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Abstract: With declining system costs and assuming a short energy payback period,
photovoltaics (PV) should, at face value, be able to make a meaningful contribution to
reducing the emission intensity of Austréiaelectricity system. Howevesolar is an
intermittent power source and households remain completely dependeniless dhan

greerm electricity grid for reliable electricity. Further, much of the energy impact of PV
occurs outside of the conventional boundaries of PVclide anayses (LCA). This paper
examines these competing observations and explores the broader impacts of a high
penetration of household PV using Melbourne, Victoria as a reference. It concludes that in
a grid dominated by unsequestered coal and gas, PV proviteggtimate source of
emission abatement at high, but declining costs, with the potential for network and peak
demand support. It may be technically possible to integrate a high penetration of PV, but
the economic and energy cost of accommodating-pégtgration PV erodes much of the
benefits. Future developments in PV, storage, and integration technologies may allow PV
to take on a greater long term role, but in the time horizon usually discussed in climate
policy, a largescale expansion of household BYAy hinder rather than assist deep cuts to
the emission intensity of Australiads el ect

Keywords: solar PV; peak demand; greenhouse emissembodied energ\EROI

Abbreviations

AUD: Australian dollarg COsx-e: grams of carbon dioxidequivdent, GJ:energy, 18joules GW:
power, 18 watts (joules per secondWh: energy, 18 watthours kVA: apparent power, £0
volt-amperes; kW: power, 10° watts kWh: energy,10® watt-hours equal to 3.6 megajoulp$IW:
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power, 10° watts MWh: energy,10° watthours PJ: energy, 10 joules; TWh: energy, 10" watt
hours USD: US dolla; Wh: watt-hour, unit of energy equal to 3,600 joules

1. Introduction

The Garnaut Climate Change Review reports th
system would need to decline from its current 850 g-€&Wh to between 110 and 200 g £6kWh
under Australiads cont rp,scbnario respectivelypby a04H GiGenthat 5 5 (
Vi ct or i aoanissoh mtensity is the highest in the country at 1,210 g&ZkKWh due to a
reliance on brown codPR], Victoria would need to decrease its emission intensity by 80 to 90% to
meet national emission goals in just over 30 years. Assuming declining costs, at face value householc
PV should be able to make a useful contribution to decreasing the emission intensity of Bistralia
electricity supply. Howevehomes that install gridonnected solar remain completely dependent on a
fless than greenelectricity grid, and PV does not meaningfully displace network generation or
distribution capacity{3,4]. Further, the manufacture and installation of PV incurs an energy debt
through its embodied enerd$], and few analyses include the full upstreamsts of PV[6,7], or
attempt to capture a prata allocation of thdownstream costs dlistributionandancillary services.

It seems that much of the discussion around PV is focused dariegptheoretical potential,
assumingipso factothat a high penetration of PV is desirable. Most tpghetration PV analyses
invariably conclude that a radical transformation in grid configuration will be required, including a
substantial shift frombasl oad t o Afl exi bl e generationo with
(see for example Sayeet al [8], and Denholm and Margol[9]). Yet there is a dearthf oigorous
analysis demonstrating that such a transformation offers the most promising pathway taexaear
emission electricity supply within the time frame discussed in climate policy.

In a review 0f23 high-penetration renewables studies (for examplelucchi & Jacobsoifl0],

WWEF [11], Wright and Hearp$12]), most of which includedPV with an installed capacity ranging

from around 20 to 45% by 2050, ReedniaB| reported that they rarely consider the routine technical,
integration and cost implications beyond exploring the theoretical capacity terdglificient energy.
Although someresearchersincludingMackay [14], Moriarty and Honnery15], and Smil[16] have

drawn attention to thpractical limits of technoenewablesperhaps more fundamentally, as Trajd&i

has noted, there is reluctance in the academic and technical literature to critically reviewing such
studies, with environmental N@& and green parties subsequently uncritically accepting the
conclusion that world energy demand can be rooidess affordably met with mostly solar, wind and
biofuels given the appropriate policy settings and incentives.

This paper explores the technichlallenges of PV integration in the Australidational Electricity
Market (NEM), with a focus on Melbourne, and concludes that it may be possible to integrate a high
penetration of PV, but that the economic and energy cost of accommodatinpehigfhatio PV
erodes much of the benefits. Further, PV is not suited to taking on a primary network role or delivering
sufficient surplus energy when a fuller account of embodied energy is included.

The conclusion is that low penetration PV provides a legitimatecemf emission abatement with
high but declining abatement costs, assuming the grid continues to be dominated by unsequestered co
and gas. However, in the time horizon usually discussed in climate policy, a rapid expansion of PV
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may accelerate a patlependence towards a saptimal generation mix, undermine the economic
case for lowemission baseload, and hinder efforts to delivering the deep emission cuts recommended
towards the middle of the century.

2. HouseholdRelianceon afi L e s s  tdma&lectriGty Grid
2.1 SolarEnergy Avdable

Although the earth catches only a tiny fraction of the total solar output, the quantity of energy is
enormous; the rate of global fossil fuel consumption is about 0.006% of the solar energy intg8gpted
Assuming a PV efficiency of 15%, with an average daily insolation of at least 5 K\\thaguare with
31 km sides completely filled with PV would c
annual electricity requiremenfassume 261 TWh). In an urban context, PV has the benefit of being
highly suited to being accommodated within the built environment with low maintenance requirements

However, the defining characteristics of solar are that it is an intermittent powee sdriven by
strong daily and annual seasonal cycles, with a very low power density relative to conventional
generation technologigd6]. Further, the cost of accumulating sufficient annual energy represents
only a fracion of the economic and energy cost of building and maintaining a modern electricity
system (seeSection7); more than just about any other product, the generation and delivery of
electricityaretasksin managing realime demand and power flows.

2.2.ModeledHousehold Demandnd Solar PV

To further explore this, fixedxis rooftop PV was modeled with hddburly solar data for
Melbourne for 2010, using modeled Victorian household-healfrly demand profile depicted in
Deloitte[19], with an annuabked average of 15.5 kWh/day. Direct and diffuse solar data ahbaify
intervals from the Bureau of Meteorology, along with solar panel azimuth and tilt, were used with the
NOAA solar calculation spreadshd20] to obtain solar output for Melbourne. Approximately 1% of
the solar data samples were missing; these were estimated by interpolating from adjacent data points.

The annual energy breaven point for the ssumed demand profile of 15.5 kWh/day is a solar
capacity of 4.4 kW. Note that for the purposes of slistion the solar capacity is the actual maximum
outpu rat her t h an fatédpeakoatputy RefecringutoTableslpit is evident that
households remain completely dependent on the grid; for example a home that generates twice the
annual energy it consumes will still be importing power fromgtie for 63% of annual hours.

2.3. TemporalProfile of Available Sahr Energy

The reason for this that most of the energy is generated in a proportionally small amount of time.
In Melbourne in 2010 with a fixed axis notthicing panel, 80% of the total solar energy was produced
in 22% of annual hours.

The temporal profile of supply and demand bandepicted with the annuzadid load duration chart
(see Figure 1), which is plotted as the proportion of timax{g) in which the demand (or supply)
exceeds a proportion of maximum annual demarak{y). Halthourly demand data from the network
operato (AEMO) was input into a spreadsheet to obtain the load duration curve for Victoria for 2010,
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with the maximum demand at 9,800 MW. The familiasiape curve is nearly universal for large
electricity systems, in which demand resides between approximéieind 75% for most annual

hours, but where there are relatively few hours at the extremities of demand. In particular, the sharp
upward turn on the left part of the graph represents the relatively few hours in which demand spikes. In
Victoria, peak demandhas been growing at a greater rate than annual energy demand, mostly in
response to increasing penetration of air conditiofBhgNote that the area under the graph represents
the annual energy demand.

Table 1. Proportion of annual energy consumption that is imported from thevensus

solar capacity, for a home with a typical demand profile using solar data in Melbourne for
2010. Assume nortfacing azimuth with average tilt &5; corresponding to average
Australian roof pitch.

. Proportion of annual energy Proportion of annual
Solar capacity : : .

(KW) _ consumption tha_t is ho_urs _that power is
imported from the grid (%) being imported (%)

0.0 100 100

1.0 79 92

2.0 70 80

4.4 63 70

8.8 58 63

Figure 1. Load duration chart for Victorian demand 2010, and modeled supply duration
chart for solar for Melbourne 2010 at 9,800 MW, 20,000 MW, and the winter months June
and July with 9,800 MW. Baseload area baseda# of the total area under the annual
load duration chart.
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The supply duration curves for various solar capacities have been superimposed onto the graph
where the area under the curve represents the modeled annual energy supply. There are three ke
observations: firstly, the low capacity factor forces the solar curves towards the left of the graph,
resulting in a comparatively low proportion of annual energy; secondly, at a high solar capacity, the
solar supply will exceed system demand at times, rieguénergy storage to capture the excess power
or otherwise requiring the excess power to be curtailed or sf@Jednd thirdly, the curve for winter
highlights the ineffectiveness of solar in winter.

