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Abstract: Using cost and performance data from residential rooftop solar PV and utility scale
solar PV “farms” in California the difference in their cost-effectiveness is approximated. It was
found that residential solar PV costs about 8 times more than utility-scale solar per unit of
electricity generated, and probably greenhouse gas saved. This calls into question the wisdom
of various tax credits, net metering incentives, and mandates to install solar PV on new homes.

Objective: The objective of this paper is to compare the approximate cost-effectiveness of
residential rooftop solar PV with utility-scale solar farms. This information would help guide
government policy-making re residential solar. It would also provide the data that homeowners
-wanting to invest in solar mainly for environmental reasons- need to decide which form of
solar would best satisfy that goal.

Findings: This analysis finds that utility scale solar is roughly 8 times more cost-effective than
residential rooftop solar as a way to generate renewable electricity in northern California. In
other words, society could produce about 8 times more electrical power and presumably save
about 8 times more greenhouse gas by spending X dollars building a utility scale solar farm
rather than spending the same amount building residential roof-top solar PV systems. This
ratio is so large that any refinement of these calculations is unlikely to change the overall
conclusion. ltis not clear this fact has entered the policy making arena where it could affect the
wisdom of providing tax credits and net-metering benefits to homeowners considering rooftop
solar PV, or rules requiring new homes to include rooftop solar.

Motivations for this study: When writing a book about global warming the author came across
the National Renewable Energy Lab chart below. It showed that the up-front cost of building
residential solar is roughly 3 times more than utility-scale solar per unit of capacity as measured
in kilowatts. Presumably the former were burdened by marketing and site-specific installation
costs while the latter benefited from economies of scale. The cost breakdown also made clear
that even if solar panels were free, the total cost of residential solar would not decline much
further.
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From personal observation it was also clear that many residential panels are not optimally
oriented and/or are partly shaded at times, thus reducing their ability to fully utilize their
nameplate capacity. The climate crisis is so large that it demands government spend its limited
funds where they will produce the most renewable energy and thus save the most greenhouse
gas. That did not appear to be residential solar. These facts motivated this effort to
understand the relative cost-effectiveness of small residential versus large utility-scale solar.

Method: Cost-effectiveness will be measured in dollars per kwh of electrical power actually
produced by real-world PV systems. The focus will be on systems located in California. The end
results will be indicated as a ratio between the cost-effectiveness of utility scale systems and
residential rooftop systems. For example, if a dollar spent building a utility scale solar farm
produced the same amount of power (as measured in kwh/year) as a dollar spent on residential
solar then the cost effectiveness ratio would be one. However, if a dollar spent on utility scale
solar produced five times as much power, then the ratio would be 5 to 1.



The two key data items needed were 1) the up-front capital costs per watt of capacity for both
residential and utility scale solar, and 2) their relative efficiencies in converting that capacity
into the amount of electricity (kwh) generated over a reasonable time period, such as a year.
For that we need to know their capacity factors.

Capital cost and capacity for residential systems is reported in terms of the total project cost
and what’s called “nameplate” capacity, usually specified in kw dc. For example: a 5-kw
residential system may be reported as costing a homeowner $10,000 before tax credits. We
need this data for a reasonably sized sample of real-world systems in a certain geographic area
such northern California. That can be compared with the same type data for large utility-scale
systems. We expect the latter should be less expensive due to economies of scale, easier
installation, and lower marketing costs.

Capacity factor is the ratio of how much electricity (in kwh) a solar system could theoretically
generate over a long period (if the sun shined 24 hours per day, the panels were ideally
oriented re the sun, were never shaded and so forth) versus how many kwh the system actually
generated in the real world. A period of one year is adequate for our purposes. In general, the
panels in utility scale solar farms can be ideally oriented, are never shaded, and have other
advantages giving them a higher capacity factor.

There are several potential sources for the needed data. The “California Distributed Generation
Statistics” seemed best for the cost per watt of residential systems. A website called PVOutput
seemed best for the data needed to compute capacity factor for residential systems. Both
provided data on actual real-world installations, as opposed to models and estimates. Data for
Utility-scale solar was easily found.

Care is needed to compare systems on an apples-to-apples basis since some data is reported in
terms of AC watts while other data is reported using DC watts.

