring that those resources would disconnect in the case of macrogrid failure (a
so-called “unintentional islanding” situation) to protect the safety of line workers. Since
there were no regulations regarding intentional islanding, it was difficult or impossible to
connect microgrids to the macrogrid.

It wasn’t until 2011, when IEEE approved 1547.4, that standardized protocols became
available for safe intentional islanding and reconnection of microgrid systems. IEEE
1547.4 includes guidance for planning (including load requirements and planning,
electric power system requirements and planning, distributed resource requirements
and planning, and system studies), design, operation, and integration of distributed
resource island systems with the larger utility grid. It covers functionality of microgrids
including operation in grid-connected mode, the transition to intentionally islanded
mode, operation in islanded mode, and reconnection to the grid, specifying correct
voltage, frequency, and phase angle. IEEE 1547.4 is comprehensive, covering safety
considerations, protection, monitoring, communications, control, and power quality.
California’s Rule 21 also addresses interconnection requirements, to help remove
barriers put in place by legacy utility providers, by establishing standardized technology-
and size-neutral requirements, a clear review process, testing and certification

procedures, set fees, and a streamlined application process. Interconnection is of
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paramount importance: if microgrids are not able to connect to the utility grid, they must
operate permanently in an islanded mode, forfeiting the opportunity to derive revenue
from grid services they could otherwise provide and crippling their business case. To
see one example, details of interconnection policy in the State of New York can be
found in section 4.2.2 of the State’s 2010 microgrid assessment (Center for Energy,
Marine Transportation and Public Policy at Columbia University, 2010). Interconnection
of distributed generation there falls into three classes, based on power: > 20-MW
facilities that must connect to the transmission system, with interconnection
requirements defined by the New York Independent System Operator and U.S. Federal
Energy Regulatory Commission; 2-MW to 20-MW, with interconnection process and
requirements determined by each local utility; and < 2-MW for which the Public Service
Commission has established Standardized Interconnection Requirements (SIR) that

must be followed by the six local utilities.

4.2. Communications protocols & interoperability
To scale up rapidly, microgrid technologies must be “plug and play”, meaning that they
do not require extensive customization or configuration to connect to the distribution
system, that distributed energy resources can be connected anywhere in the microgrid
and that changes can be made to the microgrid without requiring a complete redesign of
the power and protection system (Eto & Others, 2009). A part of achieving this vision is
the establishment of standards for power system communication and interoperability
protocols which will allow easy, effective, and secure communication between microgrid
components and between the microgrid and the utility grid (Basso, 2014). It was
decided in 2013 to include interoperability in the Standard 1547 family, working off of
the progress made more generally in interoperability for the smart grid through IEEE
Standard 2030, focusing on reliability, security, quality of service, and communications

mediums. There are also efforts underway to extend the IEC 61850 communication
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protocol, originally developed for substation automation, to DERs in general and
microgrids in particular (Ustun, Ozansoy, & Zayegh, 2011a). IEC 61850 aims to replace
the conventional serial communication protocol in order to enable more advanced
protection capabilities, reduce the need for manual configuration, use readily available
communication infrastructure, standardize models and naming conventions and device
models, and deploy a high speed bus that enables sharing of sensor signals between

devices (Mackiewicz, 2006).

4.3.Feed-in tariff and net metering arrangements
icrogrids can sell electricity to the grid during peak periods or when excess capacity is
available, as long as they have an agreement with the utility. The ability of independent
microgrid operators to sell power back to the macrogrid is a major consideration for the
microgrid’s economic viability. Therefore, regulatory policy governing payment for
distributed energy generation is of interest for microgrids and include feed-in tariffs, net
metering, and tradable renewable energy certificates (Del Carpio-Huayllas, Ramos, &
Vasquez-Arnez, 2012). Feed-in tariffs have been particularly popular in Europe as a
way to incentivize investment in small scale wind and solar generation, spreading to
over 50 countries by 2011. Typically, a dual-meter approach is used which allows
measurement of, and payment for, all electricity generated by the distributed system,
whether or not it is consumed on-site. Electricity exports to the grid are given a bonus
payment and the producer is also able to benefit from the reduction in energy
purchased from the grid that has been displaced by self-generation (Del Carpio-
Huayllas et al., 2012). Net metering is a somewhat simpler approach in that it can be
implemented with a simple bi-directional meter that measures the net flow of electricity
between the utility and the site. Net export of electricity to the grid is generally paid for at
the retail rate. Smart meters allow incorporation of time of use pricing into the net
metering scheme so that payment for import or export of electricity reflects current
market conditions. Since microgrids often contain a mix of renewable and non-
renewable generating assets and exceed 5 MW, they may not be eligible for current

feed-in tariff or net metering schemes, which tend to focus on small-scale, purely
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carbon-free generating technologies. In New York, for example, microgrids are unlikely
to receive net metering service from a utility in the situation that they serve multiple
customers and/or employ hybrid systems that combine multiple technologies like solar
and gas-fired reciprocating engines (Center for Energy, Marine Transportation and
Public Policy at Columbia University, 2010).

Renewable energy certificates (RECs) are tradable energy commodities that represent
proof that 1 MWh of electricity was generated from an eligible renewable energy source
(Del Carpio-Huayllas et al., 2012) and allow the owner to claim that they have
purchased renewable energy, as part of emissions trading markets. Other economic
considerations such as payment for reactive power support and power purchase

agreements are covered in more detail below in the section on economic benefits.

4.4Demand Response
When dealing with capacity constraints in the electrical system, a reduction in load of 1
MW is as valuable as increased generation of 1 MW, and may be achieved at much
lower cost. This equivalence is reflected in Order 745 of the United States Federal
Energy Regulatory Commission (FERC), which ruled in 2012 that demand response
should be compensated like other generators in wholesale energy markets, and has
since withstood a legal challenge in the U.S. Supreme Court. This ruling is important
because microgrids are typically designed to control flexible and shedable loads and
therefore can benefit from participating in demand response markets. The topic of
demand response is closely related to utility rate structures, which can be modified to
incorporate a time-varying component that reflects the cost of generation and
congestion on the grid (Federal Energy Regulatory Commission, 2015). The time
varying component can be as simple as a fixed time-window (for example, summer
afternoons) or completely dynamic, for example changing every 15 minutes. Microgrids
can leverage these changes for their economic benefit. An overview of the situation in

Europe shows varying levels of support across E.U. member states for both so-called
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“explicit” demand response, which is an agreement with the utility to change demand by
a certain amount, and “implicit” demand response, which is modification of loads in
response to a dynamically changing electricity price (Smart Energy Demand Coalition,
2015).

4.5 Utility Regulation
New York and Massachusetts have explored how microgrids fit into their existing
electricity regulatory schemes and shared their findings with the public (Center for
Energy, Marine Transportation and Public Policy at Columbia University, 2010; KEMA
DNV, 2014). There are two key issues that impact microgrids: first, are they to be
considered as electrical distribution utilities and therefore subject to oversight by state
regulatory agencies; and second, even if they are exempt from state regulation as
utilities, do they fit into the existing legal framework governing the sale and purchase of
electricity and rights to generate and distribute electricity? A clear legal identify for
microgrids is needed to achieve the regulatory certainty required to make microgrid
projects “bankable” — in other words, to convince investors, customers, and engineers to
invest time and money in developing microgrid projects (Center for Energy, Marine
Transportation and Public Policy at Columbia University, 2010). Regulatory certainty is
also required to lower the time and expense involved in developing microgrid projects.
The issues involved are not simple: generators of electricity are subject to a complex set
of federal and state laws that relate to property permissions, environmental protection,
consumer rights, technical efficiency, and administrative orders (Center for Energy,
Marine Transportation and Public Policy at Columbia University, 2010) that may apply to
microgrids in part or in whole. The risk introduced by legal and regulatory uncertainty is
a major barrier for microgrids. Some clarity will begin to emerge and accumulate over

time as real microgrid projects grapple with these issues in the courts.

The example of New York is included in some detail here, as it illustrates the range of

issues that States in the United States are grappling with as they evaluate whether to
187



support adoption of microgrids to deliver energy security and other benefits. The
situation in other states or countries can be compared and contrasted, issue by issue. In
general, if clarity has not been achieved in legislation or the courts, microgrids will be
evaluated on a case-by-case basis according to: the technologies deployed, whether
the microgrid is located entirely on private property, whether the distribution system
crosses a public way, serves multiple previously unaffiliated customers, serves
residential customers, and the size of the distribution area (Center for Energy, Marine
Transportation and Public Policy at Columbia University, 2010). A microgrid is likely to
be considered an electric corporation if it intends to serve multiple, otherwise unrelated,
retail customers, cross a public way with power lines, and/or obtain a franchise from a
local authority. The reasons for this conclusion are discussed below in more detail. The
relevant regulatory body in New York is the State Public Service Commission (PSC),
which enforces the regulations covering electric corporations including the Public
Service Law (PSL). If the PSC decides that services provided by microgrids are covered
by the PSL, the PSC can regulate the rates charged for electricity and decide whether
to approve facility construction, among other powers, all of which have major
implications for microgrid developers and owners. In the event that the microgrid is
deemed to be a distribution utility, it may assume an obligation to serve, meaning that it
would be required to provide service upon the written or oral request of a potential retail

customer.

All microgrids that intend to use public ways to distribute electricity to customers (for
example sending thermal energy or electricity across a public street) require permission
from the local municipal authority (Center for Energy, Marine Transportation and Public
Policy at Columbia University, 2010). This permission can be in the form of a “franchise”
or other “lesser consent” (such as a so-called “revocable consent”). A microgrid’s ability
to obtain this permission depends in large degree on whether a pre-existing electric
utility has been given an exclusive franchise, effectively blocking out competitors. In
New York, if the existing franchise is non-exclusive, state law still mandates that a

competitive process be used to determine the franchise grantee, allowing incumbents
188



and other service providers to compete against the microgrid developer for the
franchise. In New York, to exercise the rights granted with the franchise, approval from
the PSC is required in the form of a Certificate of Public Convenience and Necessity
(CPCN), confirming that a major energy production or delivery facility is necessary or
convenient for the public service. The CPCN may also be required if the microgrid
project seeks to directly interconnect to retail customers. Due to the small scale and
limited scope of services, the New York feasibility study considered unlikely in most
cases that a microgrid would require a franchise and therefore, that most microgrids
would not be under the jurisdictional authority of the PSC. In addition, microgrids selling
to retail customers, especially to those who don’t own their facilities, may have to
comply with various consumer protection laws. However, regardless of its status as a
distribution utility, microgrids that produce power through combustion (such as
microturbines or diesel generators) are subject to federal and state laws governing
emissions and will require a permit under certain conditions. The choice of business or
ownership model will also impact the degree to which utility franchise or lesser consent
come into play; these considerations are discussed in more detail below.

Today’s regulations governing electric utilities in the United reflect a process referred to
as “restructuring” (and colloquially as “deregulation”, regardless of the actual impact on
utility regulation) that occurred in the mid- to late-1990s in many states in the U.S.,
following the example of deregulation in other major industries like airlines, railroads,
telecommunications, and others ((Borenstein & Bushnell, 2015); here we again use
New York to illustrate how restructuring has impacted the market. In New York,
competition was introduced into a market previously dominated by vertically-integrated
companies (Center for Energy, Marine Transportation and Public Policy at Columbia
University, 2010) and a separation was introduced between the generation,
transmission, and distribution functions. Generators can sell electricity into a competitive
wholesale market administered by the New York Independent System Operator
(NYISO) or directly to local distribution utilities or retailers known as Energy Service

Corporations (ESCOs) for resale to customers (generally the ESCOs serve as brokers
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between generators and end-use customers). The NYISO is responsible for maintaining
a balance between supply and demand at all times. The ecosystem of players in the
restructured New York electricity market includes smaller generating companies called
Independent Power Producers. Microgrids as such are not currently included in any of
the currently defined classes of market participant, perhaps because they transcend the
categories of generation, transmission, and distribution. New York has very strong
consumer protection laws for electric and gas customers that may come into play for
microgrids that cover applications for termination and restoration of service; metering

and billing requirements; and late payment charges, among other topics.

At the Federal level, microgrids are likely to be strongly influenced by the 1978 Public
Utility Regulatory Policies Act (PURPA), enacted to promote energy conservation and
renewable energy generation in the aftermath of the 1973 energy crisis. Cogeneration
and other “qualifying facilities (QFs)” are entitled to receive special rate and regulatory
treatment, including the requirement that electric utilities offer to purchase electricity
from QFs. QFs cannot be majority owned by traditional electric utilities and are exempt
from the Public Utility Holding Company Act. Since many microgrids will employ
cogeneration and/or small renewable generators, complying with the eligibility
requirements for being a qualifying facility becomes a key design consideration, in order
to be exempt from many state and federal regulatory requirements, including those

regarding rate setting.

4.6 Next generation efforts to update utility regulation and operation

Utility restructuring has not been a universal phenomenon and progress in the direction
of deregulation slowed dramatically following the challenges of restructuring
experienced in California in the early 2000s (Borenstein & Bushnell, 2015). Even for
deregulated utilities, the structure of electricity markets and the manner in which
investor-owned utilities are paid for providing service (using so-called “cost of service”

accounting) still represent impediments to distributed energy resource adoption in
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general, including microgrids. Several States in the USA have taken it upon themselves
to commission or formulate their own plans for how to modernize their grids and
electricity markets to provide more reliable, efficient, and clean, electricity to their
customers. Countries like Great Britain are also formulating plans for evolution of the
grid to a more clean, secure, and distributed energy future and examining the social,
legal, and regulatory factors that help or hinder that transition (Barton et al., 2015).
Examples of visioning and planning documents for several U.S. States are included
below; readers are encouraged to access the reports for more details. General
principles that run through the reports are discussed below in the section about

microgrid barriers.