2.4.Quantity of Household PWFractically Available in Victoria

To gauge the relative scale of plausible household PV capacity in Victoria; there are currently
around 2.1 million households in Victoria, with around 80% beingdtaeding houses gsemidetached
terrace or townhousd21]. AEMO [22] estimated the average maximum PV capacity per household
based on work done lite City of Port Philip, which conducted a detailed analysis of roof orientation
and tilt, shading, geometry, and solar insolation, and provided &aofdst estimate of
3.5 kW. Assuming an uptake rate at saturation of 75% of h¢@#&sthis equates to a total solar
capacity of 4,400 MW. This paper is focused on fixed axis household PV that is embedded within the
low-voltage network, but of course PV could also be installed on factandswarehouses, or
onground installations.

2.5. Contribution toSystem Eergy withincreased System Fliéiity

The dAflexibility factoro is defined as the ge
readily adjusted to accommodateidaftuctuations in PV output without significant penalti@23]. There
is a tradeoff between the capacity of baseload plant, which can provide lowest cost genemsas,
the capacity of flexible plant, which can readily adjust supply to meet varying demand and meet
contingency events. The flexibility factor is around 60% for typical thermal dominated electricity
systems. In the event that the combined supply from PV andobdsekceeds demand, some of the
generated power will be required to be curtailed, spilled, or bypassed to storage. With PV at below
around 5% of annual system energy, conventional systems possess sufficient flexibility to accommodate
PV, but as PV penetiah increases, the usable energy becomes limited by system flexibility.

Figure 2 depicts the proportion of usable energy from PV for Melbourne for 2010 for two different
flexibility factors. With a flexibility factor of around 60%, the Victorian network ulb begin
requiring curtailment of PV from around 5% of system energy, corresponding to 1,900 MW of PV. At
4,400 MW of PV, 16% of generated PV energy would be curtailed, rising to 46% at 9,800 MW of PV
(i.e., nearly half of the energy is unusable without storage). However, if most of the baseload was
replaced with flexible plant, raising the flexibility factor to around 80%, the curtailment falls to 20%.

Denholm and Margolif9] conducted simulations on the Texas grid (ERCOT) and found that with a
100% flexible grid, and with PV capacity settatee timeghe maximum peak load, a 50% system
penetration could be possible. But this is really just a theoreticalisgethe modeling ignores reserve
margins, and large networks will continue to possess some baseload, and other renewable generatiol
especially wind, ditakeospatséiiedremduai Aimqushe pr
Denholm and Margjis report a limit of 10 to 20% with practical limits of flexibility. Myestal [23,24]
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formed similar conclusions in Wisconsin, with a theoretical annual penetration of 40% with no
baseload and PV capacity set to four times annual peak demand, reducing to 15 to 20% with a 60%
flexible grid.

Figure 2. Usable system energy frophotovoltaics(PV) in Victoria for conventional
flexibility factor of 60%and80% forMelbourne in 2010.
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These estimates represent theoretical limits, but other integration issues that will be discussed
further inSection6 will constrain penetration, while storage and interconnection with other grids will
increase it. For exampleduring the European summer, Germ@nglectricity exports are highly
correlated with PV output (see Figure 3), with imports providing flexibility on PV d@mmps. It is
informative that the German EEG2012 requires PV inverters to have curtailment tagabili
In 2012, PV made up 28 of Germangs electricity production with 32,400 MW of PV (as at 31
December 2012p6].

Figure 3. Germany electricity production, week 31, 2012. So{26¢

displayed week: CW 31; 2012
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In Australia, the three largest cities, and around 90% of the NEM demand lies within 9 degrees of
longitude (equivalent to a separation of local solar no@6ahinutes), severely limiting the potential
for interconnections to balance s@adiurnal cycle across NEM regions.
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3. Network Support with PV
3.1 Reliance on th®istribution Network

Since solar output follows a diurnal cycle, output is biased towdagtime peakpricing and will
never occur during nigkitme off-peak periods; the annual soelaeighted return for Victoria in 2010
was 56.2 AUD/MWh (5.6 cents per kWh), while the overall Victorian denvegighted wholesale
price was 39.9 AUD/MWh (39 cet s per k Wh) (authordés calcul a
embedded within the lowoltage distribution network, the resulting loading on the distribution and
transmission networks will be lower during periods of high solar insolation.

However the keydriver of network augmentation costs are a relatively few critical peak demand
events, which in Australia are increasingly driven by domesticauditioning on very hot summer
daysl[4]. Although solar broadly correlates with air conditioning load during the middle of the day, the
correlation generally weakens during the late afternoon, and completely dissipates by the early evening
when domestic air conditiamg load typically remains strong as householders arrive home from work.

In contrast, commercial air conditioning loads reduce at the end of the work day, and provide a
generally better match with solg7].

Figure 4 depic the demand on a hot day for a substation servicing 6850 mostly domestic
customers in NSW. Although solar output was strong, solar had dropped to zero by the time that
demand peaked at 18:00, resulting in a negligible reduction in daily peak demandgAlfiyure 4 is
a particularly stark example of a residential substation, it nonetheless highlights the observation that
the solar curve is always centred on local solar noon, while demand usually peaks in the afternoon or
early evening.

Figure 4. Glenmore Park Zone Substation NSW, with 6850 customers. Solar simulation
for 12 Jan 2010, assume 50% have solar @ 1.5 kW. Source: Endeavour[E8krgy
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The orientation of panels towards the west will shift the solar curve around one and a half hours
later in the day and improve the usefulness of PV output, but provide less annual output. Although
some days would benefit, modeling shows that the net affauixed (se€lable 2). Under current

regulatory arrangements, incentives are structured to encourage maximum annual energy productior
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rather than provide network suppd®]( p. 14. This pagr is focused on household PV, but PV farms
with one or tweaxis tracking will flatten and expand the output profile. The downside to PV farms
however is that the valuable network support that is potentially captured by embedded generation is lost.

Table 2. Victorian peak demand in MW without solar, and with hypothetical 2,000 MW of
installed solar in Melbourne in 2010, with demand reduction as a proportion of solar
capacity, with all panels facing north or west. Based onrhwlfly Victorian demand and
Melbourne solar insolation.

Peak gross Peak net demand Relative reduction (%)
demand [north/west] [north/west]

11 Jan 9858 9168/8948 35/45
8 Feb 9465 8596/8281 43/59
9 Feb 9463 9025/9025 22/22
12 Jan 9301 7607/7784 85/76
10 Feb 9100 9051/9051 2/2

2 Feb 8966 8356/8300 31/33
3 Feb 8920 8671/8671 12/12
11 Feb 8604 8457/8457 717

26 Feb 8405 7934/7909 24/25
19 Feb 8236 7605/7505 32/37

Table 2 tabulates the 10 highest demand days in Victoria in 2010, with net demand a3£daiivyV
of either all northfacing solar, or all wedtacing. The relative reduction in peak demand due to solar is
highly dependent on the respective daily demand and solar profiles. For example, there was an
excellent correlation on 12 January, withearind reduction of 85% of solar capacity, but in contrast
there were several days, such as 10 February, when the solar capacity provided virtually no benefit a
all. Myerset al [23] report similar results in a stydnh Wisconsin.

Although the solar generation may provide some minor lpedlbenefits to the network, such as
reduced transformer heating or short term transformer upgrade d¢&&jaPV does not mvide
guaranteed supply during critical peak demand events. Therdfalees not lead to a material
reduction in distribution or network co$&4,30]. Indeed, the very fact that PV units are able to export
power into the grid and earn a feedtariff implies that PV systems make use of the-lmitage
distribution network. Further, PV consumessll make use of the billing and customer services
provided by retailers, hence these are not avoided [&igts

3.2 BatteryStorageto ImprovePV Capacity Credit

It is generally acknowledged that solar will require bimlstorage if solar penetration is to increase
markedly [8,3233]. With a modeate amount of storage (up to 4 hours at full capacity), PV can
provide a potentially important tirghifting or network support role, and reduce the quantity of spilled
energy at a high penetration of P34]. Under the current regulatory system, PV is dispatched ahead
of baseload; therefore, an excessefon ne power magmmietsaldudtni didse w
compete to stay eline to avoid shutting down or spilling enerd$5]. Figure 5 describes the
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hypothetical role of a theoretical 2,000 MW solar with storage for the highest demand day in Victoria
for 2010. The top part of the graph describes three demand curves.