How the Cost-effectiveness ratio was calculated:

Cost-effectiveness Ratio = Cost per watt ratio / Capacity factor ratio

The actual numbers used were:

Cost per watt ratio: ( $4.40/watt ac for residential solar) / (50.93/watt ac for utility scale
solar)=4.73

Capacity factor ratio: (17% for residential) / (29% for utility scale) = 0.59

Cost-effectiveness ratio: 4.73/.59 = 8.02



Data sources
The sources of the values used above are as follows.

Cost of residential solar PV (in S/watt ac) was calculated from an arbitrary sample (chosen by
the author) of grid-connected residential systems in the PG&E service area that were registered
in 2021. They are analyzed in the following spreadsheet. This data is apparently reported by
system installers and is accessible at: https://www.californiadgstats.ca.gov/charts/ and
https://www.californiadgstats.ca.gov/downloads/# nem cids.
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2 city zip county sys type cap: kw dc  cap: kwac  total sys cost cust sector app received
3 row 575630 PLUMAS LAK 95961 YUBA Solar PV 3.28 14875 0 Residential 10/5/21
4 OAKLEY 94561 CONTRA CO¢ Solar PV 3.936 3.836 17850 0 Residential 10/5/21
B PETALUMA 94952 SONOMA Solar PV 3.28 3.197 0 17780 Residential 10/6/21
6 FOWLER 93625 FRESNO Solar PV 3.936 3.836 0 21336 Residential 10/6/21
7 EL DORADO 95762 EL DORADO Solar PV 3.608 3.517 16363 0 Residential 10/6/21
8 OAKLEY 94561 CONTRA CO¢ Solar PV 3.28 3.197 14875 0 Residential 10/6/21
9 DISCOVERY ¢t 94505 CONTRA CO¢ Solar PV 11.28 10.942 53733.33 0 Residential 10/6/21
10 FREMONT 94555 ALAMEDA Solar PV 4.125 4 17864 0 Residential 10/5/21
11 SAN JOSE 95136 SANTA CLAR: Solar PV 10.29 10.184 10000 0 Residential 10/5/21
12 FRESNO 93727 FRESNO Solar PV 5.904 5.755 26775 0 Residential 10/5/21
13 SAN JOSE 95122 SANTA CLAR: Solar PV 2.023 1.964 7000 0 Residential 10/6/21

¢ 14 EL DORADO 95762 EL DORADO Solar PV 3.936 3.836 17850 0 Residential 10/6/21
15 MANTECA 95336 SAN JOAQUIt Solar PV 2.624 2.558 11900 0 Residential 10/6/21
16 SARATOGA 95070 SANTA CLAR: Solar PV 7.634 7.411 31480 0 Residential 10/6/21
17 ARVIN 93203 KERN Solar PV 6.327 6.134 29939.73 0 Residential 10/6/21
18 ROCKLIN 95677 PLACER Solar PV 5.724 5.669 0 33672.24 Residential 10/6/21
19 CHICO 95973 BUTTE Solar PV 12.169 12.055 0 64796.52 Residential 10/6/21
20 FRESNO 93722 FRESNO Solar PV, Stor 8.208 8.135 49975.8 0 Residential 10/6/21
21 OAKLAND 94611 ALAMEDA Solar PV, Stor 4.134 4.053 27117.16 0 Residential 10/6/21
22 SONORA 95370 TUOLUMNE Solar PV 6.042 5.983 0 30949.86 Residential 10/6/21
23 OAKLAND 94601 ALAMEDA Solar PV 6.336 6.273 37166 0 Residential 10/6/21
24 BRENTWOOL 94513 CONTRA CO¢ Solar PV 15.696 15.185 33280.32 0 Residential 10/6/21
25 SONORA 95370 TUOLUMNE Solar PV 8.448 8.195 19700 0 Residential 10/6/21
26 CAMPBELL 95008 SANTA CLAR: Solar PV, Stor: 7.632 7.482 36391.27 0 Residential 10/6/21
27 SALINAS 93906 MONTEREY Solar PV 3.32 3.283 12726.75 0 Residential 10/6/21
28 HOLLISTER 95023 SAN BENITO Solar PV 4.676 4.563 29161.04 0 Residential 10/6/21
29 BAKERSFIELI 93309 KERN Solar PV 10.234 10.135 0 41349.1 Residential 10/6/21
30 OAKLEY 94561 CONTRA CO¢ Solar PV 6.912 6.843 43195 0 Residential 10/6/21
31 row 575658 BERKELEY 94703 ALAMEDA Solar PV 3.768 3.668 14070 0 Residential 10/6/21
32

column total for all

systems without
33 |storage the data above is copied from author 158788 152.219 459,804 209,884
selected rows and columns in the

total cost for systems
California Distributed Generation Statistics

34 with no storage 669,688
35 spreadsheet. Calculation are by Harkness.

