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detaaled amalvsds of the energy Mives thremagh the spsem aied guomifes a9 losses consad by banery soespe
reng-drap, reciifier sed imverier comversions. g noo-opteme opssstom af le generalir aid of e PY gy,
The paper alsin snabyecs the evolution of end-use elecsncisy conssmmion sincp the installstion ol the Y
hybrid spsaom.  © 1999 Elsevier Sciemce Lul- All mphis peservesl.

L INTRODUCTION

In the service temitory of Miagora Mohawk, the
electric utility servicing porhem Mew York Stale,
most residentin]l homes ore conpoecied 0 the
eleetrie grid. However, thene still exists several
ol ¥-gred” oot Ferote locatlons, which, for financial
g for environmental reasons  relaled o their
distunce from an existing power line, are @ol
connected to the wtility grid je.g., see Moore and
Bipges, 19910 Maost of these residences denive
thetr electrichy from gasoline or diesel generntors,
which can be nodsy and unreliable. These systems
are usually only capabde of supplyeg elecmciny
for husic needs such s essentinl lighting, woler
pumping and o limited number of plug loads (eg.,
radkio; TY ).

In August 1994, Mingara Mohowk installed o
prototype photovoltale (PY j-generator hylbrid sys-
tem in Parishville, MNew York, The decisson 1o
select o PV-peneraior hyhrd sysiem mither than o
pure PY sysiem for the considered location s
consiaten with several studies on the suhject (e.p.,
Kugele o al, 19960 This swsem repliced an
existing diesel powered electric generator and wiss
sized 10 mest the residence’s known lighting and
plug lpads, but ao refrigemtion, cooking of
heating necds. The residence is located abour 5
km from the utihty grid. Panshwvlle is locwted o
northern Mew York Ste, near the Canpcian
borider (sce map in Fig, 1y This site is chiragter-
ized by a yeasly global fmadintion of abour 1350

Fauutmor o whom comespoidence shosbl be addresasd,

i)

KWhim® (Muorion sd Wilcos, 1994), and by
some o the coldest winter weather conditions kn
the LIS,

The first year of opersfion was a leaming
experience for both the residential wser amd the
utiliny company. Sevecal problems were encoun-
tered durmg e first vear, linked o the wnreliobls
operation of the inital genersor and the inverter,
The hybridl system underwent & magor redesign in
Julv 1995, with a new mverer and a new liguad
propane generator (Bailey er af, 1997) In this
paper, we report on he second yeéar opemiion of
the hybrid system, after the svstemn hod schieved o
relioble  operationol devel (less than [% un-
avpilnbiliiy b,

2. SYSTEM DESCRIFTION

The redesigned systerm comsidensd in this paper
i= illustroted in Fig, 2

The aystem design philosophy was B0 maximize
simpliciy and use proven off-the-shelf compo-
nents. The systen wis (o e epresemtative of the
type of residential systems that were lkely o be
installed in the foreseeable future in the wtility’s
service temitory, Hemce, the system was siped
isbing conventeal simulation fools {Menicocci
angd Fermungdes, USR8 and represemative insola-
tiom o, and did nod mvolve mny sophilssicaned
hybrid design optimization (e.g. such as proposed
by Secling-Hochmuth, 1997, Samimi o ol 1997,
Borowy and Salumel, 1996 or Bever and Langer,
1886 or sovphisticated armay fheld of view charde-
pErizaticsn g, Non Schalkwhnk et al.. 1997,
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Fig. 1. Cwngraphic bewtion of the wst PY hivhod sie ond serdoe isrioss of Miogis Mohowk,

The lomds; genermor, PY aray ond battery bank
are imerconnocted  through oo Ananda  5-004
Power Center built around o Trece 4024 mverter.
The invener hos a capacity of 4 kWi,

The PV prray is composed of sixtesn Siemens
M55 modubes rated ot 53 W' ench, installed in
eight purllel pwo-module strings. The urmay is
soith-focing and cun be manually sef oo winker
or a sumemer Gl e 60 and M7, respectively. Mo
mujor obstructions are present within the arruy's
field of view,

The batiery bank consists of four GNB Ah
solyie lp deep cycling lead—ascid batleries, pro-
viding a rated siorage capacity of 24 Y1055 Al
ar a T-h descharge rale,