Maryland “Utility 2.0” concept (Energy Future Coalition, 2013)

Massachusetts “Utility of the Future” (Massachusetts Department of Public Utilities,
2014)

New York Reforming the Energy Vision (“REV”) (New York Public Service
Commission, 2014)

lllinois - Energy and Infrastructure Modernization Act of 2011

5. MICROGRID DEPLOYMENT
While much has been written about the concept and promise of microgrids, much can
also be learned from examples of real, operating microgrids. Below, we describe
different microgrid applications and provide information on deployment of microgrids to
serve their needs from across the globe. According to Navigant Research, which has
tracked microgrid deployment since 2011, the United States has been the historical
leader in deployed capacity; today, though, the U.S. and Asia have roughly the same
capacity of operating, under development, and proposed microgrids, each with 42% of
the market. Europe trails with 11%, Latin America with 4%, and the Middle East and
Africa currently have just a 1% share. Total capacity was approximately 1.4 GW in 2015
and is expected to grow to roughly 5.7 GW (considered a conservative estimate) or 8.7

GW (under an “aggressive” scenario) by 2024 (Asmus & Lawrence, 2016b). The
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conservative scenario is based largely on actual project development and assuming
current public policy trends pertain over the 2015-2024 horizon; the aggressive scenario
represents broad public policy support and regulatory reform and dramatic technology

advances.

Navigant breaks the microgrid market into the following segments (with % of total
deployed power capacity as of Q1 2016): Remote (54%), Commercial/Industrial (5%),
Community (13%), Utility Distribution (13%), Institutional/Campus (9%), and Military
(6%) (Asmus & Lawrence, 2016a). Direct Current (DC) microgrids are included, but
currently represent zero capacity in their accounting. Community microgrids were
further subdivided into those that focus on resilience versus those that emphasize
integration of renewable generating sources (Asmus & Lawrence, 2016b). It should also
be noted that Navigant Research does not track purely diesel-generator based remote
microgrid systems; to be considered, they must include at least one renewable

generating source.

5.1Laboratory R&D
Creating laboratory test beds for microgrid research and development was a
fundamental component of both the CERTS effort in the United States (Eto & Others,
2009; R.H. Lasseter et al., 2011; Robert H. Lasseter, 2007) and in the European
MICROGRID project (Barnes, Engler, Hatziargyriou, & Vandenbergh, 2005). Other
recent review papers (Nikos Hatziargyriou, Asano, Iravani, & Marnay, 2007; Hossain,
Kabalci, Bayindir, & Perez, 2014, Lidula & Rajapakse, 2011; Shamshiri, Gan, & Tan,
2012) thoroughly cover the capabilities of microgrid laboratories and test beds across
the globe. One important capability for these laboratory facilities is the ability to emulate
micro-generation sources, such as PV arrays, microturbines, and wind generators
(Shamshiri et al., 2012). A larger scale facility, called the Energy System Integration
Facility (ESIF) opened at the U.S. National Renewable Energy Laboratory (NREL) in

2012 (National Renewable Energy Laboratory, 2016). The ESIF user facility includes a
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network simulator-in-the-loop, hardware and power hardware-in-the-loop, and real-time
simulator capabilities, allowing testing of microgrid equipment at full power and actual

load levels before they are deployed in the field.

Electrical utilities have also begun testing microgrid concepts in laboratory-type settings.
One example is Duke Energy, which maintains two test microgrid facilities: one in
Gaston County, North Carolina (Cohn, 2016), and one in Charlotte, North Carolina
(John, 2016). The first installation focuses on partnership with manufacturers and
interoperability; the second, originally built to test virtual power plant capabilities is a
solar PV and storage microgrid serving a fire station. The partnership between the
CERTS team and American Electric Power (AEP) to develop the CERTS test bed
represents a productive partnering model between industry and the government (Eto &
Others, 2009).

5.2 Military
A recent technical report (S. B. Van Broekhoven, Judson, Nguyen, & Ross, 2012)
provides a good overview of the U.S. Department of Defense’s perspective on
microgrids and includes a comprehensive annotated list of built and planned military
microgrids through 2011. It evaluates the economic case for four microgrid architectures
(diesel generators alone that can or cannot operate in parallel with the utility, islandable
diesel + PV, and diesel + PV + storage) at three locations with very different climates
(San Diego, Massachusetts, Virginia). While the details may be specific to military
installations, such as the availability of large tracts of land for PV installation at low or no
cost near major electrical loads, the report presents some findings of relevance to
microgrids in general, such as the importance to the microgrid’s ROI of providing
services to the macrogrid. These services include participating in utility emergency
demand response or peak shaving programs to relieve grid congestion as part of
regular operations and provision of frequency regulation and spinning reserves, though

the latter has not been demonstrated in military microgrids as of 2011. The authors also
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comment on the role of solar PV, often installed in military microgrids in response to
government mandates, in extending achievable islanding duration versus a diesel-only
scenario. At the same time, they note the infeasibility of running military bases solely on
PV and storage today because the capacity required for the storage system would be
extremely expensive. A recent report tracking deployment stated that North America is
the only region with capacity in military microgrids, include both grid-tied and remote
(tactical) systems (Asmus & Lawrence, 2016b). The report found 34.4 MW of capacity
installed in 2015.

Cost-effective energy security is the driving role for military microgrids, where energy
security is defined as: “the ability of an installation to access reliable supplies of
electricity and fuel and the means to use them to protect and deliver sufficient energy to
meet critical operations during an extended outage of the local electrical grid (S. B. Van
Broekhoven et al., 2012).” The authors highlight the role of networking energy resources
both in terms of redundancy and fuel diversity and also in terms of load sharing,
allowing fewer generators to run at higher load factors, which corresponds to more
efficient operation. A good example of a military microgrid research and demonstration
showcase is the Smart Power Infrastructure Demonstration for Energy Reliability and
Security (SPIDERS) Joint Capability Technology Demonstration (JCTD) (Naval
Facilities Engineering Command, 2015), which aimed to “demonstrate a secure
microgrid architecture with the ability to maintain operational surety through secure,
reliable, and resilient electric power generation and distribution.” The SPIDERS JCTD
was a three-phase program, with the scope and complexity growing with each phase.
Phase 1 took place at Joint Base Pearl Harbor-Hickam, Hawaii in 2012 and 2013
featuring a single distribution feeder, two electrically isolated loads, two diesel
generators, and a PV array. Phase 2 took place in 2013 and 2014 at Fort Carson,
Colorado and included three distribution feeders, seven building loads, three diesel
generators, a 1-MW PV array, and 5 bidirectional electric vehicle chargers. The final
phase 3, at Camp Smith, Hawaii, finished in late 2015; it used new and existing

generation sources to support the loads of the entire base. A more detailed description
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of SPIDERS and comparisons to other military microgrids are available in the literature
(S. B. Van Broekhoven et al., 2012; S. Van Broekhoven, Judson, Galvin, & Marqusee,
2013).

5.3Commercial/Industrial
Until now, the commercial/industrial microgrid segment has been fairly small compared
to campus/institutional microgrids, with 70.5 MW installed in North America and 47 MW
installed in Asia and the Pacific. Data centers are mentioned as one application for
microgrids with great promise for growth (Asmus & Lawrence, 2016b). Remote
microgrids serving the mining industry have been an area of active development, with

renewable resources helping offset high expenditures for diesel fuel.

5.4 Residential
The question of optimal aggregation scale is an open one in the microgrid literature. For
example, is it better to integrate detached home residential customers into large
community microgrids or to deploy microgrid technology at the level of individual
homes? The advantages of a fully decentralized building-integrated microgrid approach
(Sechilariu, Wang, & Locment, 2013) include control over energy resources by
customers and the fact that individual homes are already connected to the electrical
distribution network so that any changes performed behind the utility meter to add
microgrid capabilities will likely not introduce significant legal or regulatory complications
beyond what is already encountered for interconnection of rooftop solar installations. At
the same time, this fully decentralized approach, especially if it includes islanding
capability, forfeits cost-saving economies of scale and the generation and load diversity
that comes with networking multiple generators and loads. For example, the cost of
interconnection protection can add as much as 50% to the cost of a microsource (i.e.
serving an individual home or small building) project so it may be better to site multiple
microsources behind a single utility interface (Robert H. Lasseter, 2007). Some authors

envision a nested system where energy management systems at the building level
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communicate with each other and neighborhood-level master controllers to coordinate
distributed energy resources, including shared community energy resources and loads
like street lighting (Bahramirad, Khodaei, Svachula, & Aguero, 2015). The building-
integrated microgrid deployment model also likely requires innovative financing (akin to
solar leasing models) due to the expense of generating resources, controllers, power
electronics, and integration with existing building systems. Literature exploring so-called
“customer microgrids” examines the technical feasibility and economic viability of this
mode of broad decentralized residential deployment (Khalilpour & Vassallo, 2015;
Suryanarayanan, Rietz, & Mitra, 2010). Many of these studies are motivated by the
guestion of whether it is feasible and or/desirable to cost-effectively gain full autonomy
from the electrical grid using PV and battery storage (Bronski et al., 2014; Khalilpour &
Vassallo, 2015). The analysis of residential microgrid topology and its impact on
distribution congestion and robustness against overload failures while minimizing cost
has become quite advanced, featuring complex network approaches. One study in
particular simulated a realistic use case of more than 4500 residences in Cambridge,
Massachusetts using realistic load and geographical data and simulating a large
deployment of solar PV (but not considering electrical storage) as microgrids (Halu,
Scala, Khiyami, & Gonzalez, 2016). Interestingly, private companies driving the
deployment of solar PV in the U.S. with innovative financing models are now discussing
making storage and even microgrids a part of the energy services package they

provide.

5.5 Campus/Institutional
Deploying onsite generation, especially in a combined cooling, heat, and power (CCHP,
also known as “trigeneration”) application with multiple loads collocated on a campus
owned by a single entity has been a successful model so far and typically includes the
largest microgrids to date, with capacities ranging from 4 to over 40 MW (Asmus &
Lawrence, 2016b). North America has been the leader in deploying this type of
microgrid, with an installed capacity in 2015 of almost 220 MW, expected to grow to

over 1 GW by 2024 (Asmus & Lawrence, 2016b). No other region of the world came
196



close to North America in terms of installed capacity in 2015, though growth is expected
to be robust in Asia. Universities in the United States were among the earliest adopters
of distributed energy resources for energy cost savings, and more recently for energy
security and renewable energy integration, microgrids. Examples include Cornell
University, New York University, Princeton University, and the lllinois Institute of
Technology. One of the most advanced examples is the University of California at San
Diego (Washom et al., 2013).

Santa Rita Jail, located in Alameda County, California, is a real institutional microgrid
proof-of-concept employing the CERTS concept (Alegria et al., 2014). The microgrid
includes a 1-MW fuel cell, 1.2 MW of solar PV, two 1.2-MW diesel generators, a 2-
MW/4-MWh Lithium Iron Phosphate electrical storage system (chosen because this
chemistry features high AC-AC round trip efficiency and offers improved thermal and
chemical stability compared to other battery technologies, despite some sacrifice in
energy density), a fast static disconnect switch, and a power factor correcting capacitor
bank. Prior to the microgrid installation, diesel generators were available to avoid
sustained power outages, but involved a delay of about 10 seconds for switchover,
which was considered unacceptable given the facility’s security requirements. The
CERTS protocol allowed all of these distributed energy resources to work together
during grid-connected and island modes without requiring a customized central
controller. The ability of an institutional microgrid to deliver peak load reduction, and the
tradeoffs between optimizing net load shape for the facility versus for grid needs, has
been demonstrated using Santa Rita Jail as an example, using DER-CAM to define

equipment scheduling and dispatch (DeForest, 2013).

5.6Islands and Remote/Rural Microgrids
Hybrid microgrids that include renewable energy sources show great potential to
diversify generation and lower microgrid operating costs in island communities that rely

on expensive imported oil for generating electricity and in remote areas far from existing
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electricity infrastructure (Bunker, Hawley, & Morris, 2015; Nayar, 1995; Schnitzer et al.,
2014; Ustun, Ozansoy, & Zayegh, 2011b). Islands in developing countries, such as the
Sundarbans region of India, compound the challenges of supplying electricity in
developing countries with limited infrastructure with the challenges of electrifying remote
isolated islands (Mitra, Degner, & Braun, 2008). Remote microgrids need not use a one-
size fits all approach to system design; with careful resource evaluation and
understanding of demand profiles, projects can be optimized to fit local conditions
(Domenech, Ferrer-Marti, Lillo, Pastor, & Chiroque, 2014; Khatib, Mohamed, & Sopian,
2012). However, careful attention needs to be paid to the impact of resource variability
on level of service as well as the level of maintenance required to keep the system
running or to restore service in the case of generator failure. A review of literature
studying the potential benefits and risks of solar PV hybrid microgrid (often called mini-
grid) systems (Hazelton, Bruce, & MacGill, 2014) that combine diesel and PV yet avoid
large battery investment costs concludes that these systems can improve electrical
service while reducing energy costs for customers; however, they also contain several
risks including oversizing due to load uncertainty, integration challenges, equipment
incompatibility, problematic business models, and challenges stemming from
geographic isolation. For rural areas in developing countries, electricity is a key
resource for meeting basic human needs, and microgrids may be the best way to
deliver that electricity (lllindala, Siddiqui, Venkataramanan, & Marnay, 2006).
Information is also available on the technical state of the art for remote hybrid
microgrids (Nema, Nema, & Rangnekar, 2009) and working examples now permit

guantitative performance analysis (Louie, 2016).

5.7 Community and Utility Microgrids
Community and so-called “community resiliency” microgrids represent opportunities to
support integration of clean energy generation for the purpose of lowering greenhouse
gas emissions and to improve energy security for critical community infrastructure like
emergency response, public safety, water purification, and waste water treatment.

