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ABSTRACT: This is an analysis of whether distributed, solar, on-grid PV (with suitable storage or
battery backup, PVBB) can be a prime (but not necessarily lone) renewable energy solution, and
become the energy back-bone for Hawaii and maybe other regions. Grid-tied PV is environmentally
and socially accepted. If for discussion purposes, PVBBs were to approach a penetration near 100%,
can we live with its economics, output variabilities, reliability and sustainability?

On the economics, we show that presently in Hawaii, private PVBBs compete well with
hypothetical utility-scale PVBBs (<20 vs. 43 ¢/kWh, i.e. a bit higher than oil-based electricity of 42
¢/kwh) and by 2024 may match “private” geothermal electricity costs (~14 ¢/kWh), which in turn will
continue to beat the retail cost of utility-scale geothermal (~46 ¢/kWh). If oil-based electricity were to
continue its rise at 4.5%/year, it would reach 42x1.045"10 = 65 ¢/kWh in 2024. But despite the rush
away from oil-based energy to PVBBSs, grid and utility jobs may be retained by smartly transitioning
our utilities from the “central” paradigm to investing in and partnering with distributed PVBB providers.
Introducing LNG is unlikely to stop that “rush,” based on an effective cost 12 $/millionBtu or 61
$/barrel equivalent and the resulting retail price of 35 ¢/kWh in 2014 and 54 ¢/kWh in 2024. Mean-
while, PVBB-utility solar will have come down to 41 ¢/kWh and private PVBB to 12 ¢/kWh.

Regarding variability of PV, others have shown that PVBBs can eliminate output variations due
to passing clouds, and follow variable load demands. Solutions to the day-to-day +/-55% peak-to-
peak PVBB output variabilities around their average (see Fig.4: The 2-kW PV generated an average
output of 9 kwWh/day) may be achieved by combining PV oversizing with demand-side management. A
40% oversized PV (with regular sized battery) would raise electricity cost by only 5 ¢/kWh.

The reliability of private PVBB equipment and controls does not need to approach the
reliability standards of utility scale equipment to prevent service interruptions or blackouts. The sheer
number of distributed generators more than make up for that, so that the probability of even a small
number of unplanned, simultaneous blackouts of 100-1000 customers is statistically many orders of
magnitude less likely than the unplanned outage of one utility serving over 10,000 customers.

INTRODUCTION: Much is being written these days about the growth of PV. This includes delays with
interconnecting new PV systems; reduced utility sales; whether the existing NEM-PV accounts pay
their fair share for their use of the grid to “store” day-time surplus PV energy; and for causing rate
increases to non-PV users by reducing the capacity factor of utility generation and transmission
equipment. Let us go beyond hand waving about PVBB technology qualifications and get down to
some numerical estimates of the economics, since we can easily agree that PVs excel in all other
criteria. We can start by listing some basic assumptions, published costs, and cost trends:

Ignore gov. subsidies or cost of capital: they tend to at least partly compensate each other.

Trends: Inflation for labor and conventional hardware, including geothermal: 2%/year;

Rise of fuel-oil cost (2.5x in 10 years — NY MEX, or): 9.6%/year (~7.6%/year in constant dollars)

Rise in HELCO's retail rates historical trend: 4.5%/year;

Cost of oil-based electricity: 22 ¢/kWh, resulting in

Retail price of oil electricity of: 42 ¢/kWh in April 2014. This means that 20 ¢/kWh are needed

for overhead, admin., customer service, profit, T&D, etc — and is largely independent of the type

of energy source

7. Retail price of utility PV electricity of: 16 ¢/kWh-cost + 20¢/kWh-overhead, etc = 36 ¢/kWh,
without battery storage, but add 4 ¢/kWh for MMC (Minimum Monthly Charge).

8. Cost of installed utility storage: 1 to 2 ¢/kWh (flywheel by BeaconPower). But AES Li-battery, at
1000 $/kW & 250 $/kWh[1], or more costly “long-duration” batteries by A123 with power electro-
nics may cost ~1500 $/kWh. Requiring ~2 kWh storage (as per Fig.1) for each kWp PV, may
therefore add 2*1500/(1*8760*30years*0.17)/100 = 6.7 ¢/kWh to the PV electricity cost. The
main point is that they are “shovel ready” and can provide up several hours of full power.