(1).The orange curve is the actual Victorian demandHerday, with daily peak;P

(2).The red curve describes the net Victorian demand with 2/0000f Melbournebased solar
withoutstorage, with resulting daily peak.P

(3).The green curve/line describes the net Victorian demand with solarw#hdstorage
assumig the storage is operated with perfect hindsight, with resulting daily peak P

The most obvious consequence of storage is that the peak;lsack&@uced from 9,800 MW to g P
of 8,100 MW, thereby reducing the resulting peak load by 85% of solar cgpabiyeas without
storage, the daily peak ®as reduced by 35% of solar capacity. The storage required in the above
example equates to around 5,300 MWh, or equivalent to 2.7 MWh per MW of installed solar capacity
(i.e., 2.7 hours of storage or 5.4 kWh p&¥ of solar assuming 50% deptifirdischarge).

Figure 5. Hypotheticalrole of battery storage in reducing peak demand, based on highest
demand day in 2010 on 11 Jan using idealistorage management with perfect hindsight
with 80% storage cycle efficiency
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Closer observation of the graph reveals the idedlioperation of storage described as 4 discrete
steps as follows:

(1).All of the solar is diverted to storage until 10:00 in the morning.

(2).From 10:00 until 13:30, an increasingpportion of solar is fed directly into the grid with a
decreasing proportion diverted to storage.

(3).From 13:30 in the early afternoon to 19:00 in the early evening, all of the solar is delivered
directly to the grid, with support from the battery storage.

(4).From 19:00 to 22:00, there is no solar generation, but the battery continues to discharge.
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This example is an idea#d example of timshifting with perfect hindsight. In practice, the raaie
storage management would be opteai to maximee wholesale ket price returns through arbitraging
or otherwise the provision of ancillary services including ramp rate or voltage s[gjort

3.3 Household PV witlstorageto Improve Network Utikation

The cost of supplying an additional 1 kW of power to serve air conditioning load on hot days
has been costed in one scenario at $2,000 in distribution, $1,200 in transmission, and $800 in
generation [3], p. 316, although the cost for individual scenarios is highly dependent on the spare
capacity within each element of the system. Depending on battery cost, and the costs for the specific
network augmentation, the cost of storage may be compdtitaspeak demand mitigation role ($2€]).

From a Distribution Network Service Provider
the upgrade of a durable passive device, such agribuli®n transformer with a 35 year life, or the
installation of an active storage system with a shorter life and with less operating experience, a rational
DNSP would usually choose the more robust option unless a strong economic case could be arguec
Unlike greenhouse mitigation and carbon pricing which comprises a-t¢fadeetween emission
intensity and carbon costs, network augmentation is essentially eoffdsktween initial capital costs
versudifetime costg437].

In any event, as regulated monopalidsistralian DNSPs are able to pass through the costs
regardless. Under current regulatory arrangements, it makes no sense for households to install batterie
since they cannot capture the potential avoided n&tamsts, nor access the wholesale spot market to
potentially profit through arbitrage or provide ancillary services. Hence different distribution
regulatory arrangements or incentives would need to be implemented before storage will be regularly
includedin grid-connected household PV.

3.4. Vehicle toGrid Storage(V2G)

This brief overview has only considered distributed, rather than-ta@e storage, since local
storage with batteries provides valuable distribution network support, is highly suited tapid
ramping of PV output, and is readily available for charge and discharge cycles. In the future, other
distributed storage options may emerge, such as vebigad (V2G)[38].

At face value, electric vehicles (EV) would seem to have a natural synergy with baseload, which
could provide low cost and predictalylearroundoff-peak power for charging when most vehicles are
parked at home, whilst underpinning the load factor for basedgmerators in the event of the
electrification of the Australian motor car fleet (see chaptf399). Similarly, in regions that have
excess wind power at night, the capability of effectively using excess power to charge vehicles may
improve the value of wind energy (see Lund and Kempto}).

The problem wh PV-based V2G is that the available supply will be inversely related to the
preferred charging regimed., there will be no PV power available for night time charging when the
grid has spare capacity, but during the three or four hoursredmin sola noon, fewmotorists will
want tofffill their tanko at the peak daytime tariff). Further, as Traifef,41] notes, EV batteries are
expensive and their longevity is cydimited, so vehicle manatturers will want to optimise their
batteries for maximum driving range at lowest cost in order to produce a marketable vehicle, leaving
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limited spare capacity available for general grid storage. While WRIGoffer a valuable nicheole

such as networkupport during critical peak demand events, the sort of integrated role envisaged by
Delucchi & Jacobsofil0], in which a considerable proportion of system energy is cycled through EV
batteries on a daily B&, is probably vastly overstated (Jd&] and[42]).

3.5. NetworkSupport Sumary

Summarzing, any network peak demand mitigation potential of PV and/or storage needs to be
considered alongside other peak demand strategies, such as demand managerokasdprieing [43],
load shifting, targeted energy efficiency where it applies to peak [dddts], a market shift from
refrigerated to evaporative coolifg6], and other strategies, most of which have demonstrated lower
costs than PV. Further, storage as it relates to PV obnbe practically considered within a daily
reference rather than seasonal since storage capacity exceeding several days or weeks is not likely 1
be feasible for the foreseeable fut(B4].

4. Assessing th&alue of PV for Greenhouse Abatement
4.1 Review ofAustralian Abatement Cost Estimates

There have been a number of estimates of the PV emission abatement cost in Australia, with
varying assumptions and methodology. The main aredgfefencearethe amouhof abatement per
unit of electricity, appropriate lifetime, and whether we are discussing the private or social cost. The
differences can in part be explained by the observation that we are attempting to estimate notional
greenhouse abatement on the nraggelative to our best guess of the coufdetual. The complexity
of investment decisions, the bidding process within the NEM, and the interaction between wind and
PV intermittency further complicates estimates of the couattual. In some cases, st@ffective
abatement may not be the primary objective of PV policies that target research and development or
learningby-doing [47], although most of the benefit of the straaes growth in PV in Australia has
accrued to foreign manufacturers with little development in high »adided Australian
manufacturing48]; an estimated twihirds of industry value was expended on amp in 2011 (see
Table 1549]).

The Australian Productivity Commissi¢B0] calculated arfimplicit abatement subsidyf $432 to
$1,043 tomeCO.-e in 2011 forAustralia. The implicit subsidy is an attempt to capture all government
subsidies within a single factor that could be compared with an explicit carbon price for the purposes
of international comparisons.

Macintosh and Wilkinsof48] calculated a figure of $225 to $260 n&fCO,-e for 2009 (AUD 2009)
for Victoria with a 30 year life based on the method used by Oliver and Jg&ddoimhe abatement
cost is calclated as the generation cost difference between PV and marginal baseline cost, divided by
the difference between the baseline emission factor and the futlyife emission factor for PV.
Using this methodology, Victoria has the lowest abatement caoail dfustralian states since it has
moderate solar insolation and high baseline emission intensity based on brown coal. Macintosh and
Wi | ki nson us[EHLCAdmession dacar forsPV of 50 g G&&/kWh, and the standard
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emission factors for each year for Victoria, projected into the future, from the DCCEE (which was
1,220 g C@-e/kWh in 200953]).

But Lenzen (table 681[54]) derives a range of 53 to 217 g £6kWh for PV LCA usingivery
conservatveboundari es with a @kWhsQuthredd35 motes tlwaf thedidrdal g  (
supply profile & PV will tend to displace gas fired intermediate and peak load generation, and since
Victoriads brown coal generators have historic
units are only occasionally dispatched below full capd&®} (Even with amodeledcarbon price of
AUD2010 $55 per tome CO»-g, the Victorian brown coal generators, including Hazelwood, Loy Yang
and Yallourn have amongst the lowest short run marginal cost, see taf8é]31The two largest
gasfired generators in Victoria, Mortlake and Newport, have emission intensities slightly less than half
the Victorian baseline at 620 and 590 g £&IkWh respectivel\|56]. Hence, using these different
factors results in a convergence of emissions abated from 1,170 to around 508edk\@Q)
essentially more than doubling Macintosh and Wilkiriss@stimated abatement cost.

In contrast, the Australian PV Association (APVf57] use theretail cost (.e. the private
consumer cost) of the displaced generation, ignore the PV embodied energy, but also assume that P
displaces at the baseline emissions factor. The resabagement cost is somewhat lower at around
$90 tomeCO,-e (AUD 2011), with Victoria projected to reach zero abatement cost around 2015.
While the use of the retail cost might be justifiable o m an i ndi v B pewspettivehito u s e
camot be compagd with the social cost, since the retall tariff includes the transmission, distribution,
and retail cost, none of which are meaningfully displaced by the use of solar PV (for a more detailed
analysis of the weakness of focusing on the retail tariff[4ge

4.2 AbatemenCost Calculation Methodology

Rather than trying to establish a decisive figure, the approach of this paper is to construct a chart for
a range of avoided abatement intensities, solar insolations, solar costs and lifetimes to capture some o
the key sensitivities. The methodol ogy adopted
does not displace conventional generation capaitierefore displacing marginal coste( reduces
fuel use and variable operation and maintenance costs (VOM)). It will be assumed that gas costs $4/G.
rising linearly to $10/GJ in 204[56], consumed at 30% effency. Coal is costed at $1/GJ through to
2043, at 28% efficiency. The major population eein the NEMhave annuaPV outputs of between
aroundl1,300 kWh/kW (Melbourne) and, 350 kWh/kW (Brisbane), providing sensitivity to varying
solar insolation.