However, despite enjoying broad public support, community microgrids face tough
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regulatory barriers (Asmus & Lawrence, 2016b). “Utility microgrids” are essentially the
same as community microgrids, but it is clear that the utility owns system and provides
service to customers in a manner similar to their existing business model. The microgrid
paradigm allows the utility to provide customers additional services like tailored power
quality and reliability. At the same time, since the utility is already set up to sell
electricity, the utility microgrid sidesteps many of the complications that privately-owned
community microgrids face that aim to sell electricity to many customers or build
infrastructure that requires franchise rights and may invoke regulatory oversight (Bronin
& McCary, 2013). Several utility companies (Asmus, 2015), like Arizona Public Service,
Consolidated Edison, Commonwealth Edison, Duke Energy, Green Mountain Power,
NRG Energy, San Diego Gas and Electric and Southern California Edison (Montoya,
Sherick, Haralson, Neal, & Yinger, 2013) are exploring microgrids as a way to provide
additional services to customers, defer capital investments, improve overall reliability,

and to manage potential disruption to their business model.

6 DEPLOYED TECHNOLOGIES

Several review papers describe distributed energy resource technologies, including their
advantages and disadvantages. Some of these reviews include detailed technical and
cost information (Akorede, Hizam, & Pouresmaeil, 2010; Bayindir, Hossain, Kabalci, &
Perez, 2014; El-Khattam & Salama, 2004); others focus purely on generation
technologies and their applications in certain geographical areas like the United States
(Thornton & Monroy, 2011).

6.1 Distributed Generation
6.1.1 Reciprocating Generators
Reciprocating internal combustion engines can be split into two groups: compression
ignition (known commonly as “diesel”) and spark ignition (Abusharkh et al., 2006).
These generators have been used for a long time to provide emergency backup power,
and they can be used for CHP or CCHP. At the same time, despite the advantages of

quick startup and load-following, they raise concerns regarding nitrogen oxide and
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particulate emissions and noise levels, especially when deployed in densely populated
areas. While diesel fueled systems still dominate in standby and short-term applications,
the market is moving toward natural gas technologies because of superior availability (in
the technical sense of reduced down-time and duration of service during emergencies if
access to natural gas is unhampered), price, and environmental compliance. Lean-burn
natural gas engines have lowered emissions of nitrogen oxides and brought efficiencies
to about 35% (Robert H. Lasseter, 2007).

6.1.2 Microturbines
Microturbines can operate using several different fuels, including natural gas and
gasoline with efficiencies of around 30-35%. Advanced systems lower emissions below
those attainable by reciprocating engine generation. Their advantage lies in their
mechanical simplicity, being single shaft devices with air bearings and no lubricants.
They operate at variable speeds of 50,000 to 100,1000 rpm and require power

electronics to interface with the electrical system (Robert H. Lasseter, 2007).

6.1.3 Fuel Cell

Fuel cells have the great advantage of only emitting water vapor during their operation,
though nitrogen oxides and carbon dioxide may be released as a result of reforming
natural gas or other fuels to provide hydrogen for the fuel cell. They offer higher
efficiencies than microturbines but are typically more expensive. Several designs are
available that have potential application in microgrids (Kirubakaran, Jain, & Nema,
2009; Mekhilef, Saidur, & Safari, 2012; Neef, 2009), some of which are more or less
suitable for combined cooling, heat, and power applications. Solid oxide and molten-
carbonate fuel cells, which operate at high temperatures, have been demonstrated in
microgrid applications. Phosphoric acid fuel cells, alkaline fuel cells, and low-
temperature Proton Exchange Membrane (PEM) fuel cells are other commercially

available types of fuel cell for distributed generation.
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6.1.4 Combined Heat, Power, and Cooling

Existing power plants, whether central or distributed have an average fuel-to-delivered
electricity efficiency of roughly 30%, meaning a loss of 70% of the primary energy
provided to the generator. At the top end of the efficiency range are combined-cycle
technologies that raise efficiency to roughly 60%, meaning that 40% is still lost. Since
distributed generation can be co-located with loads demanding thermal energy (heating,
cooling, and refrigeration), the combined provision of heat and electrical power (CHP) or
cooling, heat, and power (CCHP, also known as “trigeneration”) offers the opportunity to
raise the useful fraction of primary energy above 80% and some cases even up to 90%
(Robert H. Lasseter, 2007). This increased efficiency translates directly into fuel cost
savings and has driven the deployment of CHP — and by association microgrids — in
large campus settings in the United States. While CHP does not require implementation
in a microgrid and microgrids do not inherently require CHP, the two strategies are
mutually reinforcing. In places with efficient and relatively clean utility grid electricity
generation like California, CCHP likely represents the biggest opportunity for microgrids
to reduce carbon dioxide emissions, since distributed generation technologies have
efficiencies and carbon emissions similar to the utility grid generation (Siddiqui & others,
2004).

6.1.5 Solar PV and Solar Thermal

Solar photovoltaic arrays most commonly employ crystalline silicon solar cells, though it
is also possible to use thin film amorphous silicon, cadmium telluride, or copper indium
diselenide based panels (Abusharkh et al., 2006). Solar PV prices have been steadily
dropping over the past decade and are nearing cost parity with grid electricity in some
areas. PV has the advantage of zero fuel cost and zero emissions and the
disadvantages of intermittency, leading to low capacity factors and inability to dispatch
without storage. Advanced capabilities for accurate short term forecasts of PV
generation help manage the uncertainties that intermittent generation introduces. A lot
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of emphasis has been placed on capturing waste heat from distributed generation; at
the same time, direct capture of solar heat for heating and cooling is an alternative that
has a long legacy for service water heating; adding thermal storage would make solar
heating and cooling dispatchable.

6.2 Storage

The array of technologies for energy storage currently under development that could
potentially play a role in microgrids is extensive (Diaz-Gonzalez, Sumper, Gomis-
Bellmunt, & Villafafila-Robles, 2012; Suvire, Mercado, & Ontiveros, 2010). Much of the
attention is on storage of electricity; however, storage of thermal and mechanical energy
should be kept in mind where appropriate. A great deal of the literature focuses on the
use of storage to balance intermittent wind resources; however, much of the analysis is
applicable to microgrids whether or not they employ wind turbines. A general feature of
microgrids is that the small micro-generation sources they employ lack the inertia of the
large synchronous generators used to serve the utility grid that buffer small changes in
voltage and frequency resulting from small imbalances of generation and demand. This
fact, combined with the higher variability found in loads at the microgrid scale (as
opposed to the smoothing that load diversity provides at larger scales of aggregation),
means that even though some generation technologies and controllable loads may be
able to provide flexibility, some storage is likely necessary to prevent microgrid faults
(Abusharkh et al., 2006).

6.2.1 Electrical Storage

The price of different forms of electrical storage technologies is still relatively high, but
dropping steadily. The appropriate choice of storage product will depend on total costs
of ownership, power rating, and storage capacity. Below, we survey some of the

potential options at a high level.

6.2.1.1 Electrochemical

Electrochemical energy storage technologies typically fall into two main classes in

reference to microgrids, typically referred to as “batteries” and “flow batteries” or
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‘regenerative fuel cells” (Abusharkh et al., 2006). Commonly used battery
configurations, which can be used to store up to tens of megawatts include Lead acid,
Sodium-Sulfur, Lithium ion, and Nickel-Cadmium. Newer chemistries are being
developed to improve cycling, reduce costs, lower toxicity, and improve energy storage
and power characteristics. Flow batteries decouple power and energy storage (Suvire et
al., 2010) and are able to support continuous operation at maximum load and complete
discharge without risk of damage. Flow battery chemistries, generally in the range of
hundreds of kW up to about 10 MW include Zinc-Bromine, polysulphide bromide, and
Vanadium Redox. Comprehensive reviews of battery energy storage systems covering
details of the major technologies available (such as capital costs, cycling capability,
lifetime, energy density, round trip efficiencies, and power ratings among others), their
principles of operation, as well as their advantages and disadvantages for power system
applications are available. Hydrogen has also been mentioned as a possible energy
storage mechanism, produced via electrolysis of water using excess renewable energy

and consumed by fuel cells (Diaz-Gonzalez et al., 2012).

6.2.1.2 Superconducting Magnetic Energy Storage (SMES)

SMES systems store energy in a magnetic field which is created by a DC current in a
large superconducting coil (Diaz-Gonzélez et al., 2012). The system requires
cryocoolers to maintain conditions conducive to superconduction but overall system
efficiency can still reach 90%. While the large magnetic fields they involve may cause
concern, their speed of response, lack of moving parts, and high efficiency are

advantageous (Suvire et al., 2010).

6.2.1.3 Supercapacitors

Supercapacitors (also known as ultracapacitors), which store energy electrostatically
rather than electrochemically, have very long lifetimes (typically 50,000 to 500,000
cycles with no maintenance), high efficiencies (75-80%) and quick charging and
discharging rates (1-30 s), but lower energy density and higher cost than batteries (5x
the cost of lead-acid batteries). They can be deployed in the 100 kwW-10 MW range
(Diaz-Gonzaélez et al., 2012).
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6.2.2 Thermal

Thermal storage allows decoupling of charging and discharging heating and cooling
resources so that the system can be charged when prices are low and discharged when
prices are high, allowing significant cost savings and in the case of air conditioning,

permitting large summer peak cooling load reductions.

6.2.3 Mechanical

Flywheels store energy in the form of the kinetic energy of a rotating mass. They come
in low or high speed devices, requiring different flywheel compositions, depending on
whether they spin at thousands or tens of thousands of revolutions per minute (Diaz-
Gonzalez et al., 2012). While efficiency is high, on the order of 90%, due to magnetic
bearings and vacuum environment to reduce drag, high standing losses make long-term
energy storage challenging. Compressed air storage and pumped hydro storage also

gualify as mechanical storage but have seem limited deployment to date.

6.3 Power Electronics

Microgrids include technologies like solar PV (which puts out DC power) or
microturbines (high frequency AC power) rather than fully controllable synchronous
generators; as a result, power electronic interfaces like DC/AC or DC/AC/DC converters
are required to interface with the electrical system. Inverter control capabilities facilitate
islanded operation of the microgrid as well as participation in black start strategies (Jodo
Abel Pecas Lopes et al., 2013). A key piece of microgrid power electronics is the
interface with the main grid, which can be a synchronous AC connection, or an
asynchronous connection using a direct current coupled electronic power converter
(Abusharkh et al., 2006). The former approach has the advantage of simplicity, while
the later isolates the microgrid from the utility regarding power quality (frequency,
voltage, harmonics) and is a natural match with DC-only microgrid strategies. The static
disconnect switch (SDS) is a key microgrid component for islanding and

synchronization, which can be programmed to trip very quickly on overvoltage,
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undervoltage, overfrequency, underfrequency, or directional overcurrent (Alegria et al.,
2014).

A microgrid must determine when to protect itself from faults on the main grid and also
must deal with internal faults during islanded operation. A good review is available
discussing the technical challenges for microgrid protection and promising strategies for
mitigating these challenges (Buigues, Dysko, Valverde, Zamora, & Fernandez, 2013).

6.4 Controls

Several good overviews of microgrid control requirements and strategies are available
(Guerrero, Loh, Lee, & Chandorkar, 2013; Katiraei, Iravani, Hatziargyriou, & Dimeas,
2008; Joao Abel Pecas Lopes, Vasiljevska, Ferreira, Moreira, & Madureira, 2009;
Madureira et al., 2011; Olivares et al., 2014). Controls and protection are especially
active research topics since microgrids involve features that are somewhat new to the
electrical system, especially for islanded operation and the transition between grid-
connected and grid-independent modes. There is general agreement that microgrid

controls must deliver the following functional requirements:

e Present the microgrid to the utility grid as single self-controlled entity

e Avoid power flow exceeding line ratings

e Regulate voltage and frequency within acceptable bounds during islanding
e Dispatch resources to maintain energy balance

e Island smoothly and safely reconnect/resynchronize

Two camps have emerged regarding whether “centralized” control or “decentralized”
control is preferable for achieving primary (frequency) and secondary (voltage) control
functions (Vaccaro, Popov, Villacci, & Terzija, 2011). In the centralized approach, a
microgrid master controller (MGCC) sends control signals directly to the local equipment
controllers (Su & Wang, 2012; Tsikalakis & Hatziargyriou, 2011). The MGCC chooses
an optimal mix of source commitments and communicates the desired level of

production to each source, including demand-side load shifting or shedding. “Optimal”
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may have different definitions based on the goals of the microgrid — some microgrids
may aim to minimize operational costs for consumers, balancing local sources and
loads as well as possible to avoid importing or exporting power. Other microgrids may
strive to maximize value for the DER aggregator through economically advantageous
active importing and exporting of active and reactive power to the main grid (Tsikalakis
& Hatziargyriou, 2011), for example. One approach to optimizing microgrid scheduling
and dispatch in a centralized microgrid is model-predictive control (MPC) in combination
with mixed-integer linear programming (Parisio & Glielmo, 2011). Some MPC studies
incorporate uncertainties in loads and generation rather than assuming deterministic
results (Y. Wang, Wang, Chu, Pota, & Gadh, 2016). An EMS employing a neural
network is another way to implement this sort of centralized optimization approach
(Celli, Pilo, Pisano, & Soma, 2005). In the decentralized approach, each local controller
makes its own decisions based on local information in order to maximize overall

microgrid performance.