9. Cost of home battery storage: Storing at least 50% of daily PV output (see Fig.1), or 8 kWh for
an average “500-kWh/month” home with a 4-kWp PV, would cost 8*$1500 (for long-duration Li
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batteries, power electronics, installation, etc), i.e. 3 $ per PV-watt(peak). The 5 $/Wp PV then
becomes 5+3 $/Wp PVBB for Hawaii with a capacity factor of 0.17 and add ~7 ¢/kWh to the PV
electricity cost. In regions with half the capacity factor but otherwise same energy needs, it
would be 10+1.5 $/Wp to make and store 8 kWh each day. Both lead-acid and lithium batteries
can be and should be recycled after the end of their service life.

10. Retail price of utility PVBB electricity of: 16[2]+7 ¢/kWh-cost + 20 ¢/kWh-overhead, etc = 43
¢/kWh

11. Retail price of utility geoth. electricity of: 18[3] ¢/kWh-cost + 20¢/kWh-overhead, etc = 38 ¢/kWh,
but would be 11.4 + 20 = 31 ¢/kWh for new geothermal[3]

12. Private grid-tied PVBB electricity cost: 18 ¢/kWh (see Fig. 1) + 4 ¢/kWh for MMC (Minimum
Monthly Charge for grid-tied PV owners) = 22 ¢/kWh

13. Private off-grid PVBB (PV 40% oversized; no generator): 18*(5*1.4+3)/8 = 22.5 ¢/kWh (nho MMC)

14. Drop in PV costs (NREL Solar Tech; and maybe also in battery & power electronics: 4.6x in 20
years, or): 8%/year

15. If LNG is imported, and port, storage and regasification facilities are built, its effective cost may
be 11-17 $/MBtu[9]; (here: M=Mega or million). For this discussion | chose a conservative 12
$/MBtu or 12/(1e6/115000/44)= 61 $/barrel oil equivalent, or at least 70% of the 2.2 $/gal oil
price, which is now leading to 22 ¢/kWh (cost) and 42 ¢/kWh (retail price). When converted to
electricity we might get 22*0.7+20 ~ 35 ¢/kWh (retail). After 10 more years it would have
escalated to 35*1.045"10= 54 ¢/kWh. Meanwhile, utility solar PVBB may have come down to
(16+7)/1.04710+20*1.02"10=40 ¢/kWh and private on-grid PVBB to 18/1.04"10 = 12 ¢/kKWh.

16. Hydrogen (H2) is not being considered here as a viable energy storage alternative to batteries.
This is because H2-storage cannot compete with batteries, which have a ~2x higher “round-
trip” (i.e. charge and discharge) efficiency, lower capital cost (if on the H2 side, the electrolyzer
plant, fuel cell, compressors, storage tank and safety requirement costs are included) and over
3x longer service life. In addition, the extreme flammability of H2 (7x higher flame speed, 15x
lower ignition energy and 4x higher diffusivity and 250°C (450°F) higher flame temperature than
LNG), would make it very costly to provide for the proper safety of citizens close to any
equipment using H2, especially close to facilities such as those producing H2, refueling
FuelCellVehicles, and/or storing H2.

17. Consider installation, O&M and capital cost trends separately

DISCUSSION: Based on the above, including the present values of the MMC where appropriate (the
added 4 ¢/kWh represent the equivalent of the 20.50 $/month MMC for average “500-kWh/month” PV
or PVBB users), the table below (plotted in Fig.3) shows ¢/kWh estimates for 2014 and 2024:
2014 2024
Private cost of PV-electricity (4%/year drop) in ¢/kWh: 11+4 7.4+4
Private cost of on-grid PVBB-el. (4%/year drop) in ¢/kWh: 18+4 12+4
Private cost of off-grid PVBB-el. (4%/year drop) in ¢/kWh: 23 15

Hypoth. utility cost of PVBB (4%/year drop) in ¢/kWh: 43 40
(Private/PGV cost of geo-electricity (2%/year rise*) in ¢/kWh: 11+4  14+4)
Utility cost of geo-electricity (2%/year rise*) in ¢/kWh: 38 46
Utility cost of oil-electricity (4.5%/year rise) in ¢/kWh: 42 65
Utility cost of LNG-electricity, starting at 12 $/millionBtu: 35 54

* Geothermal electricity rate is assumed to rise along average inflation rate for labor and
fully developed drilling and rotary generation equipment[3].