Since the solar installation is a single-fupnt cost but fuel savings accrue over the full life, the
savings will be discounted at 7p47], along with the VOM of $9/MWh for gaand $1.40/MWh for
coal[56]. It will be assumed that the inverter will be replaced at 10 year intervals at an installed cost of
$700 per kW, also discounted at 7%. Ler®¢bd]|i bea sc as e 0 @-&kWh @ik be gssuthéd
for PV LCA. Solar output degradation is assumed at a linear decline of 20% over 3[bjears

4.3 Assumed.ife of PV System

The calculation of abatement cost rests e assumption that all systems will optimally perform
for the duration of the assumed life (allowing for projected cell output degraddatmmgver poor
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maintenance may contribute to higher idle tifge Over apotentially long PV life, the home may be

sold more than once, output may be degraded due to dust, shading from growing trees (partial shadin
can significantly affect output), or some panels may deteriorate or bypass diodes malfunction at a
higher rate thn typically assumed. As a nessential appliance, the maintenance may not be a
household budget priority; for example the cost of a replacement inverter may exceed the loss of
revenue over two or three years. On the other hand, many systems woulddiecetpkast beyond 30

years, but relying on assumed abatement beyond the early 2040s in order to achieve a satisfactor
abatement cost seems problematic.

The most thorough assessment in Australia of average lifetime has been through reviews of the
Austrdian Renewable Energy Act (Electricity) 20(0B8]. The Australian Government applies a
deeming formula for the creation of renewable energy certificates, whickeindribads the projected
I i f et i medaneratian.nTberdgeyning period was raised to 15 years in 2004 following a review of
the Renewable Energy A¢59] because of confidence in the technology and extended warranties,
althoughtheA st ral i an Climate Change Authority more
which to test the accur[@]horconipletenkss, thit papenwilhpgovidea | ¢
estimates for both 15 and 30 year assumed lifetimes.

4.4. Loss of Abatement through Cycling and-Syptimal Operation of Thermal Generators

An additional factor that has not been included is the impact of increasing the aggregate variability
(in additionto wind), which will lead to increased cycling of thermal generators and may force
operation away from their optimum heat rate or result idlazfting of baseload generation. As a
consequence, some of the emission gains of PV will be eroded by increaisstme intensities of
thermal generators. Where these issues have been examined in Australia, modeling suggests thes
effects will be minor at a moderate penetration of intermittent power since the grid is already
configured for variability and state imt®nnectors allow moderation of variability (SKM MMAL1]).
However, the SKM MMA report only modeled up to 500 MW of PV in Victoria, which would
represent 1.3% of Victoriads e lpenettationsofiintegmittenb n s u
generation, particular from around 5 to 10% of annual energy, these effects may become more
pronounced and result in a material reduction in expected abat&aent

4.5 Abatemen€ost Estimte

As Figure 6 shows, the abatement cost is highly variable depending on the assumptions, and the
significant price reductions in solar since 2009 has substantially decreased the cost. It is difficult to
project future price declines due to the complex dynanfitiseoPV supply chain in recent yedés].

The recent major cost reductions have been mostly due to declining module costs, which have declinec
to 3301 40% of the installed co$b4]. For Melbourne, assuming a system installed cost of $3,000/kW

for good quality branded componentnd usingcurrent gas and coal costs, the abatement costs
equates to $117 for abated gas at 600 g-&®NVh and $71 for abated coal g2d0 g CQ-ekWh

over 30 years, increasing to $256 and $143 respectively over 15 years.
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Figure 6. Emission abatement chart, system installed e@ssusabatement cost, for
Melbourneat 1,300 kWh/annum and Brisbaaée1,550 kWh/annum, displaced generation
gas ($4 to $10/GJ) at 4@0CQO-e/kWhand coal ($1/GJ) at 10@PCO-e/kWh, 15 and 30

year abatement life. Vertical dated lines represent the installed cost in Australia of solar for
2009 2012. Costs are AUD 2012.

400 i 7 T > 1
5
350
o) ¥ éo\ s
~ % ’
300 L v
250

200 T

150 + 2

Abatement cost $ tonne/CO2-e

1 1
100 L - ' ' ! i
1

1
50 7 1 ! 1 H

2012
2011
2010
2009

o] 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000

Retail system installed cost $/kW

Thereis a range of defensible assumptions leading to widely divergent costs, and a static snapshot
of abatement does not provide an insight into the dynamic nature of abaféBjefor example, if
Victoria were to adopt the most efficient CCGT (combhagdle gas turbine) currently deployed in
Australia as a direct baseload replacement with an emission intensity belogv @0ge/kWh, the
rationale for PV abatement is significantijluted, even with further declines in PV cost. the
event of a longeterm shift to lowemission baseloaduch as coal with carbon capture, nuclear,
engineeredyeothermal, or concentrated solar thermal with gas backup (hybrid@3Pabatement of
the electricity systerper sewould have little meaning.

4.6.PV inRelationto Other Abatement Opportunities

Summarzing, the use of PV as an abatement strategy needs to be considered alongside othet
mitigation measures, such as energy efficiency, fuel substitution, and other measures that may provide
more abatement for a given cost. Even with declining module costs, PV is not likely to be among the
cheapest ways to abate emissions for the foreseeable futuesdfople, see exhibit[67]). However,

PV remains very populdi68] and for various reasons Australian governments have found it very
difficult to implement the dwest cost abatement options fifsi0]. Given the uncertainties and
complexities of PV abatement, it provides a good case study in arguing for policy instruments that
target abatement directtgther than picking favorites with highly uncertain outcofie&s.
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5. Practical Constraints on Grid Integration
5.1.RedefiningBaseload

There have traditionally been two overlapping ways to define baseload power. The first considers
the demandprofile, and is defined as the minimum power demand on the electricity network, usually
the minimum overnight load. The second considers baselogerrimts of supply and is generally
understood to mean low marginal cost generators that run continuously at utilization rates of greater
than 70% such as coal or nucl¢@®]. Traditionally, the inteded role of baseload generation is to
provide the bulk of the energy requirements at lowest cost, with higher marginal cost peak and
intermediate load providing load followin@1]. Baseload coal provides 75% of Austaab s a n n u :
electricity supply[72], with a reservdo-production ratio of 128 and 517 years for black and brown
coal respectively, along with significant proven reserves of conventional and unconvegeisriste
Table 2.2 [72]); therefore any prospective greenhouse emission abatement strategy needs to either
replace or displace conventional baseload generation or otherwise sequester the resulting.emission

However, the expansion of nalispatchable renewable energy has forced a blurring of power
systems terminology since intermittent technologies do not provide a clear role in providing reliable
energy supply beyond emission abatenfiéB}. For example, Sovacofd4] argues that the concept of
baseload is as much about the #Asoci al, pol it
generati on syst e mation of wihd im@ennatk as eVidence af theppotantial for
intermittent generation to displace baseload. Indeed, Archer and Jacplifosuggest that a
significant proportion of the capacity of interconregttvind farms can be used as baseload power. On
the other hand Diesenddf76] and Ellistonet al [77] argue that baseload can be thought of as a
system rather than an indivd u a | generator uni t suggesting t
re-conception of an electricity supptye mand syst emo.

Indeed, given the option of creating a brand new electricity supply model, there may well be
alternative models that serve ¢ economic and environmental ends more effectively. But as
O'Sullivan [78] argues, the social and economic burden of maintaining existing infrastructure with
moderate growth is challenging enough. If we were toesoptate a complete refashioning of the
electricity grid within the timeframe discussed in climate policy, the cost would be overwhelming.

5.2 Reduced.oad Factorof Electricity Systemwith PV

In these reconceptions of baseload, the shift is away from lowest electricity delivered by large,
high-utilization units towards distributed, lowatilization, and highecost electricity generation.
Indeed, there is broad consensus that a shifitewmittent sources of electricity will require greater
use of quicker response dispatchable generation, such as gas turbines as welecealdasg@agis,79].
However a shift to lower capacity factor generation will necessarily lower the system load factor,
which describes the ratio of average to peak power demand. A low load factor implies that a
significant proportion of generation units are itthe most of the time with obvious consequences for
costs, while a high load factor implies efficient use of plant. The PV capacity factor for the ten largest
Australian citiesin the NEM is between 15% and 18%80], and since PV does not displace
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conventional generation capacity, an increase in PV penetratiomegdissarilyreduce the overall
load factor.