36 $/watt ac
37 $/watt dc Cost/watt value used 4.22
38 for cost-effectiveness

39 cap ac/dc ratio calculation 0.96

40

This value of $4.40/watt ac is consistent with the following chart reporting the costs for all
systems in the data base. Many residential systems are under 10-kw in size and would have a
higher cost ($4.60/w in 2021), but picking the sample above seemed more representative of the
mix of systems over and under 10-kw in northern California. It yielded a value of $4.40/w.
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1,030,014 project(s) were included for the generation of this chart

Cost of utility scale solar. A value of $0.89/watt dc seemed reasonable given the chart below.
However, to make it comparable to residential costs as measured in $/watt ac, the ac value was
converted into an approximate dc value by dividing it by 0.96; a value taken from the
spreadsheet above. This yielded a cost of $0.93/watt ac for the lowest cost version of utility-
scale solar
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5. National solar PV system pricing

We employ a bottom-up modeling methodology to capture, track and report
national average PV system pricing by segment for systems installed each quarter.
Our methodology is based on the tracked wholesale pricing of major solar
components and data collected from industry interviews. We report a weighted
average of standard mono-PERC and high-efficiency modules for all market

segments. Wood Mackenzie assumes all product is procured and delivered in the
this may be the most reliable data available

Note that cost is in Watts DC , not AC ...still, residential
costs about three times more than utility.

Modeled US national average system prices by market segment,

same year as the installation
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Capacity factor of residential solar PV systems. The data to calculate the capacity factor for
residential solar came from a web site called PV Output at: https://pvoutput.org/

PVOutput reports the actual performance of PV systems that their owners choose to register
with PVOutput. It includes systems all over the world. The author selected a sample to
analyze. The screenshot below shows the location of registered systems near and east of the



SF Bay. The author chose systems from this map to compute the average capacity factor of

small solar systems in northern California.

O B https://pvoutput.org/map.jsp?country=2448&region=California
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If you own a solar system please contribute your power output readings.
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Rank Name Location System Size Generationy Efficiency Average Outputs
1 RRW-Lakeside 192040  289.140kW 3,508.164MWh  4.274kWh/kW 1,235.704kWh 2,839 Days
2 MCC-SunnyBoy, 5192040 24.150kW 500.054MWh  4.396kWh/kW 106.169kWh 4,710 Days
3 Reel EFX 191601 100.000kwW 406.994MWh  1.554kWh/kw 155.282kWh 2,621 Days
4 Goddard School SD by CM Solar =5 92056 26.280kW 255.093MWh  4.195kWh/kW 110.334kWh 2,312 Days
5 Kahng Home 393010 10.725kW 227.997MWh  7.769kWh/kw 83.332kWh 2,736 Days
6 Turborick 9 93551 24.600kW 206.136MWh  4.935kWh/kwW 67.255kWh 3,065 Days
7 KKC Ground Mount PV array, 5193614 20.800kW 196.819MWh  4.396kWh/kW 91.459kWh 2,152 Days
8 Chula Vista, CA by the Lakes W1 91914 18.000kW 195.356MWh  4.281kWh/kW 77.522kWh 2,520 Days
9 La Honda Hilltop 5194062 9.408kW 177.182MWh  4.732kWh/kW 44.440kWh 3,987 Days
10 Poway 12kW 5192064 12.000kW 175.716MWh  5.284kWh/kW 62.244kWh 2,823 Days
11 madbrain 195127 20.690kW 165.664MWh  3.919kWh/kW 37.312kWh 4,440 Days
12 OfficeSaid 5194513 26.000kW 163.120MWh  3.729kWh/kW 96.807kWh 1,685 Days
13 14KW PV System 5192065 14.000kW 161.443MWh  3.992kWh/kW 55.882kWh 2,889 Days
14 Gold Country Auburn CA 51 95602 13.440kW 156.563MWh  4.391kWh/kW 58.903kWh 2,958 Days