For decentralized primary and secondary control, most microgrids follow the CERTS
approach, which avoids the use of a MGCC and complex master-slave communication
for the dynamic operation of the microgrid. The CERTS architecture has been shown to
allow autonomous load following, local islanding and re-synchronizing with the grid,
voltage and frequency control, reduction of circulating reactive power and stable
operation involving multiple DERs. CERTS pioneered the use of two power-electronics
based droop controllers to achieve this functionality. One droop controller uses power
versus frequency to balance the load properly between different DERs, analogous to a
traditional synchronous generator. When one DER becomes overloaded, the frequency
is driven down, signaling the other generators to pick up the load (Alegria et al., 2014).
The other droop controller uses voltage versus reactive power to avoid voltage errors
between different DERs that can cause problematic reactive power circulation in the
microgrid. In practical grid-connected applications involving an energy storage system,
a CERTS microgrid uses a “Energy Management System” to optimize the use of on-site
generation, control the state of charge of energy storage systems, and control the flow

of power across the point of common coupling (Alegria et al., 2014).
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Regardless of how they manage primary and secondary control, microgrids typically
also contain a tertiary level of control to manage interactions with the utility grid, yielding
so-called “hierarchical” architectures (Dimeas & Hatziargyriou, 2007; Liang Che &
Shahidehpour, 2014) as seen in the European “More Microgrids” project (Joao Abel
Pecas Lopes et al., 2009; Madureira et al., 2011; Palizban, Kauhaniemi, & Guerrero,
2014). Tertiary control enables the economic and optimization operations for the
microgrid, mainly focused on managing battery storage, distributed generation
scheduling and dispatch, and managing import and export of electricity between the
microgrid and the utility grid. One implementation of decentralized hierarchical control is
the multi-agent systems (MAS) approach (Dimeas & Hatziargyriou, 2007; Katiraei et al.,
2008; Olivares et al., 2014; Roche, Blunier, Miraoui, Hilaire, & Koukam, 2010;
Suryanarayanan, Mitra, & Biswas, 2010). It has been applied to manage several
distributed energy system issues, including the optimal management of energy storage
system charging and discharging (Carvalho, Perez, & Granados, 2012). Proponents of
the MAS approach point out that a decentralized control approach may have
advantages when distributed energy resources on a microgrid have different owners,
when dedicated communication facilities or infrastructure required for centralized control
are not available, and in a liberalized market for power and ancillary services (Jodo Abel
Pecas Lopes et al., 2013). While much of the discussion in the literature about
decentralized control systems is theoretical, it should be noted that the MAS approach
has been deployed in two European microgrids, one in the Greek island of Kythnos and
another in the German ‘Am Steinweg’ project (Nikos Hatziargyriou et al., 2007). Game
Theoretic approaches also show promise for designing incentives and managing
scheduling in a competitive market featuring a main grid augmented by distributed
microgrids (Lo Prete & Hobbs, 2016; Maknouninejad, Lin, Harno, Qu, & Simaan, 2012).

6.5Cyber Security

Cyber security, the defense against unwanted access to information and

communications systems, is a key concern for microgrids and smart grids in general (W.
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Wang & Lu, 2013). Those systems permit modern grids to work by collecting and
transmitting sensor data and by coordinating the operation of thousands or hundreds of
thousands of power electronics-based distributed energy resources. Identifying
vulnerability to attacks and designing effective countermeasures are key considerations
for the overall reliability of the electrical delivery system. Three areas of microgrid
security have received patrticular attention: developing control architectures (for
example, the peer-to-peer model adopted by CERTS) that minimize reliance on
complex and potentially vulnerable communications systems; creating cryptographic
countermeasures against cyber-attack; and formulation of secure communication
protocols. A detailed survey of vulnerabilities, types of attack, and potential solutions is
outside the scope of this review; the reader is encouraged to consult the recent 2013
review paper on the topic (W. Wang & Lu, 2013). Military microgrids place special
emphasis on cybersecurity because of the critical functions they support and the
possibility that the U.S. electrical grid and military electrical infrastructure will be
targeted by enemy forces in the case of a confrontation (S. Van Broekhoven et al.,
2013). Cybersecurity was a central focus of the Smart Power Infrastructure
Demonstration for Energy Reliability and Security (SPIDERS) project mentioned above,
a 4-year, three phase effort to demonstrate a cybersecure microgrid integrating fossil-
fueled and renewable distributed generation and energy storage (Naval Facilities
Engineering Command, 2015). When discussing military microgrid cybersecurity, the
“Microgrid Cyber Security Reference Architecture” developed by the U.S. Department of
Energy’s Sandia National Laboratory is often mentioned (Veitch, Henry, Richardson, &
Hart, 2013). Another concept developed at Sandia, called the “Energy Surety
Microgrid”, provided a foundation for the SPIDERS project.

6.6 EVIFCV

6.7 End use Efficiency and Demand Response
The lowest cost way to minimize the capital outlay on generation and storage required
for a microgrid is to focus on minimizing the demand for electricity through energy
efficient design [MORE DETAILS]. In a microgrid, it is possible to classify consumption
of electricity into sensitive loads (requiring high power quality and reliability), adjustable
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loads (those that can be ramped up and down to balance generation and demand for
electricity), and shedable loads (non-essential uses of electricity that can be turned off
to lower demand during emergency situations). Accurate short-term prediction of
building loads is another improvement that helps improve microgrid dispatch decision
making, accounting for uncertainty (Chitsaz, Shaker, Zareipour, Wood, & Amjady,
2015).

7 PROMINENT MICROGRID MARKET PLAYERS

Some of the most interesting market players in microgrids are associations of
companies that are strong competitors in their respective subfields, for example the
partnership between SunEdison (solar PV), Cummins (diesel generators), Northern
Power Systems (wind), and Tangent (controls) (Asmus & Lawrence, 2016a). Because
of the critical role of controls in microgrids, the players in the controller space are of
great interest. At the same time, the largest revenue source is from the distributed
generation hardware (at 60-75%) rather than the controllers or other factors. Given the
integrated and still rather complex nature of microgrids, the companies providing system

integration services also play a key role.

8 ENERGY COSTS, ECONOMIC AND SOCIAL BENEFITS

A review of microgrid economic benefits (Basu et al., 2011) groups them into those that
arising from optimal siting and sizing of distributed energy resources, and those arising
from optimal technology selection. The first category includes benefits such as
improvement of bus voltages, line loss reduction, and upgrade deferral; the second
category contains benefits such as waste heat recovery, reliability enhancement
(reduction of customer interruption cost), ancillary services, emissions reductions, and
fuel cost minimization. A report summarizing the economic findings of the European
MORE MICROGRIDS project includes a detailed discussion of different benefit types

(Schwaegrl et al., 2009).
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Several studies have suggested frameworks or estimation methods to quantify the
social and economic benefits of microgrids. While the general categories of benefits
may apply across microgrids, the details of those benefits will depend on the details of
each microgrid and the loads it serves. Studies that go so far as to quantify microgrid
benefits necessarily focus either on evaluating the performance of existing projects or of
hypothetical designs, in order to get a general sense of how microgrids compare to the
economics of “business as usual’. For example, one study (Morris, Abbey, Joos, &
Marnay, 2012) evaluated the economics of providing electricity to a large Canadian,
semi-rural feeder with 10 MW peak load and 6.2 MW average load. The authors
compared three scenarios: one with no distributed generation (Case 0), one with
distributed generation (two large wind turbines of 3 MW peak capacity each) but no
islanding capability (Case 1), and one with both distributed generation and islanding
(Case 2). The authors were able to estimate the cost of electricity for each scenario and
to quantify the following net benefits accruing to each stakeholder: reduced energy
purchase, investment deferral, reduction in greenhouse gas emissions, and increased
reliability. Going back to 1998, near the beginning of the modern microgrid age,
researchers compared business as usual to a residential microgrid employing energy
efficiency (an air conditioning tune up, plus more efficient lights and refrigerator), a 2-kW
fuel cell with cogeneration, and a 1.3-kW photovoltaic system (Hoff, Wenger, Herig, &
Shaw Jr, 1998b), and found that efficiency, PV, and the fuel cell (when operated in
cogeneration mode) could all deliver electricity more cheaply than the retail rate; this
result assumed that PV costs would decline substantially over time (they have), that 2-
kW residential cogeneration units would become available (they haven’t), that electricity
regulation and markets evolve to support microgrid adoption, and that load control and
affordable storage technologies become available to balance mismatches between
generation and demand of electricity (storage is still expensive). While the exact details
of the economics may have changed since 1998, the study clearly illustrates one
straightforward approach to evaluating a microgrid package at a single customer

location. A more recent study looking at the feasibility of widespread CHP plus PV
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microgrids with storage for the United Kingdom found that household microgrids
combining 1.4 kWp, part ownership in micro-CHP generation, and 2.7 kWh of electrical
storage could maintain energy balance (in fact, grid autonomy) and provide electricity
cost competitive with the utility grid, if support mechanisms were maintained for PV
(Abusharkh et al., 2006). That study noted that PV and CHP in cold climates can play
complementary roles, since thermal loads (driving the use of the CHP system) are small
in the summer, when PV-generated electricity is relatively abundant. The opposite holds

in the winter, when sunlight is scarce and ambient temperature are low.

Probably the most straightforward potential value stream is reduced primary energy
purchased by independent power producers and the microgrid customers they serve.
Generally, this benefit is combined with the value of net import or export between a
microgrid and the macrogrid, assuming grid-connected operation. This benefit is
particularly relevant when combined heat and power is employed in energy generation
(Morris et al., 2012). Not only can microgrid customers potentially reduce their fuel
purchases; they should also be able to capture lower prices for microgrid-produced
electricity since it avoids the costs associated with operating and maintaining the

transmission system (Hoff et al., 1998b).

Investment deferral through decreased peak grid loading is another commonly invoked
benefit of microgrid deployment, which accrues to the distribution network operator. The
deferred investment can be estimated by comparing grid capacity and demand growth

with and without microgrids (Morris et al., 2012).

In regions where greenhouse gas emissions are traded in markets such as California,
the Northeastern United States, and Europe, reduction of emissions has potential
economic value. Generation of electricity with carbon-free renewable resources and
natural-gas based CCHP can lower greenhouse gas emissions as well as other

pollutants like nitrogen oxides (Morris et al., 2012).
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So-called “ancillary services” provided by microgrids have the potential to support the
macrogrid and improve the economics of microgrids if they are properly valued.
Traditional ancillary services include congestion relief; frequency regulation and load
following; black start; reactive power and voltage control; and supply of spinning, non-
spinning, replacement reserves (Braun, 2007; Morris et al., 2012). When discussing
microgrids, islanded operation should be included in the discussion of ancillary services
(Jodo Abel Pecas Lopes et al., 2013). One focus area is the market for voltage control
in distribution networks with microgrids (Madureira & Pecas Lopes, 2012), with the
authors proposing that each microgrid in a future multi-microgrid network act as a
Virtual Power Plant — i.e. as a single aggregated distributed energy resource — with
each microgrid’s central controller (assuming a centralized control architecture) bidding
energy and ancillary services to the external power system, based on the aggregation of
bids from the distributed energy resources in the microgrid (responsive loads,
microgenerators, and storage devices). The authors conceive of the distribution system
operator running a day-ahead market for reactive power, which is required for the flow
of power from large generators to customers across a radial transmission and
distribution network, and propose a mechanism for optimal market settlement. Analysis
and literature review of storage technologies to provide ancillary services like voltage
control support, spinning reserves, load following, and peak shaving among others, is
available (Diaz-Gonzalez et al., 2012). Important rulings 755 and 784 from the U.S.
Federal Energy Regulatory commission mandate that fast responding reserves bidding
into the secondary frequency regulation market be compensated based on their speed
and accuracy, which favors the types of DERs used in microgrids.

At least in the United States, where concerns over the reliability of the grid have been a
prime motivation behind support for microgrids, improved reliability has potential value
for multiple electrical system stakeholders, ranging from microgrid customers, to
macrogrid customers, to the network operators, and finally independent power
producers. Standard metrics exist to measure the impact of microgrids on reliability;
however, estimating the value of improved (or degraded) metrics is challenging since

the monetary value of improved reliability is stakeholder-dependent (Morris et al., 2012).
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9 MAIN MICROGRID CHALLENGES: CAUSES AND POSSIBLE SOLUTIONS

9.1Challenge 1: Lack of specific policies or regulations to encourage microgrids
While policies exist that foster adoption of individual components of microgrids, such as
solar PV, storage, or combined heat and power, there are no incentives that specifically
support deployment of distributed energy resources in a microgrid configuration to
support societal goals of increased reliability, cost savings, or environmental protection.
This barrier could be addressed by providing a pool of money to support development of
community microgrid projects, as is being done in New York and Connecticut.
Regulatory reform improving compensation for microgrid services and legal clarity
establishing a microgrid’s right to generate and distribute energy would also address

this barrier.

9.2Challenge 2: Perceived low cost/benefit ratio
A lack of standardization, the current cost of some DER technologies, regulatory and
legal barriers, and the cost and complexity of interconnection all stand in the way of
broad microgrid adoption while the benefits of microgrids accrue mainly to the owners of
critical loads rather than the general customer. Therefore, there is little pressure for a
broad shift from the status quo to microgrids on the community scale. Costs could be
substantially lowered by implementation of standardized interconnection requirements
(like the IEEE 1547 family), interoperability protocols, and mass production of DER
components. New financing models akin to solar PV leasing could also help unlock the
microgrid market. To some degree, if benefits accrue mainly to society in general, it may
be appropriate for the public to support microgrid development through public-private

partnerships and shared ownership of microgrid infrastructure to help defray costs.