Table 3 depicts the load factor for the Australian NEM in comparison with a recent 100%
renewable scem@ based on wind, solar, hydro and biofuels by Ellistbml [77] demonstrating the
substantial lowering of load factor as a consequence of a shift from a large penetration of baseload to :
mix of renewables ahflexible plant.

Table 3. Load factor comparison for Australiadational Electricity Market(NEM) in
2010 compared to a renewable scenario with 20% reserve margin added (s¢&llang
Source: Ellistoret al [77].

NEM Elliston et al
Capacity without reserve [GW] 84.5
Reserve margin @ 20% [GW)] 16.9
Capacity including reserve [GW] 43 101.4
Peak demand [GW] 33.6 33.6
Annual generatiofif Wh] 204.4 204.4
Calculated load factor [%] 54 23

5.3 Comparison oReliability Measure$or Conventional VersuBV

Conventional thermal generators can belio# due to planned maintenance, which is typically
scheduled around offeak periods andow seasons, and unplanned outages. The average forced
outage rate (FOR) in advanced countries is typicaliy 8% for conventional generation, with an
equivalent availability factor (EAF) of around 90% (for example, see pd83]J. In Victoria, the
Yallourn coalfired generator for example, which was commissioned in 1973, had a FOR of 3.9% and
an EAF of 89.5% in 201Q§3], p. 19).

Since the fdure risk profile of thermal generators is mostly uncorrelated, each additional generator
adds to the aggregate reliability. The risk a
sudden loss of a large generator unit, is addressed throtigly sgppropriate reserve margins and
ancillary services. In contrast, reserve margins would not work for a fleet of renewable generators
since the generation profile tends to be highly correlated within a geographic region; adding PV
installations withina region does not increase the probability that electricity will be generated on a
cloudy winter day or at night time.

Instead, the intermittency of wind and solar is often discussed in terms of the statistical measures of
loss of load probability (LOLP)ral capacity credit, which provide a means to assess the marginal
utility of intermittent plant within an established, highly reliable network. Since modern grids are
already configured to accommodate variability and contingenciespématration intermiéncy can
be compared with normal demaddven variability and accommodated accordingly. Indeed, the
UKERC review of the literature on intermittenf84], focusing on wind in the UK, suggests that the
consumer cost®f variability at a low penetration of intermittent penetration can be quite low.
However they also note that above 20% penetr a
to accommodat[8],pvelnewabl eso (
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While the use of statistical measures can provide useful insights at low PV grid penetration, they
can also distract from the obvious; there is negligible PV output around 60% of annual hours and there
are always going to be times when there isheeitPV output nor meaningful wind within the
Australian NEM (for example, sdégure 2[77]).

5.4. Comparison ofCostfor Conventional VersuBV

The most common metric for costing generation technologies is the levelised cost of electricity
(LCOE), which represents the geWh cost of building and operating a generating plant over an
assumed financial life and duty cyd®5]. In a recent review, Bazilliaat al [63] reports a current
LCOE of between 16 and 32 cents per kWh (USD) for residdPtadystems. EPR]86] projects the
Australian LCOE for a range of other leamission technologies at between 8 and 21 cemtE\Wa
for 2030 (AUD 2010, sef6], p. xxii). Hence, taking the raw LCOE costs and assuming ongoing cost
reductions, PV would be expected to be competitive with other low emission technologies in the
relevant timeframe for climate policy.

But as noted earlier, since PV does not directly displace g@gmeicapacity, it makes no sense to
compare the LCOE of PV with fibr-purpose dispatchable generatif85]; a more meaningful
comparison is to compare the PV LCOE&rsusthe variableoperating and fuel cost of dispatchable
generation. Before factoring in a carbon price (Seetion4), these typically comprise 10 to 25% of
the overall LCOE of baseload generation, or around half of the cost ofcgplengas (OCGT) (see
Tables 10.3 to@.13[86]).

Another method would be to add sufficient storage and solar capacity to provide a PV system with
an equivalent annual availability factor to conventional generation, which would allmore direct
comparison; however this typically increases PV system lifetime costs three-toldaiseeSection?7 5).

Summarzing, PV may be competitive with OCGT where the cost of gas is high, or in remote grids
with high fuel costs, such as thosath diesel generatorf63]. But in the time horizon usually
discussed in climate policy, there seems little prospect of PV being cost competitive waimission
baseload, which, with the exception of CCGT wabhave very low fuel costs in Australia.

5.5. Synchronousseneration Inertia, andGrid Stability

In the early period of electricity generation, generators operated in electrically isolated networks
since the parallel operation of generators was once a daunting engineering problem. But from the
1930s, the theory of parallel operation of generatorsirigel networks was establishg¥], and all
large electricity networks now operate with baseload generation providing the essential anchor role.

The Australian NEM, spanning five states and 4,500km, has aroune@6@red generato[88],
all of which when online, are synchronous machines spinning in near exact synchronization at close to
50 Hz across the network (the island state of Tasmagi@anisected via theam-synchronous Basslink
DC linkd see[89]), corresponding to a rotor speed ¢d@ RPM for 2pole generators, or for example
500 RPM for large 1pole hydro generatorsndeed, most global electricity is produced by
synchronous generators driven by rotary turbines; in 2010, 96% of global electricity was generated by
thermal or hydro plar{®0], with nearly all beingeither steam, gas, or hydro turbines (see ).
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Synchronous generators have a vital role in maintaining network stability through the inertia in the
rotating plant. When transients occur in the supphd balance, soenof the mechanical rotary inertia
in the large turbines and generator rotors will be expended to dampen the instantaneous frequenc
change, giving generators time to respond to the changing balance without loss of stability. Through
feedback,most of thegenerators utile i d rcanwopto simultaneously change output to balance
load and return frequency to nominal levels stmaintaining balanced supply across generdidrs

Non-synchronous generators, includisglar PV, are electronically synchronized to the grid and are
required to disconnect if the network frequency or voltage exceeedetanined boundaries. Solar
inverters rely on the presence of a stable grid, rather than themselves contributingébilibe ahd
do not contribute to system inertia or primary frequency reguld®®h Indeed, the relative loss of
inertia at high penetrations of renewables is a challenge to grid control sy8&83, although as
Sayeefet al [8] note, there is no uniform view on the level of penetration of PV at which the
additionalancillary services will become significant.

There are a number of technical remedies to the loss of inertia, including; running conventional
generators in synchronous condenser mode the generator is eline and rotating but not driven by
a prime mover), installing dedicated synchronous condensers, or the possible future development of
ivirt uastoragensgsteins ta @mulate physical ing@i4]. However these incur a cost, and
since the market has not traditionally required dedicated inertial support, there is no market signal
under the current regulatory arrangements. Due to the low penetration of PV, thit lbeen an issue
in Australia up to date, but in Tasmania the increasing penetration of wind in an otherwise small grid
has forced the grid operator to formulate strategies to ensure network stability with the relative loss of
inertia. For example, thEasmanian Energy [Ppartmen{95] has run hydro generators in synchronous
condenser modeoting the additional costdue to increased wear and cavitation, and more frequent
starting and sfaping.

5.6. VoltageRegulation

The nominal voltage in Australia had been 240 volts from 1926 but was changed to 230 volts in
2000 to align with international standarf@§]. This requires that the voltage the point of supply
should differ from the nominal voltage of 230 volts by no more than +1@%,[97]. The electricity
network is designed around unidirectional power flows; power flows from power stations to
houwseholds via the transmission and distribution networks. At a substation network level, voltage
regulation is achieved through transformedoad tap changers (OLTC).

The system is designed to accommodate the predicable voltage gradient that occudentatesi
feeders from substations. Normal variations in load along thevtitage feeder cause voltage
variations within prescribed limits; voltages will typically be higher at night time and lower during
periods of highdma n d . Feeder s aalihaedsshgh iingedance @ she linevcaused
by low loads, leading to higher voltage variance in response to a change[@3pad

The problem with distributed PV generation is that the injection of power alerfgeber raises the
voltage gradient and can contribute to thpbase imbalance, and is particularly problematic when it
occurs at the tail end of the feeder during periods of high solar insolation and low demand, such as
during late mornings. Scatterelbed will tend to induce greater voltage variations, and depending on
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the normal variation, may contribute to forcing the voltage outside allowable limits or shutting down
inverters[99]. At high localzed penetratio, PV output could force output backwards through the low
voltage distribution transformer and contribute to instability or -wadtiage tripping at a substation
level [100]. Australia has weaker grids and a different network structure to the US and Europe, and as
such, network limits to solar PV may be reached sooner than in comparable c¢8htries

Distributors are required to maimaminimum standards of performance and reliability, and will
reject solar applications in instances where the injection of power may reduce reliability of supply;
indeed, this has already been occurring in Austi8liaThere are a number of remedies to the altered
voltage profile due to distributed PV, all with demonstrated effectiveness but with significint co
implications at largescale;

(1).Converting households to a thrpkase connection with the associatedingir metering and
switchgear, and installing a thrplase inverter. A typical home will cost $500 to $1,000 to
upgrade to three phase plus additional inverter costs.