By way of example, the image below shows the system size (in kw dc) and power generated (in
kwh) by year for the Rincon Valley East system in Santa Rosa, Sonoma County. On-site
inspection showed this system was oriented almost directly south and has no shade. In 2021
this 11.97 kw system generated 16.576 megawatt hours of ac electricity. Had it produced at
this rate for 24 hours per day 365 days per year it would have produced 104.857 megawatt

hours of ac electricity. The capacity factor is thus 16.58/104.86 or 16%.



Its notable that a few systems sampled in the central valley produced similar capacity factors
even though a higher one might be expected. For example, the next image is for the Harris
system in Merced, which had a capacity factor of 16.7%. Note: dc kw was not converted to ac
kw (by multiplying by 0.96) when these two images were made. However, that correction was

made when calculating the capacity factor for the systems in the spreadsheet. When so

corrected the capacity factor for Rincon Valley East still rounded to 0.16.

Welcome, PVOutput is a free service for sharing and comparing PV output data.
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11.97kw x 24 x 365 = 104857 kwh

If you own a solar system please contribute your power output readings.
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Welcome, PVOutput is a free service for sharing and comparing PV output data.
If you own a solar system please contribute your power output readings.
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Generation 4101 of 46252V2 - 0 Followers - 0 Following - 52.6 MWh - 56.3 T CO;
Target o= 138% $0.00A - 52,624 kWh
Harris-1585 6.960kwW Compare: Tips
Yearv Generated Efficiency Exported FIT Credit Low High Average Comments
2022 10.202MWh  4.164kWh/kW - 50.00  2.149kWh  49.560kWh  28.983kWh Partial Year (352 days)
2021 10.201MWh  4.015kWh/kW - 50.00 1.180kWh 51.356kWh 27.947kWh
2020 10.005MWh  3.927kWh/kW - $0.00  2.511kWh 51.400kWh 27.334kWh
2019 10.168MWh  4.003kWh/kW - $0.00 2.020kWh 52.561kWh 27.858kWh
2018 9.105MWh  3.584kWh/kW - 50.00 1.504kWh 44.207kWh  24.944kWh
2017 2.943MWh 2.838kWh/kw - 50.00 2.800kWh 38.187kWh  19.753kWh Partial Year (149 days)

The spreadsheet below captures the data for about 30 systems selected by the author. It then
computes the capacity factors for each system, and for the entire sample. The CF formula
appears at the top of the chart. To be selected a system had to be operational at least a year
and have generated power for all of 2021. As shown in the lower right cell the average capacity
factor for these small systems was 0.17 or 17%.
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system name zip system size system size MWhac)  |jfe Capacity
1 low dc low dc generted factor
in 2021