We can accept, as Germany and Japan have via subsidies, that responsible “PV-citizenship”
requires the addition of storage able to store 50-60% of an AVERAGE PV'’s daily output, as illustrated
in Fig.2, in which the day’s load profile of a peak-load day of Hawaii County[8] is compared to the
output of a PV profile of equal energy output. Figure 2 can be scaled down to any individual business
or home or sub-grid. Preferably, the associated storage would be on-site, to minimize transmission
losses, but may be financed by a home, business or a utility. The above table tells us that:

-2



1. With the overall projected drop in PV [and PVBB] prices of 4%/year (=combination of 8%/y PV
drop and no drop nor rise in the labor cost of the installation), the 2014 ~$20,000 [$32,000] PV
capital costs for an average “500-kWh/month” home would only drop by 20,000*0.04 = $800 in
each future year ($1280/year), while the utility bill continues at > $2520/year. Ergo: Waiting is
more costly every year than installing PV (or better: PVBB) and enjoying a low 30-year-
levelized cost of 0.18*500*12+20.50*12 = $1326 per year.

2. If utility overhead, etc. costs stay at 20 ¢/kWh, as they are now for oil-based electricity retail
price, utility PPAs at 16 ¢/kWh would still result in retail prices of 16+20 ¢/kWh, just as for oll
with 22+20 = 42 ¢/kWh. Ergo: Hawaiian utilities cannot presently compete with private PV or
PVBB electricity costs, despite their economy of scale. This may be caused by extra costs of
land (~1.6 ¢/kWh, rather than free roof-tops), grid (1.2 ¢/kWh), admin. & cust.serv. (~3 ¢/kWh),
etc.

3. Utility business philosophy may be part of a (misguided?) rationale to delay investing in PV
and PVBB, since their cost is dropping ~8%/year, and delay investing in storage until reaching
a cumulative PV power penetration corresponding to Hawaii's capacity factor of 17-18%.

4. Private (but not utility) geothermal electricity rising cost may reach parity with the dropping
PVBB el. cost of 14 ¢/kWh in 10 years, by 2024. Utility geo-el. may then retail at 46 ¢/kWh, i.e.
higher than even utility PVBB el. cost. Ergo: Lets provide some transparency and some
healthy debate: Short-lived, high-maintenance rotary equipment, not-load-following geothermal
generation, environmentally-hazardous geothermal vs. long-life, low-maintenance, quiet,
unobtrusive, environmentally friendly, load-following-via-battery-backup PVBB.

5. The 2014 HELCO rate of 42 ¢/kWh will be 65 ¢/kWh by 2024, if the present trend continues.

Regarding the issue of fairness of NEM-PV accounts relative to non-PV neighbors: Itis a
complex issue. Accounting for the “value of solar” (VOS) PV to a utility, and to society if pollution
reduction is included, the California PUC study had this to say: “...the NEM (PV) accounts appear to
be paying slightly more than their full cost of service,” despite the fact that utilities in California
reimburse NEM-PV accounts at the end of each year for some surplus kwWh at wholesale price.
Minnesota and Austin, TX, adopted the VOS methodology to compensate grid energy provided by
distributed PV, as with FIT contracts. For more details of the VOC methodology, whose value and
cost components also determine the “fair” but (hopefully in the future) differentiated MMC to non-PV,
PV and PVBB ratepayers, see Fig. 5 and http://alohafuels.pbworks.com/f/PB-14-VOS-Hawaii.pdf.

Our state legislators passed the GEMS bill and postponed the “Community Solar” bill, for
which we now need to muster the “Political Will” (as per Jeff Mikulina’s presentation at the 2014
HERISS) to implement them, so that no citizen need be excluded from using PVBB energy, because
of his/her home preference (house or apartment) or roof suitability.

According the chart on HELCO's reported revenue[4], the combination of T&D expenses (2.9%
or 1.2 ¢/kwh) and Customer Accounts & Sales (2.3% or 1.0 ¢/kWh) only add up to 2.2/100*500
kwh/mo. = 11 $/month for an average “500-kWh/month” ratepayer, so that the present 20.5 $/mo.
MMC for PV users and especially for PVBB users should be more than fair. Fairer yet would be for the
MMC to have at least 3 tiers, decreasing from PV-, to non-PV-, and to PVBB-users.