9.3 Challenge 3: Utility opposition
Although grid-tied microgrid customers will likely stay connected to the grid, only
islanding in the case of utility grid failure, self-consumption of microgrid generated

energy could erode the revenue base that has traditionally paid for utility infrastructure.
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There is also still reluctance to add large amounts of distributed energy resources to the
grid because of perceived management, safety, and protection challenges. As a result,
many utilities are seeking to impose additional fees on DER owners and threatening to
halt net metering programs. Market restructuring, like that proposed in New York’s
“Revisioning the Grid” effort, will be required to move from “Land of Penalties”, where
microgrids are seen as enemies to the “Land of Payments”, in which distributed energy
resource services are valued by the utility grid and fairly compensated (Romankiewicz
et al., 2014). As part of this restructuring, utility regulators will fully unbundle generation,
transmission, and distribution services and allow independent power producers to
compete in wholesale (and potentially retail) markets. Real time or time of use (ToU)
electricity prices will become the norm so that microgrids receive the economic signals
they need to manage their DERSs to provide grid services like frequency regulation,
black start, and congestion relief, and to maximize their own revenues. The role of
utilities in the future is unclear: will they be “smart energy integrators” balancing supply
and demand and delivering energy in a manner somewhat similar to today or “energy
services utilities” still potentially owning generation and dealing directly with customers
but provide electricity, heat, cooling, and lighting, in a return to the model deployed by

Thomas Edison?

Decoupling electric distribution company revenues from electricity sales, which is
already done in 14 states in the USA, is another major step toward removing utility
resistance to microgrids based on concerns about a so-called “utility death spiral” where
eroding revenues drive underinvestment and higher prices for traditional grid customers,
leading to increasing reliance on self-generated electricity, and so on in a self-
reinforcing feedback loop. A potential path forward is to move from the traditional cost-
of-service paradigm to a performance-based approach (Malkin & Centolella, 2014) that
recognizes that the utility grid is being asked to provide much different functions of
resilience, security, and clean generation than has been traditionally the case. In this
new paradigm, utilities would be incentivized to invest in upgrading infrastructure and

improving efficiency. An example of this new approach is provided by the U.K.
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“‘Revenue set to deliver strong Incentives, Innovation, and Output (RIIO)” framework,
which contains the following components:
1. Revenues set based on the regulator’s review of a forward-looking utility
business plan;
2. A multi-year revenue cap that provides an incentive for cost reductions;
3. An earnings-sharing mechanism that enables customers to benefit from
utility cost savings;
4. Clearly defined performance metrics and incentives for delivering value to
customers; and
5. Funding set aside for innovative projects. Electric utilities currently spend
0.2% of revenues on R&D, a factor of 10 less than in competitive markets.
Asset utilization < 50% versus > 75%

9.4 Challenge 4: Competition from other smart grid paradigms
The revolution in information and communication technology (ICT) has led to several
major improvements in grid operation that improve the efficiency and reliability of the
utility grid and that help integrate distributed generation, independent of microgrids. It is
possible that society will find the balance of costs and benefits of other smart grid
paradigms like “smart supergrids” or “virtual power plants” to be more compelling than
for microgrids. These new smart grid developments include improved “fault detection,
isolation, and restoration” capabilities to alleviate congestion, route power around faults,
and shorten recovery time from outages. New ICT developments are also facilitating the
emergence of a decentralized, so-called “transactive” energy market platform where
individual distributed energy resources and loads can bid to buy and sell electricity from
each other. This concept is being pioneered by the U.S. Department of Energy’s Pacific
Northwest National Laboratory (PNNL) and has been tested in the field in a $178 million
project to link 60,000 customers in 11 utilities, in cooperation with industry partners. The
concept of virtual power plants (VPPs) involves the software-based aggregation and

balancing of DERs without the ability to intentionally island.
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10 MICROGRID MARKET ECONOMICS

10.1 Market Structure
The EU “More Microgrids” project presents four different microgrid cases by ownership
of the microgeneration sources including: ownership by the distribution system operator
(DSO), perhaps in non-liberalized markets where the DSO owns the distribution system
and is responsible for retail sales of electricity to the end customer; ownership by the
end consumer or even consortium of prosumers; independent ownership by an
independent power producer, or ownership by an energy supplier (Schwaegrl et al.,
2009) in a free market arrangement. According to Navigant Research (Asmus &
Lawrence, 2016a), the majority of grid-tied microgrids today are owned and financed by
facility owners, especially in the campus/institutional category. In many cases, the
microgrid capabilities are added to existing legacy assets to capture new economic
benefits or achieve other goals like improved resilience. Hybrid microgrids that
incorporate distributed renewables and/or storage are more complex and seem to be
shifting to private developers who then sell services via a power purchase agreement,
according to Navigant Research.

One recent market design study proposed three models for integrating energy
prosumers into the grid — peer-to-peer, prosumer-to-grid, and prosumer community
groups — and identified barriers to their adoption (P. Parag, 2015; Y. Parag & Sovacool,
2016). In the peer-to-peer model, the underlying platform would support the ability of
electricity producers and consumers to directly buy and sell electricity and other
services from each other, with a fee going to the manager of the distribution grid for
providing distribution services (Linnenberg, Wior, Schreiber, & Fay, 2011). Pilot projects
of this type are starting to appear in places like Brooklyn, New York, the Netherlands,
and the United Kingdom. Researchers and practitioners are even starting to take secure
peer-to-peer platforms like blockchain-based distributed ledgers that have been
developed for other purposes and applying them to peer-to-peer energy markets
(Lacey, 2016; Mihaylov, Razo-Zapata, Radulescu, & Nowé, 2016). The prosumer-to-

grid model involves a bit more structure than the peer-to-peer model, including the
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possibility of prosumption brokerages and marketplaces with predefined participation
rules. This prosumer-to-grid model fits in well with the ideas of hierarchical control
presented above in the section about controls, with scheduling and dispatch handled by
the so-called “tertiary” level of control. Lying between the peer-to-peer and prosumer-to-
grid models lies the idea of the organized prosumer group, in which multiple prosumers
aggregate their distributed energy resources, perhaps using the ICT-enabled Virtual

Power Plant (VPP) concept, to generate a revenue stream for the community’s benefit.

Once microgrid design and procurement becomes more streamlined, power purchase
agreements (PPASs) are poised to play a larger role in the microgrid market (Asmus &
Lawrence, 2016a). Currently a very successful business model in the U.S. residential
and commercial solar PV markets because it is designed to capture tax and other
related incentives, the infrastructure in a PPA is owned by a third party and leased to
customers to provide electricity and related services to end customers. In the case of
microgrids, improved security, reliability, and sustainability can be marketed along with
economic benefits like energy savings and export of power to the grid. In the case of
combined cooling, heat, and power projects, thermal energy can be bundled in the PPA
along with electricity. It is reasonable to expect that operations and maintenance will be
included in the PPA’s, since PPA revenues depend on systems performing to their

potential.

The most comprehensive, yet rare, business model is called Design, Build, Operate,
Own, and Maintain (DBOOM), under which the microgrid company handles the design
and planning, construction, and ongoing operations, simplifying the process for the end
customer since they only need to work with one entity and potentially streamlining the
procurement process and resulting in a more integrated final product (Asmus &

Lawrence, 2016a).

10.2 Utility Involvement
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In remote areas of Alaska, Australia, and South Africa, utilities are able to rate-base the
cost of microgrids (Asmus & Lawrence, 2016a). Utilities are also making the case that
community resilience microgrids should be rate-based because they are providing a
valuable public benefit. Central Hudson Gas & Electric in New York recently proposed a
fee-based microgrid service for commercial customers. Utility projects could also take

place at the substation level, with the microgrid providing critical grid services.

10.3 Design optimization
Software, such as the DOE distributed energy resource customer adoption model
(DER-CAM) is available to help design microgrids to optimize the choice of DERS to
meet thermal and electrical loads while minimizing costs (Bailey, Creighton, Firestone,
Marnay, & Stadler, 2003; C. Marnay et al., 2007; M. Stadler, Groissbdck, Cardoso, &
Marnay, 2014).

11 DISCUSSION AND SYNTHESIS

The transition from the current paradigm of centralized electricity generation flowing uni-
directionally through the transmission and distribution system to the future “energy
internet” of distributed generation and complex electricity flows faces a number of
guestions that will determine what the electrical system of the future will look like in 10,

20, or 100 years from now. Some of these topics are discussed below.

The first set of questions focus on policy. Will the future electrical system continue to be
dominated by large companies with exclusive rights to sell electricity to customers or will
the system more closely resemble an Airbnb- or Uber-like peer-to-peer model with the
distribution companies just providing the wires to connect net producers and net
consumers? Will microgrids be integrated mainly into individual buildings, taking
advantage of the relative ease of installing distributed energy resources behind the
meter, or will they be deployed at larger scales such as the substation level to take
advantage of load and generation diversity and economies of scale provided by having

fewer interconnection points to the utility grid? Will microgrids mainly exist on the
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periphery of the electrical grid and in remote areas or will they be ubiquitous,
encompassing urban areas? Who will own the distributed energy resources? Private
companies, the utilities, or customers? Will microgrids be deployed on a purely for-profit
basis or will they be subsidized by governments in recognition of their local and global

social benefits?

The second set of questions are more technical and economic in nature. Are the energy
security, local balancing, and other benefits of deploying distributed energy resources
as microgrids big enough that they win out over either: 1) enhancing the current grid
paradigm with smart energy technologies or 2) deploying distributed energy resources
as virtual power plants without the ability to intentionally island? Microgrid controllers
and the infrastructure needed to intentionally island and reconnect to the utility grid add
to the system’s costs. Are microgrid benefits big enough to make these costs are
acceptable? Will large efficiency improvements, enabled by DC-only microgrids and
combined cooling, heat, and power, drive uptake in the market? What technologies will
see a major role in a future distributed energy system — mainly dispatchable fossil-
fueled generators or some combination of dispatchable fossil-fueled generation and
intermittent renewable generation, with energy storage systems to balance out

mismatches between supply and demand?

11.1 Long term outlook for microgrids
The long term outlook for microgrids currently looks strong. The cost of distributed
energy resources like solar PV and energy storage systems are decreasing.
Interconnection and communications protocols and control strategies are being
standardized and more widely adopted. Functioning microgrids have been
demonstrated in the field and proven to work. Threats to the utility grid, whether from
natural or human origins, do not seem to be decreasing. Over a billion people on the
planet lack access to reliable power and live far from existing infrastructure. If the world

takes climate change seriously, decides to shift to distributed clean generation to solve
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the problem, and is able to adapt electricity regulations and markets to foster
microgrids, they are a prime candidate for managing the transition. If costs of distributed
energy resources drop fast enough, incentives are sufficiently high, or innovative
financing models can drop the levelized cost of power from microgrids below retail utility
grid prices, the shift could be rapid. However, these are all substantial challenges. If
these conditions don’t materialize, microgrids may remain more of a niche application,
limited mainly to customers with very stringent power quality and reliability
requirements, facilities serving critical functions, campuses or institutions that save a
substantial amount of money through combining heat and power generation, or

communities that face the risk of frequent natural or man-made grid outages.

Bibliography

Abusharkh, S., Arnold, R., Kohler, J., Li, R., Markvart, T., Ross, J., ... Yao, R. (2006).
Can microgrids make a major contribution to UK energy supply? Renewable and
Sustainable Energy Reviews, 10(2), 78-127.
http://doi.org/10.1016/j.rser.2004.09.013

Akorede, M. F., Hizam, H., & Pouresmaeil, E. (2010). Distributed energy resources and
benefits to the environment. Renewable and Sustainable Energy Reviews, 14(2),
724—734. http://doi.org/10.1016/j.rser.2009.10.025

Alegria, E., Brown, T., Minear, E., & Lasseter, R. H. (2014). CERTS Microgrid
Demonstration With Large-Scale Energy Storage and Renewable Generation.
IEEE Transactions on Smart Grid, 5(2), 937-943.
http://doi.org/10.1109/TSG.2013.2286575

Asmus, P. (2010). Microgrids, Virtual Power Plants and Our Distributed Energy Future.
The Electricity Journal, 23(10), 72—-82. http://doi.org/10.1016/].tej.2010.11.001

Asmus, P. (2015). Microgrids: Friend or Foe? Public Utilities Fortnightly, 18-23.

Asmus, P., & Lawrence, M. (2016a, Q1). Emerging Microgrid Business Models.

Asmus, P., & Lawrence, M. (2016b, Q1). Market Data: Microgrids.

Bahramirad, S., Khodaei, A., Svachula, J., & Aguero, J. R. (2015). Building Resilient
Integrated Grids: One neighborhood at a time. IEEE Electrification Magazine,
3(1), 48-55. http://doi.org/10.1109/MELE.2014.2380051

Bailey, O., Creighton, C., Firestone, R., Marnay, C., & Stadler, M. (2003). Distributed
Energy Resources in Practice: A Case Study Analysis and Validation of LBNL'’s
Customer Adoption Model. Lawrence Berkeley National Laboratory. Retrieved
from https://escholarship.org/uc/item/1dp0j5z6.pdf

220



Baker, D., Balstad, R., Bodeau, J. M., Cameron, E., & Fennell, J. (2008). Severe Space
Weather Events--Understanding Societal and Economic Impacts: A Workshop
Report. Washington, D.C.: National Academies Press. Retrieved from
http://www.nap.edu/catalog/12507

Barker, P., Johnson, B., & Maitra, A. (2001). Investigation of the technical and economic
feasibility of micro-grid based power systems (p. 107). Palo Alto, CA.: EPRI.
Retrieved from
http://assets.fiercemarkets.net/public/smartgridnews/EPRI_Technical _Report_Mi
cro-Grid.pdf

Barnes, M., Engler, A., Hatziargyriou, N., & Vandenbergh, M. (2005). MicrogGrid
Laboratory Facilities. In Proc. International Conference on Future Power
Systems. The Netherlands.