2
3
4 811 29th and Moraga SF 5] 94122 5.940kW 5.94 9.34 1,760 Days 0.19
5 813 Lghom Terrace = 94131 3.420kW 3.42 5.32 2,370 Days 0.18
6 220 LhckSolar B 94401 6.600kW 66  10.90 767Days = 0.20
7 821 schwatoo Home = 94401 4.290kW 4.29 7.32 860 Days 0.20
8 825 Liywood B 94402 5.985kW 5.985 9.11 1937 Days 0.18
9 827 Lllicon Valley B 94403 4.880kW 488 5.3 1649 Days 0.13
10 828 Hollys Home = 94403 4.745kW 4.745 10.69 620 Days 0.27
11 831 Leo's FCSolar B 94404 4.800kW 4.8 7.02 2,214 Days 0.17
12 834 RaT House B 94501 7.020kW 7.02 9.27 1,214 Days 0.16
13 844 LirewPGRE B 94506 5.5200W 5.52 7.09 2,543 Days 0.15
14 845 EnglishOak B 94506 11.175kW 11.175  13.55 3,161 Days 0.14
15 847 Werle B-Alamo,CA =8 94507 7.560kW 7.56  11.70 2,360 Days 0.18
16 851 Brentwood SomhFacnmS@ 94513 5.040kW 5.04 8.08 2,547 Days 0.19
17 852 Shadowdliff = 94513 8.450kW 8.45 12.5 1,177 Days 0.18
18 853 HomeS78 B 94513 10.530kW 1053 15.96 1,690 Days 0.18
19 856 afrmthabay S/W/E syster ™8 94513 7.590kW 7.59  10.767 1,923 Days 0.17
20 858 Brentwood System Norc?—g’ 94513 7.560kW 7.56 10.358 2,538 Days 0.16
21 866 Liygar-A == 94523 7.500kW 7.5  11.582 1,735Days 0.18
2 869 Laygar-V B 94523 6.300kW 6.3 7.64 1,680 Days 0.14
23 870 JR's Roof B 94523 9.200kW 9.24  13.12 1928 Days 0.17
24 1201 MariposaHouse B 95338 5.880kW 588  9.433 2,545 Days 0.19
25 1202 SolarEdge 8.16 B 95340 8.160kW 8.16  13.751 564 Days 0.20
26 1203 | Harris-1585 B 95340 6.960kW 6.96 10.20 1,972 Days 0.17
27 1206 Modesto (Village One] =8 95355 11.400kW 11.4 15.62 2,371 Days ™= 0.16
28 1211 Fairway Oaks B 95366 12.190kW 12.19 12.39 2615 Days = 0.12
29 1215 LW Tracy B 95377 3.200W 32 5.02 6200 Days = 0.19
30| 1221 .6meazsy B 95405 4.480kW .48 6.40 2,383 Days ™ 0.17
31 1225 Rincon Valley East I 95409 11.970kW 11.97 16.57 2,403 Days 0.16
32 1227 | Vine Hill Road B 95472 7.2000W 7.2 10.791 796 Days 0.18
33| 1228 Soknoma B 95476 6.960kW 696  9.188 1458 Days 0.16
3 = -

Total for

selected 212.545 305.89 0.17
35 systems
36

7

Capacity factor for utility-scale PV: A value of 29% for California was taken from the National
Renewable Energy Lab chart below. This value was compared with the 17% value for small
(presumably mostly roof-top residential) systems. NREL computed that 29% value using a
model as opposed to taking it from real-world, utility-scale solar farms in California. See
https://coldwellsolar.com/portfolio/ for video descriptions of some utility-scale solar farms.




All things considered it might be useful to redo this type analysis using cost and capacity-factor

data from a sample of actual utility-scale solar farms. That would vet and add more credibility
to these findings.

https://www.nrel.gov/docs/fy170sti/67639.pdf %  Q Search ¥ ¥
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Source: EIA, “Electric Power Monthly,” forms EIA-023, EIA-826, and EIA-861. '/// il szn Sho tJ .
Note: EIA monthly data for 2016 is not final. Additionally, smaller utilities report information to EIA on a yearly basis, / hot
and therefore, a certain amount of solar data has not yet been reported. Some monthly variability is due to when €énergy.gov/sunsho

projects are installed in a given month.

Capacity Factor of Utility-Scale Systems by State
Oct. 2015-Sept. 2016
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* The average capacity factor of utility-scale PV in California (29%) was 60% greater than the
average capacity factor in Washington state (18%).

* The average U.S. utility-scale PV capacity factor (27%) was similar to California and other
western states as most systems are installed in that region.