As with energy efficiency improvements in homes and businesses, solar generation benefits
all ratepayers, PV and non-PV alike, by providing not only clean renewable energy, but much of its
energy when it is most needed and is most highly valued — either during mid-day peak periods, as in
California,[5] or during Hawaii’s peak from 5 to 9 pm via peak-shifting.

For a 100% PVBB scenario, | think the trickiest parts are:

(1) How to manage the sequence of VERY cloudy days (via 20-40% PV oversize), statistics (unlikely
that all parts of the island micro-climate will be under heavy cloud cover at the same time) and energy
demand management (reduce baking, pumping, washing and drying on those days); and

(2) What to do with the surplus PV energy during sunny days: All of the above like baking, etc., in
addition to air conditioning, water-making via desalination or dehumidification[10], and helping other
homes under heavy cloud cover that day.

CONCLUSIONS: Aiming to achieve ~100% distributed, renewable energy via PVBB seems
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technically, environmentally (even before allowing for the saved social cost of CO2 emissions[7]) and
economically within reach, if we can craft a consensus (pono) approach to the transition from central,
oil-based generation.

Long-life batteries for energy storage at utility-scale and distributed-user scale, with the
associated power electronics (efficient, battery management, inverters, chargers and disconnects) are
“shovel ready” and being offered by many firms[1]. Both the lower-cost lead-acid batteries requiring
more maintenance & eventual replacement and the lithium batteries can be recycled after use.

Because Hawaiian utilities, despite their economy-of-scale advantage with PV farms (with
storage), cannot compete with distributed PVBB electricity (due to extra costs of land, transmission
lines, utility-grade power electronics, PVBB maintenance, etc), lowest 30-year LCOE is via such
distributed, private PVBBs. 2014 Mainland utility PPA PV bids are for 4 ¢/kWh, vs. 16 ¢/kWh here.

PVBBs may be financed by the owners, solar installers or utilities, if the latter choose to stay in
the generation business. As we approach 100% distributed renewables, the utility oil-based
generation equipment can be phased out, overhead costs can drop, so that non-PV hold-outs need
not be burdened with cost of maintaining outdated equipment.

This short analysis left many questions open, such as: When will we expand the use of PV
energy from EVs, to also available E-boats and E-planes; will utilities overcome PV interconnection
issues via battery deployment and embrace distributed PV generation; what to do with surplus energy
from oversized PV during sunny days (; how do we move not only PV-communities but whole counties
towards 100% renewables?

A recent PUC Decision may be paving the way: PUC’s Decision and Order No. 32055, 29 April
2014, p.58, states: “...Prompt development of available DR (Demand Response) and energy storage
resources for the benefit of MECO'’s customers...in reducing curtailment and adding more renewable
energy in the near-term future — should be undertaken immediately.”

What proactive ratepayers could do is to draft a resolution or bill that would call for more
general administrative (not subsidy) support for PVBBSs, get feedback, update it, and then try to get as
many legislators as possible to like it and vote for it. For example:

a. Require and/or incentivize all new homes to have PVs or PVBBs.

b. Allow utilities to partner with solar installers, to finance, “own and operate” PV systems, as San
Diego Gas & electric's Ted Reguly suggested (http://www.utilitydive.com 25 Feb 2014)

c. Develop a list of PVBB configurations that are “pre-approved” by the PUC, utilities and County
Building Departments, extending HECO’s present TOV (TransientOverVoltage) inverter list.

d. Encourage PV (but not necessarily battery) oversizing, so that collectively, the PVBBs
generate enough power during very cloudy days, and utilities can verify satisfactory voltage
and frequency control with high penetration of such distributed generation (DG).

e. Develop a “fair” Minimum Monthly Charge, which is transparently tiered to represent utility
costs to interconnect PV, non-PV and PVBB users. Such costs to include: Grid capital and
maintenance costs, interconnection costs to different type of users, and (as appropriate)
avoided or saved costs of base-load and peaking generators, grid-scale storage, T&D losses,
sophisticated grid upgrades, and deployment of smart meters.

f. Require the utilities to interconnect PV and PVBB homes, while proactively increasing the
needed battery backup, and reducing fossil-fuel-based generator backup. Regarding battery
backup, the HECO RFP released 5 May 2014, for 60-200 MW (for 0.5 hours) is great news.