Barton, J., Emmanuel-Yusuf, D., Hall, S., Johnson, V., Longhurst, N., O’Grady, A., ...
Sherry-Brennan, F. (2015). Distributing Power. A transition to a civic energy
future. Retrieved from
http://opus.bath.ac.uk/48114/1/FINAL _distributing_power_report. WEB.pdf

Basak, P., Chowdhury, S., Halder nee Dey, S., & Chowdhury, S. P. (2012). A literature
review on integration of distributed energy resources in the perspective of
control, protection and stability of microgrid. Renewable and Sustainable Energy
Reviews, 16(8), 5545-5556. http://doi.org/10.1016/j.rser.2012.05.043

Basso, T. S. (2014). IEEE 1547 and 2030 Standards for Distributed Energy Resources
Interconnection and Interoperability with the Electricity Grid. National Renewable
Energy Laboratory. Retrieved from http://www.nrel.gov/docs/fy150sti/63157.pdf

Basu, A. K., Chowdhury, S. P., Chowdhury, S., & Paul, S. (2011). Microgrids: Energy
management by strategic deployment of DERs—A comprehensive survey.
Renewable and Sustainable Energy Reviews, 15(9), 4348—4356.
http://doi.org/10.1016/j.rser.2011.07.116

Bayindir, R., Hossain, E., Kabalci, E., & Perez, R. (2014). A comprehensive study on
microgrid technology. International Journal of Renewable Energy Research, 4(4),
1094-1107.

Borenstein, S., & Bushnell, J. (2015). The us electricity industry after 20 years of
restructuring. National Bureau of Economic Research. Retrieved from
http://www.nber.org/papers/w21113

Braun, M. (2007). Technological control capabilities of DER to provide future ancillary
services. International Journal of Distributed Energy Resources, 3(3), 191-206.

Bronin, S. C., & McCary, P. (2013). Peaceful Coexistence: Independent Microgrids are
Coming. Public Utilities Fortnightly. Retrieved from
http://works.bepress.com/bronin/16/

Bronski, P., Creyts, J., Guccione, L., Madrazo, M., Mandel, J., Rader, B., ... Tocco, H.

(2014, February). The Economics of Grid Defection: When and Where
221



Distributed Solar Generation Plus Storage Competes With Traditional Utility
Service. Rocky Mountain Institute. Retrieved from www.rmi.org

Brown, M. A., & Zhou, S. (2013). Smart-grid policies: an international review. Wiley
Interdisciplinary Reviews: Energy and Environment, 2(2), 121-139.

Buigues, G., Dysko, A., Valverde, V., Zamora, |., & Fernandez, E. (2013). Microgrid
Protection: Technical challenges and existing techniques. In International
Conference on Renewable Energies and Power Quality (ICREPQ’13). Retrieved
from http://www.icrepq.com/icrepq’13/262-buigues.pdf

Bunker, K., Hawley, K., & Morris, J. (2015). Renewable Microgrids: Profiles from Islands
and Remote Communities Across the Globe. Rocky Mountain Institute. Retrieved
from http://www.rmi.org/islands_renewable _microgrids

Burr, M. T., Zimmer, M. J., Meloy, B., Bertrand, J., Levesque, W., Warner, G., &
McDonald, J. D. (2013). Minnesota Microgrids. Retrieved from
http://mn.gov/icommerce-stat/pdfs/microgrid.pdf

California Independent System Operator. (2016). What the duck curve tells us about
managing a green grid.

Campbell, R. J. (2012). Weather-related power outages and electric system resiliency.
Congressional Research Service, Library of Congress. Retrieved from
http://digital.library.unt.edu/ark:/67531/metadc122249/m1/1/high_res d/R42696
2012Aug28.pdf

Carvalho, M., Perez, C., & Granados, A. (2012). An adaptive multi-agent-based
approach to smart grids control and optimization. Energy Systems, 3(1), 61-76.
http://doi.org/10.1007/s12667-012-0054-0

Celli, G., Pilo, F., Pisano, G., & Soma, G. G. (2005). Optimal participation of a microgrid
to the energy market with an intelligent EMS (pp. 663—668 Vol. 2). IEEE.
http://doi.org/10.1109/IPEC.2005.206991

Center for Energy, Marine Transportation and Public Policy at Columbia University.
(2010). Microgrids: An Assessment of the Value, Opportunities and Barriers to
Deployment in New York State (No. 10-35) (p. 219). New York State Energy
Research and Development Authority.

Chitsaz, H., Shaker, H., Zareipour, H., Wood, D., & Amjady, N. (2015). Short-term
electricity load forecasting of buildings in microgrids. Energy and Buildings, 99,
50-60. http://doi.org/10.1016/j.enbuild.2015.04.011

Cohn, L. (2016, January 25). Playing Nice: What the Duke Energy Microgrid Test Bed
Teaches. Retrieved from http://microgridknowledge.com/duke-energy-microgrid-
test-bed/

DeBlasio, D. (2013a, July). Cycle of Innovation. Retrieved September 20, 2016, from
https://www.fortnightly.com/fortnightly/2013/07/cycle-innovation

222



DeBlasio, D. (2013b, August). Toward a Self-healing Smart Grid. Retrieved September
20, 2016, from https://www.fortnightly.com/fortnightly/2013/08/toward-self-
healing-smart-grid

DeForest, N. (2013). Microgrid dispatch for macrogrid peak-demand mitigation. In 2012
ACEEE Summer Study on Energy Efficiency in Buildings, Asilomar Conference
Center, Pacific Grove, CA, August 12, 2012-August 17, 2012. Retrieved from
http://escholarship.org/uc/item/0k83v6p8.pdf

Del Carpio Huayllas, T. E., Ramos, D. S., & Vasquez-Arnez, R. L. (2010). Microgrid
systems: Current status and challenges (pp. 7-12). IEEE.
http://doi.org/10.1109/TDC-LA.2010.5762853

Del Carpio-Huayllas, T. E., Ramos, D. S., & Vasquez-Arnez, R. L. (2012). Feed-in and
net metering tariffs: An assessment for their application on microgrid systems
(pp. 1-6). IEEE. http://doi.org/10.1109/TDC-LA.2012.6319070

Denholm, P., O’Connell, M., Brinkman, G., & Jorgenson, J. (2015). Overgeneration from
Solar Energy in California: A Field Guide to the Duck Chart. National Renewable
Energy Laboratory, Tech. Rep. NREL/TP-6A20-65023, Nov. Retrieved from
http://www.nrel.gov/docs/fy160sti/65023.pdf

Diaz-Gonzélez, F., Sumper, A., Gomis-Bellmunt, O., & Villaféfila-Robles, R. (2012). A
review of energy storage technologies for wind power applications. Renewable
and Sustainable Energy Reviews, 16(4), 2154-2171.
http://doi.org/10.1016/.rser.2012.01.029

Dimeas, A. L., & Hatziargyriou, N. D. (2007). Agent based control of virtual power
plants. In Intelligent Systems Applications to Power Systems, 2007. ISAP 2007.
International Conference on (pp. 1-6). IEEE. Retrieved from
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4441671

Domenech, B., Ferrer-Marti, L., Lillo, P., Pastor, R., & Chiroque, J. (2014). A community
electrification project: Combination of microgrids and household systems fed by
wind, PV or micro-hydro energies according to micro-scale resource evaluation
and social constraints. Energy for Sustainable Development, 23, 275-285.
http://doi.org/10.1016/j.esd.2014.09.007

Dragicevic, T., Vasquez, J. C., Guerrero, J. M., & Skrlec, D. (2014). Advanced LVDC
Electrical Power Architectures and Microgrids: A step toward a new generation of
power distribution networks. IEEE Electrification Magazine, 2(1), 54—65.
http://doi.org/10.1109/MELE.2013.2297033

El-Khattam, W., & Salama, M. M. . (2004). Distributed generation technologies,
definitions and benefits. Electric Power Systems Research, 71(2), 119-128.
http://doi.org/10.1016/j.epsr.2004.01.006

Energy Future Coalition. (2013). Maryland Utility 2-0 Pilot Project.

Eto, J., & Others. (2009). CERTS Microgrid Laboratory Testbed.

223



Farmer, B. K., Wenger, H., Hoff, T. E., & Whitaker, C. M. (1995). Performance and
value analysis of the Kerman 500 kW photovoltaic power plant. In Proceedings of
the American Power Conference, Chicago, IL. Retrieved from
http://www.cleanpower.com/wp-
content/uploads/2012/02/045_PerformanceValueKermanPV.pdf

Federal Energy Regulatory Commission. (2015). Assessment of Demand Response &
Advanced Metering - Staff Report.

Feldman, D., Barbose, G., & Margolis, R. (2015, August). Photovoltaic System Pricing
Trends - Historical, Recent, and Near-Term Projections.

Foster Jr, J. S., Gjelde, E., Graham, W. R., Hermann, R. J., Kluepfel, H. M., Lawson, R.
L., ... Woodard, J. B. (2004). Report of the Commission to Assess the Threat to
the United States from Electromagnetic Pulse (EMP) Attack. Volume 1:
Executive Report. DTIC Document. Retrieved from
http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=ADA4
84497

Guerrero, J. M., Loh, P. C., Lee, T.-L., & Chandorkar, M. (2013). Advanced Control
Architectures for Intelligent Microgrids&#x2014;Part 1l: Power Quality, Energy
Storage, and AC/DC Microgrids. IEEE Transactions on Industrial Electronics,
60(4), 1263-1270. http://doi.org/10.1109/TIE.2012.2196889

Gumerman, E. Z., Bharvirkar, R. R., LaCommare, K. H., & Marnay, C. (2003).
Evaluation framework and tools for distributed energy resources. Lawrence
Berkeley National Laboratory, 73.

Halu, A., Scala, A., Khiyami, A., & Gonzalez, M. C. (2016). Data-driven modeling of
solar-powered urban microgrids. Science Advances, 2(1), e1500700.
http://doi.org/10.1126/sciadv.1500700

Hatziargyriou, N., Asano, H., Iravani, R., & Marnay, C. (2007). Microgrids. IEEE Power
and Energy Magazine, 5(4), 78-94.

Hatziargyriou, N., Jenkins, N., Strbac, G., Lopes, J. A. P., Ruela, J., Engler, A, ...
Amorim, A. (2006). Microgrids - Large Scale Integration of Microgeneration to
Low Voltage Grids (p. 11). CIGRE.

Hazelton, J., Bruce, A., & MacGill, 1. (2014). A review of the potential benefits and risks
of photovoltaic hybrid mini-grid systems. Renewable Energy, 67, 222—-229.
http://doi.org/10.1016/|.renene.2013.11.026

Hoff, T. E., Wenger, H. J., & Farmer, B. K. (1996). Distributed generation: an alternative
to electric utility investments in system capacity. Energy Policy, 24(2), 137-147.

Hoff, T. E., Wenger, H. J., Herig, C., & Shaw Jr, R. W. (1998a). A micro-grid with PV,
fuel cells, and energy efficiency. In Proceedings of the 1998 Annual Conference,
American Solar Energy Society (pp. 225-230). Retrieved from
https://www.cleanpower.com/wp-content/uploads/MicroGridsPVFuelCellsEE.pdf

224



Hoff, T. E., Wenger, H. J., Herig, C., & Shaw Jr, R. W. (1998b). A micro-grid with PV,
fuel cells, and energy efficiency. In Proceedings of the 1998 Annual Conference,
American Solar Energy Society (pp. 225-230). Retrieved from
https://www.cleanpower.com/wp-content/uploads/MicroGridsPVFuelCellsEE.pdf

Hoke, A., Hambrick, R. B. J., & Kroposki, B. (2012). Maximum photovoltaic penetration
levels on typical distribution feeders. National Renewable Energy Laboratory.
Retrieved from http://www.nrel.gov/docs/fy120sti/55094.pdf

Hossain, E., Kabalci, E., Bayindir, R., & Perez, R. (2014). Microgrid testbeds around the
world: State of art. Energy Conversion and Management, 86, 132—153.
http://doi.org/10.1016/j.enconman.2014.05.012

lannucci, J. J., Cibulka, L., Eyer, J. M., & Pupp, R. L. (2003). DER Benefits Analysis
Studies: Final Report (No. NREL/SR-620-34636) (p. 95). Retrieved from
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=799633

lllindala, M., Siddiqui, A., Venkataramanan, G., & Marnay, C. (2006). Localized
Aggregation of Diverse Energy Sources for Rural Electrification using Microgrids
(p. 45). Lawrence Berkeley National Laboratory. Retrieved from
http://www.academia.edu/download/46663627/Localized_Aggregation_of Divers
e _Energy 20160620-18420-nkjhbe.pdf

John, J. S. (2008, November 30). A Current in Every Ceiling. Retrieved May 4, 2016,
from http://www.greentechmedia.com/articles/read/a-current-in-every-ceiling-
5278

John, J. S. (2016, September 20). How Duke’s Solar and Battery Microgrid Is
Weathering Disruptive Grid Events. Retrieved September 21, 2016, from
http://www.greentechmedia.com/articles/read/how-dukes-solar-and-battery-
powered-microgrid-is-weathering-grid-events

Jones, K. B., Bartell, S. J., Nugent, D., Hart, J., & Shrestha, A. (2013). Urban Microgrid:
Smart Legal and Regulatory Policies to Support Electric Grid Resiliency and
Climate Mitigation, The. Fordham Urb. LJ, 41, 1695.

Justo, J. J., Mwasilu, F., Lee, J., & Jung, J.-W. (2013). AC-microgrids versus DC-
microgrids with distributed energy resources: A review. Renewable and
Sustainable Energy Reviews, 24, 387-405.
http://doi.org/10.1016/j.rser.2013.03.067

Katiraei, F., Iravani, R., Hatziargyriou, N., & Dimeas, A. (2008). Microgrids
management. IEEE Power and Energy Magazine, 6(3), 54—65.
http://doi.org/10.1109/MPE.2008.918702

KEMA DNV. (2014). Microgrids - Benefits, Models, Barriers and Suggested Policy
Initiatives for the Commonwealth of Massachusetts (p. 66).

