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Figure 2.  Material composition of an averaged c-Si module. 
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Figure 3.  Topology of the microinverter (A), central inverter (B), string inverter (C), 
and multi-string inverter (D) [29]. 
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Figure 4.  Material composition of generic 500 kW string inverter [25, 34]. 

Figure 5.  Material composition of low power inverters as a function of power rating 
[35].  Key: Copper (horizontal lines); steel (mesh); aluminum (vertical lines).
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Figure 6.  Mass density of inverters as a function of type and power rating [25, 34]. 
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Figure 7.  Material composition of  PV solar mounting structures [14, 25, 26, 34, 36, 
41-43]. 

inte
, 

are copper dominate the 
.   power

34, 41, 43, 44].  While - in , 
an , 

, 
- e).

Figure 8.  Material composition of PV solar cabling. 

A C

B D



Act 92, SLH 2021 Final Report December 2022

32 

Energy Storage Systems

a 
the .

Batteries.  a dominant application in and 
.  

to allow later 
more

connected . 

the cell cathode, anode, electrolyte, current 
collectors, casing, and separator -51].  , t

(i.e., 
.  The anode ( (- the 

(i.e., .  
and 

between the two electr .  cell

Figure 9.  Key components of a lithium-ion battery cell.  Image taken from [49]. 



Act 92, SLH 2021 Final Report  December 2022 

33   

lead acid -Ac) -  -Cd) -   , 
and -ion   Compared   - -

, li -  
 

 ,  - ental impact .  
, -ion -

 
to remain   -59].  , 

 -  
e  

 
-ion  -   and a cathode  

 -
( ), ), ), 

 -63].  , 
 .  

 , 
   (  

10 11 12).    
in  more 

13 .  ,  
Best Practices for Collection, 

Disposal, and Recycling of Clean Energy Materials. 
 

, the   .  
6 4

6 6  
- M - -carbonate , 

-carbonate ( -carbonate  .  The c i.e., 
or 

.   
collector   ( ) 

 that  the internal .  T component 
placed between the cathode and the anode that  direct contact, i.e., -

                                                 
10 - - - - -plan- -li-ion- - - - -
162005.html. 
11 - -electric-a - - - - -the-electric-

- - . 
12 - -iron- - - . 
13 -will- -nmc- - -  



Act 92, SLH 2021 Final Report December 2022

34 

other.  C
the .  

10 
.  The raw 

i A Table A7).    

Figure 10.  Averaged weight percentage of components in lithium-ion battery cells. 

complete 14 .  Th (wt. the complete
will 

and
, 

-   he 
, 

. 

14



Act 92, SLH 2021 Final Report December 2022

35 

Figure 11.  Packaged Lithium-ion battery.
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Photovoltaic modules.  , 
, the  power 

Wdc, and  350 Wdc.  The 
Table 5.  , 3.86 million 
,000 in , 580,000 in , and 480,000 i.  

The 
the power 2

.  

Table 5.  Estimated total PV modules installed across scale and island through 2021. 

Photovoltaic ancillary components – inverters.  T ( ) will
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C will more .  
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- .  
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(#) = ( ) ( ) (1)
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, the nation compared 
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.  



Act 92, SLH 2021 Final Report December 2022

44 

Table 6.  Estimated number of installed inverters across all islands through 2021. 
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Table 9).  The i  
and  

 ( A  
 
Photovoltaic ancillary components – transformers.  -  will 
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Photovoltaic ancillary components – mounting structures.  M
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Table 7. 
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Table 7.  Estimation of cumulative solar PV mounting structure materials installed 
through 2021. 

Photovoltaic ancillary components – cabling.  can 
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comparable to 
Table 8.  

dc 0.715 copper
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Table 8.  Estimation of cumulative solar PV cabling materials installed through 2021. 

Energy Storage Systems
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can be that a in the 
. 

Figure 15.  Cumulative PV solar installed storage through 2021.  Legend: Residential 
and Commercial (A); Utility (B). 

Electric vehicle energy storage penetration.  
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, the 
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million .  
mainland can be anticipated.   
 
  

                                                 
27  



Act 92, SLH 2021 Final Report December 2022

50 

Figure 16.  Projected electric vehicle numbers through 2045.  Legend: Across O ahu, 
Hawai i County, and Maui County per EoT study (A); aggregate totals across O ahu, 
Hawai i County, and Maui County per EoT, HADA, and HNEI studies (B) [91-93].  