(2).The replacement of OLTC transformers with automatic-ctagnging transformers, which
requre control systems and voltage monitoring within the network to alter the voltage in near
reattime in response to prevailing load and supply vol{agéa]. At, say $120 to $200er kVA,
the perhousehold cost ah transformer will be of the order of $500 to $1,000 plus coatndl
monitoringcost.

(3).The commissioning ofismart grid components to permit active control of solar inverters,
storage devices, and loads in response to network operator dir¢tfi2es

(4).The use of bdirectional (fourquadrant) inverters to dynamically provide reactive power
support and voltage regulation on feeders with high reactance (typically rural f¢&@68ts)

(5).Augmenting customer service and feeder mains to reduce the impedance seen by solar inverters.

The development of dismart gridb is generally considered an essential component of high
penetration PV[102], andis an evolutionary process that will evolve over many dec§bti@4).
Victoria is the first Australian state to implemenfianart metey program with timeof-use pricing,
which should eventualljead to a moderation of a declining system load fajet8}. But the public
controversy associated with the high cost of the prodi&%] is a reminder of the policy challenges
of expensive largscale network augmentations that dot provide an immediate and obvious
environmental or consumer benefit.

Likewise for example, in the event of the forced scrapping of many of the operation& OL
transformers, in favour of more expensive automatiectegnging models at distribution substations,
along with the associated control and monitoring systems, would likely meet similar opposition,
particularly given growing institutional oppositionfigold plating of networkg3].

5.7. SolarRamp Rate Driving Needfor Flexible Generation

The ramp rate of a generator represents the
generally haing a low ramp rate, gegred generation higher and hydro the fastest response, and can
be either upwards or downwards (dading). The effect of increased intermittency is to increase the
variance of the ndbad and the system ramp rate. This is twilh require a shift towards greater



Sustainability2013 5 1425

reliance on loadollowing generation and less on baseload plant. Intermittent plant has the technical
capacity to be installed with dowsamp capability; however without storage, they cannot have up
ramp capability.

An example of an event requiring rapig-ramp is depicted ifFigure 7, which occurred on 31
January 2010. A feature of Melbouteesummers is the passage of a cold front following a hot spell
lasting from a single day to several days. These are ofteaatbered by an abrupt wind change in
wind direction, strong and gusty winds both before and after the change, and high temperatures anc
low relative humidities in the prigontal air[106]. The onset of cloud areh accompanying reduction
in solar output can be rapid across the greater Melbourne region. Thedssure trough (dashed
line) moved eastwards across the region at approximately 75 km/h.

Figure 7. Satellite image and synoptic chart Australia 31 January 2010, 16:00 Melbourne time
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Figure 8 depicts the Victorian demand on that day, and the modeled solar output in Melbourne
assuming 400 MW of PV capacity. The impact of thmodeledPV is to modeate the resulting
demand and reduce the load on the network up to 14:00. However, following the cool change, the solai
output rapidly drops, requiring an additional 3,000 MW of rapidly dispatchable power. Also of interest
on that day was that the threegast Victorian operating wind farms had near full output for most of
the day, except for a lull lasting for about one hour when output dropped significantly with a delay of
two hours after solar had dropped, before returning to high output, therebyr fumtheasing net
system variability.

The impact of geographic diversity will be to moderate short term ramping, although there is also
evidence that there may be a limit on the effect of geographic dispersion. For example Curtright and
Apt [107] report that site diversity over a 2&bn range does not dampen PV fluctuations over a
20-minute to multihour time span. Interestingly, they contrast the time profile of the fluctuations of PV
with wind, noting that windcan be often treated as negative load. But PV fluctuations are more
demanding of the network requiring a greater need for matching firm power.

The issuen relation to ramping is that, in the example above, PV only generated 14% of the daily
energy but the very high flexibility required of the system forces agegtkendence on less efficient
opencycle gas and storage, while penalising baseload. The ideapliment to rapid ramps is
hydropower, which has the highestigmp capability; however Australia has relative low topographic
relief and limited water availability, limiting the practical expansion of hy#iéa].
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Figure 8. Total Victorian demandnodeledsolar in Melbourne, and resulting demand for
31 January 2010.
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6. High Penetration PV Forcing a Sub-Optimal Generation Mix
6.1 Risks andJncertaintiesof Future Energy Technologiesd CarbonPolicies

A key challenge for policy makers is the uncertainty associated with future energy technologies,
while for utilities and innovators, the political uncertainty over the coverage and price of carbon
pricing mechanisms is a major barrier to {emisson investment in Australi§l09]. Since carbon
pricing is determined by government fiat, the credibility of commitment creates risks f@nisgion
innovations[110] and since electricity is an undifferentiated commodity product, there is no clear
reward for firstmovers[109]. Even in the event of a strong-fmrtisan commitment to abatement,
future governments may be motigd to subsequently lower the carbon price if competitive- low
emission baseload technologies emerge. Since innovators are aware of fleisnthencement affewt
of high future carbon prices will tend to be discourjfigld 112].

6.2. IntermittentGeneration Forcinga SubOptimal Generation Mix

In the meantime, policies have focused on current technologies that can deliver immediate marginal
abatement, such as wind, PV and natural gas,ldas attention has been given to the o
strategic consequence of a shift to intermittent generation. The problem is that a shift in generation mix
that is driven by factors such as the marginal abatement cost, renewable energy support palicies, or
consumer preference for PV, may force a flhendence and evolve into a sgtimal generation
mix into the futurg65]. This may result in difficult and expensive choices in the future when deeper
cuts are ca#ld for, but where patiependence has locked in a generation mix that needs to be highly
flexible to accommodate renewab[@4 3].
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6.3.Low-Emission Baseload Undermined by Intermittent Generation

Given that around 75% @fustraliads electricity is currently generated by baseload generation with
hundreds of years of easily accessible coal, it is essential that one of the candidaneisisian
baseload technologies is targeted to deliver deep emissiof66lit8ut the problem is that the high
capital cost of baseload generation relies on an expected high utilization to underpin its economic
viability. Since PV is always dispatched ahead of baseload, it will tend tuege investment in
flexible generatioi35], and thereby undermine the business case foelowsion baseload.

On the one hand, the primary driver of network and generation capacity is peak demand, but a
falling annualenergy demand will tend to force tariffs higher since the high capital and fixed operating
costs will be spread over fewer units of output. If the higher tariffs lead consumers to invest further in
household PV without a commensurate reduction in peak lmaefficiency, which may have only a
marginal impact on peak logd#], a vicious cycle may ens{El4], resulting in upward ratcheting tariffs

6.4. Solar PVCompetingwith Concentrated Solar Thermahd Wind

The two renewabl e energy technol ogies often
are concentrated solar thermal (CSP) and wind. But their insulation from the wholesale spot and
bilateral contract rarket due to regulatory support obscures their natural rivalry within a competitive
electricity market.

In Victoria in 2010, solar output during 13 nroantiguous summer hours contributed an
astonishing 50% of the annual weighted revenue, where the spetpeaked at between $1.72 and
$10.00 per kWh (usually $0.03 to $0.08jhe impact of increased penetration of all forms of solar will
be to depress the pool prices on sunny days, subsequently reducing revenue for all géhEsators
Indeed, Sandiford116] reports a significant reduction in wholesale cost in Queensland and South
Australia in 201112 in response to PV despite PV contributing only a modest share of systgm ene

Whil e the suppressing effect, often referred
retailers and consumers in the short run, the reduction in revenue for conventional generation may pos
long term difficulties with maintenance of thetwork [115], and undermine the potential for other
generators to maximme revenue streams during summer. CSP would be especially vulnerable since its
output most closely aligns with that of PV, and more $aifery storage is included with PV.

In the case of wind, the respective stochastic and cyclic overlay of PV and windotioéfer any
obvious mutually beneficial synergy. As such the more advanced market penetration of wind may
result in a crowding oudf PV as integration limits for intermittent generation become more tested
over the next 10 to 20 years in Australia, potentially constraining the market potential for PV.

7. EmbodiedEnergy
7.1 EmbodiecEnergyof PV Systems

The embodied energy involved producing the solar panels and ancillaries has been an active area
of research over many years. Embodied energy for PV is usually measured as a payback time, i.e. th
number of years it takes for the PV to generate the energy it took to produce therpsystem.
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Another common measure, the EROI (energy return on investment) is a dimensionless term expressing
the ratio of energy generated over its lifetime relative to the embodied energy, and was pioneered by
ecologist Charles Hall and others in the @9[217]. The EROI, payback and related analyses are not a
substitute for economic and other considerations, but provide a theoretical foundation for exploring the
efficacy of specific technologies or projei4].