Khalilpour, R., & Vassallo, A. (2015). Leaving the grid: An ambition or a real choice?
Energy Policy, 82, 207-221. http://doi.org/10.1016/j.enpol.2015.03.005

225



Khatib, T., Mohamed, A., & Sopian, K. (2012). Optimization of a PV/wind micro-grid for
rural housing electrification using a hybrid iterative/genetic algorithm: Case study
of Kuala Terengganu, Malaysia. Energy and Buildings, 47, 321-331.
http://doi.org/10.1016/j.enbuild.2011.12.006

Kirubakaran, A., Jain, S., & Nema, R. K. (2009). A review on fuel cell technologies and
power electronic interface. Renewable and Sustainable Energy Reviews, 13(9),
2430-2440. http://doi.org/10.1016/j.rser.2009.04.004

Kroposki, B., Basso, T., & DeBlasio, R. (2008). Microgrid standards and technologies
(pp. 1-4). IEEE. http://doi.org/10.1109/PES.2008.4596703

Lacey, S. (2016, February 26). The Energy Blockchain: How Bitcoin Could Be a
Catalyst for the Distributed Grid. Retrieved February 28, 2016, from
http://www.greentechmedia.com/articles/read/the-energy-blockchain-could-
bitcoin-be-a-catalyst-for-the-distributed-grid

LaMonica, M. (2012, November). Microgrids Keep Power Flowing Through Sandy
Outages. Retrieved September 18, 2016, from
https://www.technologyreview.com/s/507106/microgrids-keep-power-flowing-
through-sandy-outages/

Lasseter, R., Akhil, A., Marnay, C., Stephens, J., Dagle, J., Guttromson, R., ... Eto, J.
(2002). The CERTS microgrid concept. White Paper for Transmission Reliability
Program, Office of Power Technologies, US Department of Energy, 2(3), 30.

Lasseter, R. H. (2007). Microgrids and distributed generation. Journal of Energy
Engineering. Retrieved from
http://www.tandfonline.com/doi/abs/10.1080/10798587.2010.10643078

Lasseter, R. H., Eto, J. H., Schenkman, B., Stevens, J., Vollkommer, H., Klapp, D., &
Roy, J. (2011). CERTS microgrid laboratory test bed. IEEE Transactions on
Power Delivery, 26(1), 325-332.

Lasseter, R., & Piagi, P. (2004). Microgrid: A Conceptual Solution. Presented at the
Power Electronics Specialist Conference, Aachen, Germany. Retrieved from
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.683.7829&rep=repl&ty
pe=pdf

Liang Che, & Shahidehpour, M. (2014). DC Microgrids: Economic Operation and
Enhancement of Resilience by Hierarchical Control. IEEE Transactions on Smart
Grid, 5(5), 2517-2526. http://doi.org/10.1109/TSG.2014.2344024

Lidula, N. W. ., & Rajapakse, A. D. (2011). Microgrids research: A review of
experimental microgrids and test systems. Renewable and Sustainable Energy
Reviews, 15, 186—-202. http://doi.org/10.1016/|.ijjepes.2012.03.007

Linnenberg, T., Wior, I., Schreiber, S., & Fay, A. (2011). A market-based multi-agent-
system for decentralized power and grid control. In Emerging Technologies &
Factory Automation (ETFA), 2011 IEEE 16th Conference on (pp. 1-8). IEEE.

Retrieved from http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6059126
226



Liu, E., & Bebic, J. (2008). Power system planning: emerging practices suitable for
evaluating the impact of high-penetration photovoltaics (No. NREL/SR-581-
42298) (p. 46). National Renewable Energy Laboratory. Retrieved from
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.553.727&rep=repl&typ
e=pdf

Lopes, J. A. P., Hatziargyriou, N., Mutale, J., Djapic, P., & Jenkins, N. (2007).
Integrating distributed generation into electric power systems: A review of drivers,
challenges and opportunities. Electric Power Systems Research, 77(9), 1189
1203. http://doi.org/10.1016/j.epsr.2006.08.016

Lopes, J. A. P., Madureira, A. G., & Moreira, C. C. L. M. (2013). A view of microgrids: A
view of microgrids. Wiley Interdisciplinary Reviews: Energy and Environment,
2(1), 86—-103. http://doi.org/10.1002/wene.34

Lopes, J. A. P., Vasiljevska, J., Ferreira, R., Moreira, C., & Madureira, A. (2009).
Advanced Architectures and Control Concepts for More Microgrids. Retrieved
from http://www.microgrids.eu/documents/673.pdf

Lo Prete, C., & Hobbs, B. F. (2016). A cooperative game theoretic analysis of incentives
for microgrids in regulated electricity markets. Applied Energy, 169, 524-541.
http://doi.org/10.1016/j.apenergy.2016.01.099

Louie, H. (2016). Operational analysis of hybrid solar/wind microgrids using measured
data. Energy for Sustainable Development, 31, 108-117.
http://doi.org/10.1016/j.esd.2016.01.003

Lovins, A. B., & Rocky Mountain Institute (Eds.). (2002). Small is profitable (1st ed).
Snowmass, CO: Rocky Mountain Institute.

Mackiewicz, R. E. (2006). Overview of IEC 61850 and Benefits. In 2006 IEEE PES
Power Systems Conference and Exposition (pp. 623—630). IEEE. Retrieved from
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4075831

Madureira, A. G., & Pecas Lopes, J. A. (2012). Ancillary services market framework for
voltage control in distribution networks with microgrids. Electric Power Systems
Research, 86, 1-7. http://doi.org/10.1016/j.epsr.2011.12.016

Madureira, A. G., Pereira, J. C., Gil, N. J., Lopes, J. A. P., Korres, G. N., &
Hatziargyriou, N. D. (2011). Advanced control and management functionalities
for multi-microgrids. European Transactions on Electrical Power, 21(2), 1159
1177. http://doi.org/10.1002/etep.407

Maize, K. (2011, February 1). The Great Solar Storm of 20127 Retrieved from
http://www.powermag.com/the-great-solar-storm-of-2012/

Maize, K. (2013, July 1). EMP: The Biggest Unaddressed Threat to the Grid. Retrieved
from http://www.powermag.com/emp-the-biggest-unaddressed-threat-to-the-grid/

Maknouninejad, A., Lin, W., Harno, H. G., Qu, Z., & Simaan, M. A. (2012). Cooperative
control for self-organizing microgrids and game strategies for optimal dispatch of

227



distributed renewable generations. Energy Systems, 3(1), 23-60.
http://doi.org/10.1007/s12667-011-0048-3

Malkin, D., & Centolella, P. (2014, March). Results-Based Regulation. Retrieved
October 19, 2016, from https://www.fortnightly.com/fortnightly/2014/03/results-
based-regulation

Marnay, C., Asano, H., Papathanassiou, S., & Strbac, G. (2008). Policymaking for
microgrids. IEEE Power and Energy Magazine, 6(3), 66—77.
http://doi.org/10.1109/MPE.2008.918715

Marnay, C., & Bailey, O. C. (2004). The CERTS Microgrid and the Future of the
Macrogrid (No. LBNL-55281). Lawrence Berkeley National Laboratory. Retrieved
from https://escholarship.org/uc/item/1103m944.pdf

Marnay, C., Chatzivasileiadis, S., Abbey, C., Iravani, R., Joos, G., Lombardi, P., ... von
Appen, J. (2015). Microgrid Evolution Roadmap. In Smart Electric Distribution
Systems and Technologies (EDST), 2015 International Symposium on (pp. 139—
144). IEEE. Retrieved from
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7315197

Marnay, C., & Firestone, R. (2007). Microgrids: An emerging paradigm for meeting
building electricity and heat requirements efficiently and with appropriate energy
guality. Lawrence Berkeley National Laboratory. Retrieved from
https://escholarship.org/uc/item/54b7r66j.pdf

Marnay, C., Venkataramanan, G., Stadler, M., Siddiqui, A., Firestone, R., & Chandran,
B. (2007). Optimal Technology Selection and Operation of Commercial-Building
Microgrids. Presented at the IEEE 2007 PES General Meeting.

Martin, R. (2016a, April). Texas and California have a bizarre problem: too much
renewable energy. Retrieved September 18, 2016, from
https://www.technologyreview.com/s/601221/texas-and-california-have-too-
much-renewable-energy/

Martin, R. (2016b, May). Loading up on wind and solar is causing new problems for
Germany. Retrieved September 18, 2016, from
https://www.technologyreview.com/s/601514/germany-runs-up-against-the-limits-
of-renewables/

Maryland Resiliency Through Microgrids Task Force. (2014). Maryland: Resiliency
Through Microgrids Task Force Report.

Massachusetts Department of Public Utilities. (2014). Investigation by the Department
of Public Utilities on its own Motion into the Modernization of the Electric Grid.

McGowan, E. (2011). Why Two Grids Can Be Better Than One - How the CERTS
Microgrid Evolved from Concept to Practice. U.S. Department of Energy.

Mekhilef, S., Saidur, R., & Safari, A. (2012). Comparative study of different fuel cell
technologies. Renewable and Sustainable Energy Reviews, 16(1), 981-989.

http://doi.org/10.1016/j.rser.2011.09.020
228



Mihaylov, M., Razo-Zapata, |., Radulescu, R., & Nowé, A. (2016). Boosting the
Renewable Energy Economy with NRGcoin. Presented at the 4th International
Conference on Information and Communications Technologies for Sustainability.
Retrieved from http://www.atlantis-
press.com/php/download_paper.php?id=25860387

Miller, C. R. (2005). Electromagnetic pulse threats in 2010. DTIC Document. Retrieved
from
http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=ADA4
63475

Minkel, J. R. (2008, August). The 2003 Northeast Blackout--Five Years Later. Retrieved
September 13, 2016, from http://www.scientificamerican.com/article/2003-
blackout-five-years-later/

Mitra, |., Degner, T., & Braun, M. (2008). Distributed generation and microgrids for small
island electrification in developing countries: a review. Solar Energy Society of
India, 18(1), 6-20.

Montoya, M., Sherick, R., Haralson, P., Neal, R., & Yinger, R. (2013). Islands in the
Storm: Integrating Microgrids into the Larger Grid. IEEE Power and Energy
Magazine, 11(4), 33-39. http://doi.org/10.1109/MPE.2013.2258279

Morris, G. Y., Abbey, C., Joos, G., & Marnay, C. (2012). A Framework for the Evaluation
of the Cost and Benefits of Microgrids. In CIGRE International Symposium, The
electric power system of the future-Integrating supergrids and microgrids,
Bologna, Italy, 13-15 September 2011. Retrieved from
http://escholarship.org/uc/item/2f37v7zq.pdf

National Renewable Energy Laboratory. (2016, February). Energy Systems Integration -
Microgrid Testing.

Naval Facilities Engineering Command. (2015). Technology Transition Final Public
Report: Smart Power Infrastructure Demonstration for Energy Reliability and
Security (SPIDERS) (p. 41). U.S. Department of Defense.

Navigant Research: virtual power plant market set to explode. (2014, October 21).
Retrieved September 15, 2016, from http://onlyit.ca/21-10-14-virtual-power-plant-
research/

Nayar, C. V. (1995). Recent developments in decentralised mini-grid diesel power
systems in Australia. Applied Energy, 52(2), 229-242.

Neef, H. J. (2009). International overview of hydrogen and fuel cell research. Energy,
34(3), 327-333.

Nema, P., Nema, R. K., & Rangnekar, S. (2009). A current and future state of art
development of hybrid energy system using wind and PV-solar: A review.
Renewable and Sustainable Energy Reviews, 13(8), 2096-2103.
http://doi.org/10.1016/j.rser.2008.10.006

Newman, D. (2015). Right-sizing the grid. Mechanical Engineering, 137(1), 34.
229



New York Public Service Commission. (2014, April). Reforming The Energy Vision: NYS
Department of Public Service Staff Report and Proposal. Case 14-M-0101.

New York State Energy Research and Development Authority, New York State
Department of Public Service, & New York State Division of Homeland Security
and Emergency Services. (2014). Microgrids for Critical Facility Resiliency in
New York State (No. NYSERDA Report 14-36) (p. 375). New York State Energy
Research and Development Authority.

Olivares, D. E., Mehrizi-Sani, A., Etemadi, A. H., Canizares, C. A., Iravani, R., Kazerani,
M., ... Hatziargyriou, N. D. (2014). Trends in Microgrid Control. IEEE
Transactions on Smart Grid, 5(4), 1905-1919.
http://doi.org/10.1109/TSG.2013.2295514

Pachauri, R. K., Allen, M. R., Barros, V. R., Broome, J., Cramer, W., Christ, R., ...
others. (2014). Climate change 2014: synthesis Report. Contribution of working
groups I, Il and 11l to the fifth assessment report of the intergovernmental panel
on climate change. IPCC. Retrieved from http://epic.awi.de/37530/

Palizban, O., Kauhaniemi, K., & Guerrero, J. M. (2014). Microgrids in active network
management—Part I: Hierarchical control, energy storage, virtual power plants,
and market participation. Renewable and Sustainable Energy Reviews, 36, 428—
439. http://doi.org/10.1016/.rser.2014.01.016

Panora, R., Gehret, J., Furse, M., & Lasseter, R. H. (2014). Real-world Performance of
a CERTS Microgrid in Manhattan. IEEE Transactions on Sustainable Energy,
5(4), 1356-1360.