A

B
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Energy storage – batteries.  
commercial -
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-  ( A mercial-
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, , 15,320 
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Table 9.  Estimated cumulative number of batteries per island through 2021. 
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w 16A, Table 
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can be
, 

( ) = ( ) ×  × 1000   (4)
where h Table A11 and 

  
, and 

Table 10.  Predicted cumulative amounts of battery ancillary components across all 
scales as a function of island for electric vehicles (EV Packs) and energy storage 

systems (Grid Storage) through 2021. 
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Figure 17.  Predicted cumulative penetration of residential plus commercial PV 
installation through 2045 as a function of island. Intercepts at 2022 reflect the amount 

of cumulative installed PV as of the end of 2021.  

Figure 18.  Predicted cumulative penetration of utility-scale PV installation through 
2025 as a function of island.  Intercepts at 2022 reflect the total amount of installed PV 

as of the end of 2021.   
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Figure 19.  Representative schematic of Hawaiian Electric utility-scale PPA. 
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Table 11.  Total cumulative number of PV modules projected to be installed, as a 
function of scale and island, by 2045 (A), and total number of new modules to be 

installed between 2022 and 2045 (B) [79]. 
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Figure 20.  Predicted PV solar installed storage through 2045.  Legend: Residential 
plus commercial (A); Utility (B).  Intercepts at 2022 reflect the total amount of installed 

PV as of the end of 2021. 
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QUANTITY AND TIMING OF DISPOSAL LOADING RATES 
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.  
watt 21).  , -

 the 
  

Figure 21.  The average value of photovoltaic modules, 2006-2020 (dollars per peak 
Watt). 
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Photovoltaic ancillary components – mounting structures.  
i.e., 

 t are 4 
(metal) and 35 A33.  The data in 
Table A33 ea Table  A34 
A35 (commercial), and A36 

Figure 34.  Aggregate disposal rates of steel from PV mounting structures across all 
scale for each island through 2040.  Legend: O ahu (solid line), Maui County (dashed 
line), Hawai i County (dotted line), and Kaua i (dashed-dotted line).  For O ahu, use 

right hand axis; for all other islands, use left hand axis.
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Figure 35.  Aggregate disposal rates of aluminum from PV mounting structures across 
all scale for each island.  Legend: O ahu (solid line), Maui County (dashed line),

Hawai i County (dotted line), and Kaua i (dashed-dotted line).  For O ahu, use right 
hand axis; for all other islands, use left hand axis.

Photovoltaic ancillary components – cabling.  
(i.e., 

.  

are 6
7.  The data in Table A37 
A38 39 (commercial), and A40 
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Figure 36.  Aggregate disposal rates of copper from PV solar cabling across all scale 
for each island.  Legend: O ahu (solid line), Maui County (dashed line), Hawai i

County (dotted line), and Kaua i (dashed-dotted line).  For O ahu, use right hand axis; 
for all other islands, use left hand axis. 

Photovoltaic ancillary components – inverters.  

, 
t i.e., 

data, t
are 7 and 38 .  
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Figure 37.  Aggregate disposal rates of microinverters at all scale for each island.  
Legend: O ahu (solid line), Maui County (dashed line), Hawai i County (dotted line), 

and Kaua i (dashed-dotted line).

Figure 38.  Aggregate disposal rates of string/central inverters at all scale for each 
island.  Legend: O ahu (solid line), Maui County (dashed line), Hawai i County (dotted 

line), and Kaua i (dashed-dotted line).
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Figure 39.  Aggregate metals loading from ancillary components at all scale on the 
island of O ahu.  Legend: Copper (solid line), aluminum (dashed line), and steel

(dotted line).

Figure 40.  Aggregate metals loading from ancillary components at all scale on the 
island of Hawai i.  Legend: Copper (solid line), aluminum (dashed line), and steel

(dotted line).
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Figure 41.  Aggregate metals loading from ancillary components at all scale in Maui 
County.  Legend: Copper (solid line), aluminum (dashed line), and steel (dotted line).

Figure 42.  Aggregate metals loading from ancillary components at all scale on the 
island of Kaua i.  Legend: Copper (solid line), aluminum (dashed line), and steel

(dotted line).
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Energy Storage Systems 
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.  i 

 in 
.   

Figure 43.  Estimated quantity and timing of EV LIB disposal for O ahu (straight 
line), Hawai i County (dotted line), Maui County (dashed line), and Kaua i (dashed-

dotted line).