There has traditionally been a significant divergence in the calculated embodied energy of PV. A
large part of this was explained by differences in the allocation of energy due to the silicon purification
and crystallzation since solar cells used, to a large degreesp®E€t material from the electronic
industry, which requires a higher purity prody&i8119] Other factors include differing power
mixesfor the production processes, and proeegse ci yc emi ssi ons. Il n r ece
technology, in particular the production of highly refined silicon and the more efficient fabrication of
the purified silicon into cells, has brought down the edid energy significantly to the extent that
some researchers now claim an energy payback time of less than 2[5&arslowever, other
researchers suggest that half of the energy impacts occur in upstcéiaities outside of the
boundaries of conventional PV LCA analyses (see Lef&n Crawford[119], Trainer[7,120]), and
a host ofdownstreamancillary and incidental energy costs are simply not considerednventional
PV LCA analyses (see Hadt al [121], Hall and Prietd6]).

It seems that much of the literature is concerned with defending a role for PV, assuming that PV is a
nonessential addn to an electricity meter rather than an integral component of the electricity network. If
we are only concerned with the role of PVaasource of marginal abatement then it makeese to ignore
many of the costs associated with providing reliable electricity. But if we want to understand the
ramifications of shifting to a high PV penetrat&senario with PV as an integ@mponent ofhe energy
system, then we can no longer treat PV as merely a discretaomesymepurchase.

This section will take a similar, but simplified approach to a recent study by Prieto ani@]Hall
which detailed ta EROI for PV in Spainto provide an assessment of additional downstream energy
costs The difference is that the vast majority of the installed PV power in Spain is-gnoond
installations, a third of which are single or tawis trackers.

7.2 Recen LCAReview

The following calculations will use a recent conventional LCA reviewRhygeiet al [122], which
provides arauthoritativeassessment for four types of cefling conventional boundarieghis paper
will use two of these: monarystalline Si, which is widely deployed, and the less energy intensive,
ribbon Si (see Table 4). Raugsi al have used the average southern European insolation, which is
comparable with the main population e@stin the Augilian NEM and a performance ratio of 0[8%,
which derates the performance to allow for cell degradation and the difference between AC inverter
output, and the modude rated DC performance.
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Table 4. Calculation ofenergy return on energy investméBROI) of PV EROI including
BOS, fromTablel Raugeet al [122].

Mono-c Si (rooftop) Ribbon Si (rooftop)

Insolation [kWh/(niyr)] 1,700 1,700
Performance ratio 0.75 0.75
Module efficiency 14% 13%
Eoutyr [KWhe/(m?yr)] 179 166

T [yr] 30 30
Eout [KWhe/(m?)] 5,355 4,973
Epp [MIpedm’] 3,257 1,907
Epp [KWhpg/m] 905 530
Solar ERO} = E,/Ey, (refer[122]) 5.9 9.4

7.3. Primary Energy Equivalent

Conventional PV LCA analyses are expressed in terms of primary energy, but since fuels have
differing quality and usefulness (for example, a joule of electricity is more useful than a joule of heat
from coal), there is an argument that the EROI shouldudgclsome provision to account for the
varying usefulnes§l23]. Indeed, Raugett al. argue that the ER@Ilof PV should be multiplied by
(1/dgria) to account for the fact that PV generates electricity directly.nfaditypical grid efficiency
(dgrig) of around 0.31 thereby increases fipgmary energy equivaled{EROIpgeq) around thredold.

While the conversion makes sense for someusss dependant on electricity such as lighting and
electronic devices, it aames perfect fuel substitutability and high conversion efficiency from
electricity to other fuel§123], and also ignores the stochasticity of PV. And since electricity only
accounts for 18% of global final consunapt of energy{90], it is not obvious that applying a universal
threefold conversion factor is appropriate; indeed, the conversion can also work the otljé}.way

For example, with the exception of electrified rail, liquid fuels, which constitute around a third of
global primary energy, are far more valuable than electricity for transport applications. In the case of
aircraft, shipping, heavy road, mining, and otheavy equipment, liquid fuels are a necessity for the
foreseeable futurfl24], and studies typically report an electrieibrwheels conversion efficiency of
no better than 25% for electricitp-hydrogen based transposeg[125,126). On the other hand, EVs
are more efficient than internal combustion engines, but these mostly repressaierenduses
rather than being a key component of industrial production, and it is less othav#d/is matched to
EV charging regimes (sekection3.3).

This paper wil/l assume the standard convent
Apri mary energy equivalento may be more rel eva

7.4. Reduction of ERODueto Storageor Energy Spillingat High Penetration

At a low penetration of PV, all of the generated power will be fed into the grid. However, when the
penetration exceeds 5 to 10%, increasingly larger amounts of PV energy will be required to be spilled
or stored9]. If the energy is stored, there will be a loss of efficiency, as well as the embodied energy
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in the batteries or other storage devices. For example, if 25% of the PV output is cycled through
storage at 80% effiency, the resulting energy loss equates to 5%.

Table 5 assumes 4 hours storage (see Denholm and [Béhdwith 50% maximum deptbf-
discharge with leadcid batteries, which have the lowest embodied enemggdmmonly available
batteries, and are highly recyclable. Although there continues to be intensive research into a host of
storage devices, the most popular storage device for household solar continues to beatie lead
battery [128]. The construction of the modern leacc i d battery can be dat
process in 1881 for coating the lead plates, which opened up the industrial scale production of the
battery[129]. The high specific weight of the battery, being a critical weakness for electric vehicles, is
not a problem in stationary applications. The longevity of the-é&ad battery provides a reakitheck
on the limits of technological innovation in energyeamr si on and st or a@®&)] (for
50-year historical account of the hydrogen fuel cell provides an antidote to the notion that a revolution
in storage is fAjust around the cornero).

Table 5. Calculation of embodied energy of batteries per squarerwiesolar.

Mono-c Si (rooftop) Ribbon Si (rooftop)

Assumed power of solar [ky/m?] 0.14 0.13
Assumed battery depibf-discharge [%] 50 50
Hours of capacity at full power [hours] 4 4
(refer[34])

Storage capacity [Wh] 1120 1040
Sets of batteries over 30 years @ 7.5 yrlife 4 4
Leadacid (recycled) embodied energy

[MJ/Wh] (refer pg. 21127)) 0.87 0.87
Epa [MJ/m?] 3898 3619
Epar [KWh/m?] 1108 1005

EPRI[36] note that Liion batteries offer the most significant cost reduction potential in response to
the scale up of electric vehicle production. Han and H&d] report a recent EV wholesale battery
cost of USD$300 to $8kWh with anfiultimate goab of $100/kWh, compared to the Australian
wholesale cost for deegycle leadacid batteries of AUD$180 to $250/kWh or a retail cost of
AUD$250 to $300/kWh (the AUD and USD have been close to parity for some time). Other
prospedve battery technologies that have the potential for significant price reductions include the
advanced leadcid, Zn/Br flow batteries and emerging Zn/air and F§36]J.

7.5 EmbodiecEnergywith anOff-Grid System

Using the assumptions above, it is possible to estimate the EROI for the limit condition of an
off-grid systemlIndeed, offgrid solar PV is frequently used in rural Australiacontextswhere the
cost of connecting to the neareseder is sufficiently high to justify the substantial capital outlaynof a
off-grid solar installation.

Non-critical standalone systems are commonly designed with 95% availability (equivalent to 5%
lossof-load) as a compromise between cost and ufllid8] (a backup generator will be used to-fill
during extended overcast periods in winter). Tiievides comparable availability to conventional
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generationand auseful insight into the limit condition of a vehjigh penetration of PV with PV
providing a quasbaseload role.

Half-hourly solar data for Melbourne, along with kafurly demand data from Deloitf@9] was
used in a spreadsheet model with VBA macros to model the system with storage. Deloitte's demand
data provides for an average 15.5 kWh demand per day, but the magnitude of the daily demand doe
not alter the final EROI result. The modehs been calcated as the solar/battery combination in
which there were 438 hours (5% of annual hours) below 50% of battery capacity. The least cost option
used 11.1 kW of solar capacity and 63 kWh of battery capacity assuming 50% depth of discharge (the
most common dep of discharge for leadcid deep cycle batteries), equivalent to about 2 days of
storage. Using this data, the EROI can be calculated as 1.3 (see Table 6).

The lifetime discounted cost of the system is estimated at $80,317 with a LCOE of 47 cents/kWh
(assume solar $2,500/kW, batteries $250/kWh with 7.5 year life, 5 k\Wjraff charger/inverter
$1,000/kW with 15 year life, 3.5% discount rate).