The propane powered generntor is o Kohler 6.5
BMY with o stangd-hy mating of 6.5 EWac at 120%,

A EXPERIMENTAL DATA

An exlensive dila acgidsition syslem wis in-
stalled 1o monitor energy production, energy Mows
und epergy consumption, The parmeters moni-
tored are listed in Toble 1. There are many
reslumdunt eyrrent and voliape data poins, olbow-
inge foor systematic quality coniral of e dati. For
instance, the ormay DO outpul  was  measuned
direcily amd could be vertied by adding the

' 1 W2 e AR 18

buttery. power iniout)flow ond the inverier DC
mnput poser. All sensor points were scunned at &
10 frequency and were archived on & 15-min
hiteis. Tablke 1 lisis 0ll recorded paromesers along
with the type of sensom used. Shindlar monkborng
swstems hove been vsed @lsevwlsere {2z, Durnd
er al.. 1996

4. RESULTS

40 verall energy prodicion amd aidlioadion

Remole residentinl loads in nonhem climales
penerlly do not provide the best possible match
with Y owipat since these loods tyvpically peak in
winter and during eardly moming and evening
howrs { Mingara Mohawk, 1997), The residence in
Parishville, Mew York is po excepiion, as con be
ween in Figs. 3 and 4

Fig. 3 illnstrates the residence™s monthly energy
consumption from  Avgust 19935 o July 1996,
abong with the mespective end-use coniribaitions off
the PV widd of the generator, The residential Ionids
;H'Erl'hl.t'll}' consrsted of Hﬂ'ﬂin.. a 250 wiler
puiip wid various small howsehold appliances,
Hewting, refrigerntion and cooking were niod in-
chued.

The winter eleciricel energy consiwmpdion, of
thie order of T EWh per day, s slmost twice s
high in the winter a8 m the summer, drven by
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higher Hghting requirements and moee actvities
insicle the home, Chverall PY conlributbon o the
land ds 279 Fig. 4 illostrates the resdence’s
avermpe daily ol profile supsrimposed over the
PY army s average outpal

Chverall energy consumption is abour half thar
of iypleal prid-connecied Niagara Mohawk res-
idenml cusbhnmers willhoul elecircal beating or
conling lomis, However, the dailySmonmthly  load

patierms ohserved o the residence in guestion is
typical of these cusiomers (Mingom  Mohawk,
195K T 5,

4.2 Energy flons

Cine ol the mbin objectives of this praject was
fo provioce o detiiled experimental pocounting o
energy Hows Ihmlugh the hybnd system, In par-
tcular. we were interested in guantifying  all
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Table 1. Lisi of mponwores] parameiers
Paranicir = Liris Lonesents
House figal AT povwnr W
Hiitae AT wallaps | lie: 1) Wi
Huouse AT current (lims | Y
Hinmeg AL wioihope dllne 2 Wi

Hiviiet AL current | lima 7
Girmset AL povicer

Crersst AL woiltups

Ciprrset. A0 curmeni
"Hanery bank T poiees
Baitery bank DC valinge
Banery unk D curnessi
PV artey TRD jurwi

P& array DA cumeni

P% minlide e imperanin: § Calsins
% muoadule legersome 3 Cabajus
Battery bunk case Weinpestiie Cetaiiin
Ambienl air feogsermting Clelss
Hariaoinal insclssiim Wil

PO (il ol gy | ol ithon Wim

Laogger melerence ipmperamn Celsine
FLasllnne of progans nsdd Cinllimis

Calkculated hait

Cabcubaned tam. Bank 1

-

P mray 1

Caluulatcd wanp Clenss A0 power

Sonne puEsiicie meusipement b oaedundanl, sk alflowod (o crss-checiomp:

swhtem fosses, inchisding achual device bosses, s
well oy uncollected polentinl energy losses coused
by the dwoi-ades] operation of the PY gnd (he
frenerator

For the PY part of the system. device losses
include DHO-AC  converstion  Josses,  bods  for
enerey Qowing direcily 1o the load mmd Gor encfgy
rnsiting througeh the battery, and stornpe roomel-
trip losses, Mon-oplimal opention lesses amount
i the difference between DC encrgy  ocieally
provluced by e wrray and ihe amoung that wisahd
be prodhuced i the army was dendly . masimaeme-
power-poind frcking (MPFT L Non-MPPT openi-
tion s caused both by limitations on the power-
conditioning unit at low poswer levels and by
Tall-batlery flow=lomd  siluations,  whene