g. Require greater transparency of utility overhead and administrative costs, so that the PUC can
compare such costs with those of other mainland utilities (Benchmarking).
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Fig. 1. 30-year levelized cost of electricity (LCoE) for PV and PVBB
systems, as a function of their fractional cost due to present
and future subsidies. Residential installed PV system cost is
assumed to be at 5 $/Wp; and its battery cost at 3 $/Wp.
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Fig. 2. Average solar PV matched to peak HELCO-day, 19 Dec. 2005.
The average daily PV output curve is 1.55x lower than the
maximum and 1.55x higher than the minimum PV output, as
recorded in Kailua-Kona between 2009 and 2013, see Fig.4.
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Fig. 3. Estimated trends of Hawaii County electricity prices, w/o
considering tax credits nor cost of money. The plotted trends are
based on historical trends of crude oil, solar-PV installations and
inflation. The latter may influence labor and established
conventional generation hardware costs, while the PV and battery
hardware costs are still trendina down.
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gas-based electricity) is of the same magnitude.



APPENDIX

Personal objectives for installing a grid-tied, AC-coupled PV system with Li-battery backup (PVBB):

1. Reduce present cost of electricity from 42 ¢/kWh (or ~85¢/kWh avg. over 30 yrs) to <20 ¢/kKWh***

2. Have available electric energy (PV-generated) even during grid outages

3. Install a safe PVBB system that requires little or no maintenance. Therefore invest in LFP(lithium-iron-
phosphate) or LTO(lithium titanate) battery, which are reportedly of longer cycling life, less temperature
sensitive and safer than LCO(lithium cobalt oxide) batteries; and despite their higher up-front cost, of lower
life-cycle cost than the traditional lead-acid batteries, besides not requiring ventilation to disperse flammable
hydrogen emissions.

4. Maximize PV output (W/MPPT, max. power-point tracking) with micro-inverters on each PV panel

5. AC-couple the micro-inverter outputs directly to my home outlets, as per diagram below.

6. Get primary energy backup from on-site batteries (2-2.5 kWh per kW(peak) of PV in Hawaii) via the battery
inverter/charger (BIC) and secondary backup from the grid. Upon grid outage, the BIC disconnects from the
grid and continues to generate AC by inverting power from the battery DC.

7. Have enough energy for home use and EV charging; send surplus to the diversion load(s)

8. Achieve a 80-90% level of self-consumption (i.e. ~ 3 times higher than without battery backup), whereby the
battery only gets charged by the PV system, grid energy is only used if the battery has no charge left, and
send surplus energy to the grid only after diversion loads (baking, drying, irrigation pumps and/or water-
making via dehumidifiers (~ 13 $/1000 gal) are satisfied.

9. Publish the PVBB configuration as shown below, and its performance in terms of self-consumption and low
grid load, so that utilities can interconnect more such PVBBs (rather than PVs) before having to invest in
grid-level batteries, other ratepayers can replicate it, and make it easier for utilities to grant PVBB permits.

*** Components & costs for “average 500-kWh/mo. home,” which would need a 4-kW PV in Hawaii to generate
16.7 kWh per day, on average. Such a PVBB installation would cost in 2014:

PV w/micro-inverters (5 $/Wpeak) + battery (2 $/Wp) + battery inverter/changer (1 $/Wp), or

Capital cost in $/W(peak): 5 2 1=28$/W(peak) before tax cr. or cost of cap.
Capital cost in $ for a 4-kW PVBB system: 20k + 8k + 4k = 32,000 $ before tax cred. or cost of cap.
Capital cost in $ for a 4-kW PV system: 20k = 20,000 $ before tax cred. or cost of cap.

Electricity cost, C, in ¢/kWh, levelized over 30 years, 90% efficiency, no cost of capital, and a local
capacity factor: 0.17: C = (8 $/W)*100/(1*0.17*30*8760*90/100)*1000 < 20 ¢/kWh before tax cr.
The 30-year levelized cost of electricity (LCoE) that escalates at 4.5%/year, starting at 42 ¢/kWh is
C = 42%(1.045"30-1)/(1.045-1)/30 = 85 ¢/kWh
There are several types of PVBB interconnections to the grid: Via a NEM (preferable) or a FIT contract; no
contract (i.e. without ability to “store” electricity on the grid); and off-grid. See cost estimates and optimal PV

sizes at http://alohafuels.pbworks.com/f/PB-13-PVBB-LCC-Grid.pdf
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