Parag, P. (2015). Beyond energy efficiency: A “prosumer market’as an integrated
platform for consumer engagement with the energy system. In ECEEE 2015
Summer Study on Energy Efficiency (pp. 15-23). Retrieved from
https://www.researchgate.net/profile/Yael _Parag/publication/277551805_ Beyond
_energy_efficiency A ’prosumer_market’”_as_an_integrated_platform_for_consu
mer_engagement_with_the energy system/links/556c56e508aeccd7773a88c3.p
df

Parag, Y., & Sovacool, B. K. (2016). Electricity market design for the prosumer era.
Nature Energy, 1(4), 16032. http://doi.org/10.1038/nenergy.2016.32

Parhizi, S., Lotfi, H., Khodaei, A., & Bahramirad, S. (2015). State of the Art in Research
on Microgrids: A Review. IEEE Access, 3, 890-925.
http://doi.org/10.1109/ACCESS.2015.2443119

Parisio, A., & Glielmo, L. (2011). Energy efficient microgrid management using model
predictive control. In 2011 50th IEEE Conference on Decision and Control and
European Control Conference (pp. 5449-5454). IEEE. Retrieved from
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6161246

Patterson, B. T. (2012). Dc, come home: Dc microgrids and the birth of the“ enernet.”

IEEE Power and Energy Magazine, 10(6), 60—69.
230



Perez, E. (2016, February). U.S. investigators find proof of cyberattack on Ukraine
power grid. Retrieved September 13, 2016, from
http://www.cnn.com/2016/02/03/politics/cyberattack-ukraine-power-
grid/index.html

Piagi, P., & Lasseter, R. H. (2006). Autonomous control of microgrids. In 2006 IEEE
Power Engineering Society General Meeting (p. 8—pp). IEEE. Retrieved from
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1708993

President’s Council of Economic Advisers, & U.S. Department of Energy Office of
Electricity Delivery and Energy Reliability. (2013). Economic Benefits of
Increasing Electric Grid Resilience to Weather Outages (p. 28). Executive Office
of the President.

Qu, M. (2014). Microgrid Policy Review of Selected Major Countries, Regions, and
Organizations. Retrieved from http://escholarship.org/uc/item/51q0g9p8.pdf

Roche, R., Blunier, B., Miraoui, A., Hilaire, V., & Koukam, A. (2010). Multi-agent
systems for grid energy management: A short review. In IECON 2010-36th
Annual Conference on IEEE Industrial Electronics Society (pp. 3341-3346).
IEEE. Retrieved from
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=5675295

Romankiewicz, J., Marnay, C., Zhou, N., & Qu, M. (2014). Lessons from international
experience for China’s microgrid demonstration program. Energy Policy, 67,
198-208. http://doi.org/10.1016/j.enpol.2013.11.059

Schnitzer, D., Lounsbury, D., Carvallo, J., Deshmukh, R., Apt, J., & Kammen, D. (2014).
Micro-grids_for_Rural_Electrification-
A_critical_review_of best practices_based on_seven_case_studies.pdf. United
Nations Foundation.

Schwaegrl, C., Tao, L., Lopes, J. A. P., Madureira, A., Mancarella, P., Anastasiadis, A.,
... Krkoleva, A. (2009, December). Report on the technical, social, economic,
and environmental benefits provided by Microgrids on power system operation.

Sechilariu, M., Wang, B., & Locment, F. (2013). Building-integrated microgrid: Advanced
local energy management for forthcoming smart power grid communication.
Energy and Buildings, 59, 236—243. http://doi.org/10.1016/j.enbuild.2012.12.039

Shamshiri, M., Gan, C. K., & Tan, C. W. (2012). A review of recent development in
smart grid and micro-grid laboratories. In Power Engineering and Optimization
Conference (PEDCO) Melaka, Malaysia, 2012 IEEE International (pp. 367-372).
IEEE. Retrieved from
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6230891

Siddiqui, A., & others. (2004). Effects of a carbon tax on microgrid combined heat and
power adoption.

Smart Energy Demand Coalition. (2015). Mapping Demand Response in Europe Today

- 2015.
231



Smith, R. (2014, February 5). Assault on California Power Station Raises Alarm on
Potential for Terrorism. Wall Street Journal. Retrieved from
http://www.wsj.com/articles/SB1000142405270230485110457935914194162177
8

Smith, R. (2016, July 14). How America Could Go Dark. Wall Street Journal. Retrieved
from http://www.wsj.com/articles/how-america-could-go-dark-1468423254

Soshinskaya, M., Crijns-Graus, W. H. J., Guerrero, J. M., & Vasquez, J. C. (2014).
Microgrids: Experiences, barriers and success factors. Renewable and
Sustainable Energy Reviews, 40, 659-672.
http://doi.org/10.1016/j.rser.2014.07.198

Stadler, M., Cardoso, G., Mashayekh, S., Forget, T., DeForest, N., Agarwal, A., &
Schonbein, A. (2015). Value Streams in Microgrids: A literature. Retrieved from
http://lwww.cet.or.at/pdf_files/value_streams_in_microgrids_a_literature.pdf

Stadler, M., Groissboéck, M., Cardoso, G., & Marnay, C. (2014). Optimizing Distributed
Energy Resources and building retrofits with the strategic DER-CAModel.
Applied Energy, 132, 557-567. http://doi.org/10.1016/j.apenergy.2014.07.041

Suryanarayanan, S., Mitra, J., & Biswas, S. (2010). A conceptual framework of a
hierarchically networked agent-based microgrid architecture (pp. 1-5). IEEE.
http://doi.org/10.1109/TDC.2010.5484332

Suryanarayanan, S., Rietz, R. K., & Mitra, J. (2010). A framework for energy
management in customer-driven microgrids (pp. 1-4). IEEE.
http://doi.org/10.1109/PES.2010.5589873

Suvire, G. O., Mercado, P. E., & Ontiveros, L. J. (2010). Comparative analysis of energy
storage technologies to compensate wind power short-term fluctuations (pp.
522-528). IEEE. http://doi.org/10.1109/TDC-LA.2010.5762932

Su, W., & Wang, J. (2012). Energy Management Systems in Microgrid Operations. The
Electricity Journal, 25(8), 45—60. http://doi.org/10.1016/j.te}.2012.09.010

Thornton, A., & Monroy, C. R. (2011). Distributed power generation in the United States.
Renewable and Sustainable Energy Reviews, 15(9), 4809-4817.

Times of Israel. (2016, January). Steinitz: Israel’s Electric Authority hit by “severe”
cyber-attack. Retrieved May 22, 2016, from http://www.timesofisrael.com/steinitz-
israels-electric-authority-hit-by-severe-cyber-attack/

Ton, D. T., & Smith, M. A. (2012). The US Department of Energy’s Microgrid Initiative.
The Electricity Journal, 25(8), 84-94.

Trabish, H. K. (2016, August). Public purpose microgrids: Mixed-ownership models spur
utility investment in growing sector. Retrieved August 31, 2016, from
http://www.utilitydive.com/news/public-purpose-microgrids-mixed-ownership-
models-spur-utility-investment-i/425296/

Tsikalakis, A. G., & Hatziargyriou, N. D. (2011). Centralized control for optimizing

microgrids operation (pp. 1-8). IEEE. http://doi.org/10.1109/PES.2011.6039737
232



Tweed, K. (2014, July 17). Con Ed Looks to Batteries, Microgrids and Efficiency to
Delay $1B Substation Build. Retrieved September 18, 2016, from
http://www.greentechmedia.com/articles/read/con-ed-looks-to-batteries-
microgrids-and-efficiency-to-delay-1b-substation

Tweed, K. (2015, July 9). New York Looks to Cement Its Lead as Microgrid Capital of
the World. Retrieved March 3, 2016, from
https://www.greentechmedia.com/articles/read/new-york-looks-to-cement-its-
lead-as-microgrid-capital-of-the-world

U.S.-Canada Power System Outage Task Force. (2004). Final Report on the August 14,
2003 Blackout in the United States and Canada: Causes and Recommendations.
U.S. Department of Energy. Retrieved from
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/BlackoutFinal-
Web.pdf

U.S. Department of Energy, & U.S. Environmental Protection Agency. (2012).
Combined Heat and Power - A Clean Energy Solution (No. DOE/EE-0779).

Ustun, T. S., Ozansoy, C., & Zayegh, A. (2011a). Distributed Energy Resources (DER)
object modeling with IEC 61850-7—-420. In Universities Power Engineering
Conference (AUPEC), 2011 21st Australasian (pp. 1-6). IEEE. Retrieved from
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6102505

Ustun, T. S., Ozansoy, C., & Zayegh, A. (2011b). Recent developments in microgrids
and example cases around the world—A review. Renewable and Sustainable
Energy Reviews, 15(8), 4030-4041. http://doi.org/10.1016/j.rser.2011.07.033

Vaccaro, A., Popov, M., Villacci, D., & Terzija, V. (2011). An Integrated Framework for
Smart Microgrids Modeling, Monitoring, Control, Communication, and
Verification. Proceedings of the IEEE, 99(1), 119-132.
http://doi.org/10.1109/JPROC.2010.2081651

Van Broekhoven, S. B., Judson, N., Nguyen, S. V., & Ross, W. D. (2012). Microgrid
study: energy security for DoD installations. DTIC Document. Retrieved from
http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=ADA5S
65751

Van Broekhoven, S., Judson, N., Galvin, J., & Marqusee, J. (2013). Leading the
Charge: Microgrids for Domestic Military Installations. IEEE Power and Energy
Magazine, 11(4), 40-45. http://doi.org/10.1109/MPE.2013.2258280

Veitch, C. K., Henry, J. M., Richardson, B. T., & Hart, D. H. (2013). Microgrid cyber
security reference architecture. Sandia Nat. Lab.(Hierarch. SNL-NM),
Albuquerque, NM, USA, Tech. Rep. SAND2013-5472. Retrieved from
http://prod.sandia.gov/techlib/access-control.cgi/2013/135472.pdf

Walton, R. (2014, October). Former FERC chair says microgrids are key to grid
security. Retrieved September 13, 2016, from

233



http://www:.utilitydive.com/news/former-ferc-chair-says-microgrids-are-key-to-
grid-security/327814/

Walton, R. (2016, June). Combined heat & power: The grid’s “best kept secret?”
Retrieved June 14, 2016, from http://www.utilitydive.com/news/combined-heat-
power-the-grids-best-kept-secret/420484/

Wang, W., & Lu, Z. (2013). Cyber security in the Smart Grid: Survey and challenges.
Computer Networks, 57(5), 1344-1371.
http://doi.org/10.1016/j.comnet.2012.12.017

Wang, Y., Wang, B., Chu, C.-C., Pota, H., & Gadh, R. (2016). Energy management for
a commercial building microgrid with stationary and mobile battery storage.
Energy and Buildings, 116, 141-150. http://doi.org/10.1016/j.enbuild.2015.12.055

Washom, B., Dilliot, J., Well, D., Kleissl, J., Balac, N., Torre, W., & Richter, C. (2013).
Ivory Tower of Power: Microgrid Implementation at the University of California,
San Diego. IEEE Power and Energy Magazine, 11(4), 28-32.
http://doi.org/10.1109/MPE.2013.2258278

Williams, J. H., DeBenedictis, A., Ghanadan, R., Mahone, A., Moore, J., Morrow, W. R.,
... Torn, M. S. (2012). The Technology Path to Deep Greenhouse Gas Emissions
Cuts by 2050: The Pivotal Role of Electricity. Science, 335(6064), 53-59.
http://doi.org/10.1126/science.1208365

Wilson, C. (2008). High altitude electromagnetic pulse (HEMP) and high power
microwave (HPM) devices: Threat assessments. DTIC Document. Retrieved
from
http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=ADA5S
29982

Wiser, R., Barbose, G., Heeter, J., Mai, T., Bird, L., Bolinger, M., ... others. (2016). A
retrospective analysis of the benefits and impacts of US renewable portfolio
standards. Lawrence Berkeley National Laboratory, National Renewable Energy
Laboratory. Retrieved from http://climate-xchange.org/wp-
content/uploads/2015/11/Renewable-Energy-Standards-Study.pdf

Wood, E. (2014, September 27). Massachusetts Awards $7M for Community Microgrid
& Resiliency Projects. Retrieved from
https://microgridknowledge.com/massachusetts-awards-7m-community-
microgrid-resiliency-projects/

234



PUBLICATION DOCUMENTATION PAGE

Item Value
1. Publication No. RD-22-18
MONI -

2.Additional No.

3. Recipient Accession No.

4, Title and subtitle

Microgrids deployment in Israel — socio-techno-
economic analysis of benefits, challenges and

regulatory framewor

5. Publication Date

September, 2018

6. Performing Organization
Project No.

Interdisciplinary Center (IDC) Herzliya

7. Author(s)

Parag, Yael
Levy, Nadav

8. Performing Organization
Report No.

9. Performing organization names and

addresses

10. Ministry of Energy & Water

Resources Contract No.

215-11-038

11. Sponsoring organization(s) names

and address(es)

(a) Ministry of National Infrastructures
Division of Research and Development
P.0.Box 36148, 9136002 Jerusalem

12. Type of report and period covered

Final project report (2016-2018)

13. Sponsoring Org. Code

14. Supplementary Notes

15. Abstract

This report surveys current trends in integrating
microgrids into electricity systems in developed
countries, and the potential for microgrid
integration in Israel. In addition to the
technological advances affecting microgrids’

viability, changes in regulation and markets

235




Item

Value

present both challenges and opportunities for
microgrids. This report summarizes the
societal costs and benefits of microgrid
integration, focusing on incremental
environmental, socioeconomic, and electricity
system benefits and costs. Approaches to
guantifying these costs and benefits, as well as
the advantages and limitations of each
approach, are described in some detail. The
report concludes with recommendations for
actions necessary in order to advance
microgrids beyond their current niche focus on
specific institutional sites to a resource to be
included for electricity system planning at a

national level in Israel.

16. Identifiers/Keywords/Descriptors

microgrids, distributed generation, prosumers,

energy security ,naman MmN, NN
VN PNV DBV

17. Copies of This Report Are
Available from:

Interdisciplinary Center (idc) Herzliya

18. Security Class None
(this report)
19. Security Class None
(this page)
20. No. of 236
pages
21. Price Open access

236