ETIETY

| 250

kWh

0 -

Aug-85

Iromn the FY armay hes noshere o flow and s
effectively Hmited by high batery volisge. Note
thist we define ideal PY owtpat in relagkon (o the
sysiem's experimentilly roed capacity, ool s
destgn capacity: the Tommer tumed  out o be
modiceably  smaller than -ﬂ:pe:];*::l, ns .;-xpl,ninu:d
bl

O the penermtor shde, AC-DC sectifier losses,
Danery roumd-tep bosses amd DCO=ALC  inverer
losses nllect electneal energy thot does nod Aow
direcily to the loid, Non-optimal losses pre coused
by the Toct thoat the peneradon”s propaise-Lo-electrd-
cal energy efficlency |s a function o s power
ouipeil. For the comsadered  generator, |1pti|11|||rr|
elfficieney s achieved for an ootpot of 2.5 EW,
with efficiency groafisally dropping below that. We

Jul-96

Fip. % Rositdence's enovgy conssmption s fespective cominibitkon gl PY arfay ol peopune peacralen
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define non-idenl losses as the difference befween
e energy actully produced by the genemtor ansd
e emergy that woaild have been prochuesd hod the
gimerator operated m optimum efficiency,

#.2 1. E:J.:p.;-rfmrma.l' resuliy, Eyr.hnm CORETEY
flovws nre illustrnied in Figo 5. For each senson,
these are pwo pie chans, ooe identifying all flows
pid e ofier summanzing the proportion of
eneriy used and fost by the PY and the geterntor,
It is inderesting 0 nole el almost boll of e
encrgy produced by the hybrid sysiem |5 wasted,
Deevice inefficiencies account for 65% of this los
EHCTEY.

O the PY e, 6O of the losses are device-
relaled and 0% dre non-opiimol boesed. Dt i
important fo remiark lere thid these man-optimul
losses mre gniged with respect to the sctual, nal
the expected, systom peak mating (see oomEnrison
wilh simulations bebow).

On the gencrtor side, 7% of the losses are
device-related since much of the enengy produced
by the gensmior has o transit theough the batlery
and e subjected to AC-DC, sorape and DC-AC
mellictencies. Generator losses may have been
enhanced by o destre by the homeowner o
minimize noise by limiting the permissible tmes
swhen the genemiior could operate.

While PV coniributions in the winter are the
sondiear, there 15w bener wnlizanon of PV, A
I|1.rg¢r pmpl:ll‘l.i:m ol direct PYero-load  transfer
{higher loads plus lower PV output) resulis in
smiller device losses,

brid system did not perform as well as initally

anhicipatied i three respectss (1) e PY contraba-
tian i the ot load was smaler than expecied,
(20 maximum PY outpur fell short of design
capectptions wmd (33 bosses and  inefiiciencies
wigrg slightly larper thon predicted from simulo-
LTI

The acusad PY contrbation o e boad (27%)
wis  bess  Mlmn  mndtdally propcted (over 75%)
becouse the residence’s energy consmplion grew
substantinlly since the instullation of the hybrd
system isee lond groach discussion in Section
4.3,

Hused wpon the mdividual mesdule nameplste
rmtings, the PV array's peak power oatpal should
have been 8498 WD (al 0 mochile temperatine of
20°C and irmdiance of 1000 Wim® ). The actaal
rating of the amay under these conditions wis
eatimated al 725 WD by determining the upper
envelope of the actual DC ourput and sceounting
Fiwr lernperune elliciency tEEEr::da'l:il:lll. The [ae-
tors respinsible for this difference ane: slightly
optimistic individual module mting, modole mis-
match, line losses and o noo-optimam Ty cerve
power peanl, even  under twe most {ovosable
insolotiom and lomd conditions set by the voluge
of the bpitery bank,