Table 6. Calculation of EROI for ofgrid solar system over 30 years. Excludes generator
and other ancillaries.

Daily energy used [kWh] 155
Solar capacity [kW] 11.1
Battery capacity [KWh] 63

Epatt [MJ] @ 4 sets over 30 yrs 219,240
Solar area [rf] 79

Epp [MIpe/m?] 3,257
Esolar = SOlar area x 5 [MJ] 258,234
Esystem= Epp + Epatt 477,474
Eusea@ 15.5 kWh/day over 30 yrs [MJ] 611,010
SyStem ERQI = EusecJ(Esolar"' Ebatt) 1.3

7.6. EmbodiedEnergyof theDistribution Networkand Retailing

Since PV is a distributed energy source, it is generally assumed that the power is consumed locally
and therefore analyses exclude the broader costs of delivering the energy and the costs associated wi
adapting the network to accommodate PV. IndeedlBEAePV guidelines for PV LCA imply that the
boundary should end at the inverter output Seetion3.2.3[5]). Yet, modern electricity systems are
integrated systems that require an entire chain to deliveccsg@ieregulated product when and where
it is needed. No single generator is responsible for distribution, yet it is clear that distribution has a
significant cost and therefore an embodied energy content that must be accounted for if the system is t
acheve an energy surplus. If we are concerned with whether PV can provide a primary energy role,
then a prerata allocation of the embodied energy must be attributed to PV.

For example, in an assessment of the EROI of oll, étal [121] estimate that an EROI of 10:1 at
the wellhead translates to &axtended ER@ of 3:1 at the petrol pump when the energy costs of
refining, refinery losses, distribution, and supporting infrastructure are taken into account. It is
asamed that the energy costs of electricity distribution would be much lower since the electricity
taken from the generator is already a high quality power source without requiring chemical and
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physical transformation, but nonetheless, transmission andbdigin makes up around half of the
value of retail electricity. Since PV is embedded within the-Vamltage network, it will not be subject
to conventional transmission and distribution losses of B&b1€9 [134]).

Table 7 provides an overview of the industry value of the Australian electricity supply industry. The
respective shares of electricity supply are broadly consistent with the retail cost (see Figine 9).
ABS [135] provides the energy intensity (GJ per $m of value added) for a range of industries, but does
not provide a breakdown of the energy intensity of distribution. The average for all industries was
2,500 @/$m, and the water and waste utilities had an intensity of 1,970 GJ/$m, which provides a
reference point for a utility. Taking an industry value added of $9.5B for distribution and assuming an
energy intensity of $2,000 GJ/$m gives 19.0 PJ, which is 220%e total electricity sold. This
represents the direct energy inputs, but does not include most of the embodied energy within the
physical infrastructure (concrete poles, wires, transformers, switcbggamwhich will be embedded
within other industy accounts or sourced from overseas.

Table 7. Shares of Electricity supply output and employment: by ANZSIC group,i BG06
Source: Productivity Commissiofiit32]. Total value added $20.1B (pg. 3233]),
employment 52,000L34].

Industry value added (%) Employment (%) Net capital expenditure (%)

Generation 35 22 30
Transmission 11 6 18
Distribution 47 62 48
On selling ahd market 5 11 4
operation
100 100 100

Figure 9. Projected retail residential electricity price components 2D4.3 Australia.
Source: Productivity Commissid8].
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Most of the LCA analysis of the physical infrastructure of electricity systems has been on
generation rather than transmission and distribution (T&D), and where analysis has been undertaken, i
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attributes around 10% of the overall impact of electricityivéey to T&D [136], however this
also includes energy losses, which will be lower with embedded generation. We will assume the
embodied energy content of distribution at 4% of the electricity delivered, or dogblestimated
direct energy inputs.

The addition of storage will reduce the need for network augmentation, hence will lower the
marginal cost of T&D, but the magnitude of the embodied energy with batteries and battery cycle loss
is much greater than the margl gain in T&D.

7.7. Employment in Australian PRelated Industries

Wattet al [49]r epor t t he -reesltaitneadt elda bfioRV pl aceso in A
System, installation, manufacture and distributioake up 7,100, with financial, legal, REC traders,
consultants and analysts making up 3,000, and research and development including 300. We will take
the direct systemelated labor plus a 30% proportion for ndirect, and exclude research and
developmety giving a labor of 8,00@quivalent. Nearly all of the panels and most of the inverters are
imported, and it is not apparent that the basic EROI includes sufficient provision for embodied energy
due to labor, hence there is probably litlel o u b | g6 ount i

In order to estimate labor energy intensity, and using the same methodology as Prieto and
Hall ([6], p. 63 , we t ake aoualéenergylconsudpgion,twhith anl2009/10 was 3,703 PJ
(Table 6[134]). In the same year, there were 7.8 million-fufie and 3.3 million paitime workerq21].
Assuming that patime woikers work a third of the hours of filme equates to 8.9 million fulime
equivalentworkers. Therefore as a crude estimate, the national labor energy intensity is 418 GJ
(116 MWh) perfull-t i me productive wor ker ( coSparaof297 &Y. i et ¢

Multiplying this by the PVrelated labor places equates to 3,343 TJ (929 GWh). This assumes that
PV-related labor makes use of the normal activities provided by society.

There was 837 MW of PV installed in Australia in 2Q42]. Taking a peak power of 0.14 kW per
m? of panel equates to a panel area of 6 millich Tus dividing the panel area into the estimated
labor-related embodied energy equates to 155 kV§h/m

7.8. Extended EROI

Taking the éur additionalcomponents discussed, we arrive afiextended ER@ of 2.0 and 2.3
respectivel y, daofortheePN syatenfiob50sand®.4 (Sde Ddble 8).

Figure 10 depicts the fdAbasi cverdaR®@leo fivixttle nde d
while holding the other factors constant. The key insight is that the additional downstream energy
impacts included in the extended EROI overwhelm the resulting EROI at high basic EROI, and the
addition of upstream energy impacts would lower the EROI furtheuggests that the strong focus on
devel oping a superior solar <cell overl ooks th
constrained by the weakest links. The critical problem is that PV requires storage to increase its value
to the netwdk, but storage significantly undermines its energiyirn. This contrasts with conventional
electricity generation in which the storage is built into the primary energy sawcecdal, gas,
uranium, hydro).
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Note that this brief analysis has selectied most important additional elements, provides a static
snapshot, and the calculation carries significant uncertainties. Hence this analysis is meant to be take

as indicative rather than precise.

Table 8. Calculation offiextended=ROI0 (includes downstream energy impacts)

Mono-c Si Ribbon Si
(rooftop) (rooftop)
Basic ERO}, = Eo/Eyp (Table4) 5.9 9.4
Eout [KWhe/(m?)] (Table4) 5355 4973
Epp [KWh/m?] (Table 4) 905 530
Epait [kWh/mz] (for 4 hours,Tableb) 1108 1005
Ebatt_toss= 5% X By [KWh/m?] (Section? 4) 268 249
Edist = 4% X B [KWh/m?] (Section7.6) 214 199
Elabor = [KWh/n] (Section7.7) 155 144
Extended ERQJ| = B,/ 20 53
(Epp + Ebatt+Ebatt_Ioss+ Edist+ Elabor)
Extended energy payback time = 15 13

life / EROI [yrs]

Figure 10. iBa s i ¢ iRk @dngentional boundariegersusi e xt ended EROI 0.
storageo i ncl uwratedlocation oo distriutiofistopagéocalso includes
battery embodied energy-gandobanit gryncyaoalde sl
and batteries.
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8. Conclusions

Much of the literature on PV explores its theoretical potential, and mostdeaie Australian and
international reneable energy plans include a high penetration of PV. Howéere is a dearth of
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rigorous analysis exploring whether the radical grid transformakianisrequired to accommodate
large scale intermittent generation offers the most promising pathway nearzero emission
electricity supply within the time frame discussed in climate policy

This paper shows that it may be technically possible to integrate a high penetration of PV in
Australia, but that the economic and energy cost erodes much loénledits; declining module costs
are necessary but not sufficient to permit PV to take on a primary role in the electricity system. Future
developments in PV, storage, and integration technologies may eventually allow PV to take on a
greater role, but inhe time horizon usually discussed in climate policy, there is limited prospect of
transformative technologies emerging on the commercial scale required that would allow PV to take
on a meaningful primary role.

In a grid dominated by unsequestered coal gasl PV provides a legitimate source of marginal
emission abatement with high, but declining costs. But the-ghiotiactical response of the expansion
of PV without storage works against a lemgp strategic approach to deep emission cuts, which will
ultimately require the successful adoption of one or more of the candidatemmsion baseload
technologies. The greatest strength of PV lies in being embedded within the low voltage network as a
supplementary power source, where it can potentially provaleable network support, but will
require reform of the electricity magkabng with a substantial declinelifetime battery cost.
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