The EIA published a national average capacity factor of 24.4% as shown in the chart below.
However, since many systems are not in California it was decided to use the NREL figure of 29%.
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Electric Power Monthly
Table 6.07.B. Capacity Factors for Utility Scale Generators Primarily Using Non-Fossil Fuels
Nuclear Other Biomass Other Gas Solar Wind
Year/Month Ph%onalc Thermal
Time Time Time Time Time ime Time Time
Adjusted = Capacity Adjusted Capacity Adjusted = Capacity Adjusted Capacity Adjusted Capacity Adjusted Capacity Adjusted Capacity Adjusted = Capacity
Capacity Factor Capacity Factor Capacity Factor Capacity Factor Capacity Factor Capacity Factor Capacity Factor Capacity Factor
Annual Data
2012 2,531.8 68.3% 78,296.6 39.6%  101,166.0 86.6% 4,639.7 63.3% 1,802.8 59.6% 15211 20.4% 476.0 23.6% 49,458.0 31.8%
2013 2,509.5 71.8% 78,8735 38.8% 99,006.8 90.8% 49497 62.3% 21716 55.9% 3,52! 24.5% 552.1 17.4% 59,175.6 32.4%
2014 2,513.3 72.0% 79,582.8 37.2% 98,569.3 91.7% 51146 62.7% 1,994.0 54.0% 6,555. 25.6% 14453 18.3% 60,587.8 34.0%
2015 2,523.0 71.9% 79,650.8 35.7% 98,614.6 92.3% 5,104.5 62.6% 2,521.7 60.8% 9,521. 25.5% 1,697.3 21.7% 67,106.2 32.2%
2016 2,516.6 71.6% 79,806.0 38.2% 99,364.8 92.3% 5,099.5 62.7% 2,458.8 64.8% 14,161.4 25.0% 1,757.9 22.1% 74,162.7 34.5%
2017 2,460.4 73.2% 79,698.8 43.0% 99,619.5 92.3% 5,125.6 61.8% 2,375.8 62.8% 21,9409 25.6% 1,757.9 21.8% 83,355.6 34.6%
2018 2,391.5 76.0% 79,771.9 41.9% 99,605.2 92.5% 5,059.0 61.8% 2,543.9 65.4% 27,1433 25.1% 1,757.9 23.6% 89,228.5 34.6%
2019 2,535.2 69.6% 79,838.0 41.2% 98,836.7 93.4% 4,786.5 62.5% 2,504.1 67.4% 31,840.8 24.3% 1,758.1 21.2% 97,564.8 34.4%
2020 2,561.5 69.1% 79,8104 40.7% 97,2383 92.4% 4,653.8 62.5% 2,275.2 64.6% 39,458.1 24.2% 1,747.9 20.6%  107,387.7 35.3%
2021 2,588.5 69.8% 79,8784 36.0% 95,802.7 92.7% 4,490.4 63.2% 1,902.5 60.9% 51,2197 24.8% 1,629.0 20.5%  123,757.1 34.4%
Year 2020
January 2,554.7 59.0% 79,765.8 41.3% 98,093.5 101.6% 4,700.3 64.5% 2,275.2 69.7% 35,875.0 15.7% 1,747.9 8.2%  103,858.1 36.2%
February 2,554.7 67.7% 79,765.8 46.6% 98,093.5 96.5% 4,700.9 62.6% 2,275.2 67.2% 37,077.5 20.6% 1,747.9 14.6%  104,551.4 39.9%
March 2,554.7 75.5% 79,765.8 40.1% 98,093.5 87.7% 4,700.0 65.0% 2,275.2 57.9% 37,500.2 21.8% 1,747.9 14.7%  104,636.5 37.5%
April 2,540.1 72.8% 79,7658 404% 97,0820 83.9% 4,700.0 63.4% 22752 60.6% 37,7352 27.5% 1,747.9 24.3%  106,196.7 38.6%

Conclusions: Utility-scale solar PV systems are far more cost-effective than small, usually
residential roof-top, systems in generating renewable electric power in California. This analysis
suggest they are about 8 times more cost effective. This multiple is so large it seems that a
more accurate figure is not worth obtaining in order to merit reshaping government policies
regarding residential solar.

This further suggests a number of other things: 1) That policymakers sponsor studies to provide
homeowners with fact-based answers to their concerns about having alternate power in case
grid-power is lost in emergency situations and how best to recharge electric cars. 2) That
government and environmental organizations find ways to inform the general public about this
8 to 1 ratio. 3) That other options -beside rooftop solar- for individuals to invest in renewable
power be provided; such as buying shares of wind and utility-scale solar systems. 4) Installing
intermediate size solar PV systems over parking lots may be an appealing alternative in some
cases but since the heavy steel and concrete supports require much energy to manufacture
that should be considered in terms of how much such projects will reduce GHG. 5) Given
California’s strong RPS standards it might be best to let the utilities decide which and how much
to support various forms of solar, wind, geothermal and other alternatives rather than have
government subsidize or mandate particular technologies. Transmission cost, power line
safety, storage, and a host of other technical factors make this complex.
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