Concering actual versos simulabed imefficien-
cles and bosses, we performesd an  d-posterion
simmulation of the hybrad syatem scoounting for the
19405 bowd pottems and aciual system rating (e
T25 W-DMTh, wsing typieal meteorological  eon-
ditions and & validated PY simulation progrom,
PYFORM- {Perce o al, 1994), Ax seen in Fig.
6, p'l:r:l,: of array irrndiance estmated Trom local
1:,lpiuu.| mcieormlogical vewr {TMY ) clath are quite
comparahle to 1995 |5 rendings in Parighville.
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The difference is less thim 1% for ihe summer
muonths. Focusing on this tme period, we com-
parcd  Expervmental  and  simolaled  losses and
atifizstion (Fig. T Under these similer insods-
tion feopsumplion copditons, the PYFORM simo-
lntion yields smaller losses (42% PVY-generabor
combimed vs. 47% ) and o higher PY losd penetrs-
ton (49 v 4%, Cheerall, ifler stcounting o
PV and losd siee, the TMY-PYFORM simulation
provkded o smisfaciory estimution of system per-
Formmnee, as illustrated in Fig. B, which compores
sepsonal simulabed and octusl PV load peneira-
a0,

4.3 Evelution of end-weve loads

The residence was monbiored for e vear prion
to the tnstalintion of the PV sysiem. Al thid thime,
the house was powered by o diesel generator and

o hofiery bonk, The purpose of this imitzal mons-
toring wos 1o help in designing a8 properly sized
svstem. That initial dats tumed out i be helpful
in other respects, however, because it bore wii-
fess o an unespecicdly large energy consumption
increase. Fig. 9 illostrates the evolution of the
residence’s Joml feom 1994 done yenr bofore the
installation of the hybrid systemb b 1996 The
datn cleprky sugpesis thal end-use snergy con-
sutnidion rose substantolly in the wake of the
instiallation of the PY system,

Severnl causes for this [nenepse may be -
vinced: (1) The relinbility of the sysiem was
considerubly increaded, with a propane gencraior
and o PV array requinng very lithe mainiénonce;
12} thanks o the PV oray and o large boattery
bank, the {(guieter) genenidos swak operated less
fregquenily thon before, producing less discomion

Fig. 7. Compurson between actisl (lef) sl simsloed ifght] energy Sows through e sysiem.
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wasted, [t would thus be advisable, slwsld

Mingwm Mohawk decide 10 opl for PV hybrid

systems ns 0 solution for b= off-the-grid cos-

fomers, fo optimize the design and opertion of
the system 5o ms o minimize these losses ond
tap ko the anused energy polential. The pie
chor mnnlysis presented i this paper coald be
used mh oo template o svstematically gauge and

e ihe effectivencss of hybrid sysiems, lin-

provement areps o focus oo include:

— Exploring a betier match betwesn power
gencrathen amd load wilidon so as o
milnimiae power translers throogh the bao-
tery, which are particularly taslng energy-
wike om the generior side and which hpyve o
seriges long-term  impoct on bettery life
e, Spders ol Rsinkoskd, 19963, Das-
puiching sorntepgies, such as tose proposed
by Barley and Winn (1996), should be
explored.

- Using u two-level inverter that coubd be
psitched o s power delivered by the ammay
e g, see Keller amld Affolter, 1995) wml,
when needed, matched w high demand
sifumtions, As it is, the 4 KW Troce invener
wits siol providing optimum elficienoy  m
norml Fic-weather PY ootpal of 300600
W

. The stsdy prowlded strong evidence that e

replocement of s dicsel-batery system by a
reliable hybrid PV system led o0 substantiol
fondd. grovwith. We speculate thig both the per-
cepthon of “free” energy from the PY and the
reduction of the discomion from a noisy and
maintenance-intensive diesel engine led 1o this
boael prowth, 'We belicwe thet this boad growth
phevmenon may ned be unigee o this projec
wal sdwsold be  investigaied further, Conse-
fUETCes an sysiom siding ore nob rvinl, Inothe
present case, lhe Y saystem ended up sup-
plving & conskderobly  smoller load frsction
than planmed.

LE ]

Aedmremiedprmeniy—The wathors wesh s thenk dhe e York
ftsie Encrgy Hessrch and Developmom Aathoriny din par-

tigular, Jemnifer Harvey [or her technical inpud) mmsd ihe
Soqthwest Techmalogy Developmens Tnsiiue lor shelr pan in
the mimisnnng [aEnn.
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