Grid-connected batteries.  4 -connected
-

connected remain rather low  in 
ed
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Figure 44.  Estimated quantity and timing of grid-connected LIB disposal across all 
scale for O ahu (straight line), Hawai i County (dotted line), Maui County (dashed 

line), and Kaua i (dashed-dotted line).
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Battery ancillary components – grid-connected energy storage.  Similar 
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BEST PRACTICES FOR COLLECTION, DISPOSAL, AND RECYCLING
OF CLEAN ENERGY MATERIALS

- -the- The end-
-

-

45) . 

Figure 45.  General process flow diagram for end-of-life management of clean energy 
materials.
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Figure 46.  End-of-life management of photovoltaic systems.

PV modules – collection.  , th, 2021, 
38.  

, container, 
(or mar ) 39.  

how the their the 
.  

38 Chapter 11-273.1 HAR. 
39

—
-273.1, HAR].

Frame
Steps 1 & 2 in Figure 45

Step 3 in Figure 45

Step 3 in Figure 45

Step 4 in Figure 45

Step 4 in Figure 45

Step 5 in Figure 45

Step 6 in Figure 45



Act 92, SLH 2021 Final Report  December 2022 

90   

a pallet and then   , -
, i.e., 

  
their the al 

, 

   their 
-

  ( A
).  T

  can be      a     
and  can  the    to a  to collect  to   them more 
economical. 
 
PV modules – disposal.  The two main  al are  
incineration.  are ed  

 
 that the 

m c- .S. 
 air, and water and that  .  

More thin-
.  

 
  and more 

  and other , the call     
are  .   

 
,  
.  H 40 

”) 
 

the  
 

  
  

 -
-  the 

 lead)  -126].  
  

                                                 
40 . 



Act 92, SLH 2021 Final Report  December 2022 

91   

 
 

, neither the Hawai i n .S.  
determined whether 

.  
in   

 -
-

)
    in  

 
41).   

 
 at H-

 ( A 9).  

 ( A 10).  
.  

at H-  ir  and 
More embedded within the 

 -   
 
PV modules – recycling.    (i.e., 
re  , p -  

the ) or - treatment  
(i.e.,   the e 

new ).   
 

42 
 the end-

-  .   or 

                                                 
41 -1 (2013).  
42 

 



Act 92, SLH 2021 Final Report  December 2022 

92   

 .  More

H . 
 
The  - i.e., 

and ) that can then be  
 to both  , 

 and to 
le

 
  c-Si , , 

.  
 

-
.S. will 

to  mod  ).   
 .S. 

 43 -
44

45 -
 limited to 

133] – .   
 

 are  rec

 6).  Th  
.  

More

  (i.e., CdTe, 
   

                                                 
43 . 
44 

  
45  



Act 92, SLH 2021 Final Report  December 2022 

93   

  -  
 

 
C -264.1 and 11-

and 

the   or recommended. 
 

(pre- in .  
  

 to m .  The 

 -
  

the 
 

la
and complicate , 

  
C -264.1 and 11-270.1, HAR] ( A

1). 
 
PV ancillary components – collection.  ,  m

  
 in , 

46.  Th  -   the 
 47.  The 

  can be      a   
  and  can  the    to a  to collect  to  

 them more economical.   and 
  collected and 

                                                 
46 See chapter 11-273.1, HAR. 
47 See chapter 11-273.1, HAR. 



Act 92, SLH 2021 Final Report  December 2022 

94   

48.  
container, a  49.   
 

 -
how 

 
im  all

r , -
, 50 

permit 

 
 

 
PV ancillary components – disposal.  

nd practical in 
.  , 
 .  
 51  ( A

2).  
 
PV ancillary components – recycling.  t

i.e., re ) and treatment (i.e., 

52 teel, al , and copper are d.  The 
  

   in 

                                                 
48 -

 
49 —

-273.1, 
HAR]. 
50  
51 chapter 11-

 
52 

 



Act 92, SLH 2021 Final Report  December 2022 

95   

.  
 .   

 
.  B

,   and 

 
- 53.   

 
Energy Storage Systems 
 

.  
-ion 

- -  li -ion  China, 
-ion 

. 
 
The  - -  

  5.  The application to -ion 
7.  (collection) and 2   

 i.e.,  a  their ) to 
 (whether on- .  Step 3 , 

collected  .  
mitted to 

and 5.  Step 4 initial 
internal  into two 

a (copper  ”).  
to     

and  a - .   
 

 
  

                                                 
53 

 
 



Act 92, SLH 2021 Final Report December 2022

96 

Figure 47.  End-of-life management of battery systems. 
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Figure 49.  Recycle loops for recycling LIBs.
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Figure 50.  Images of dumped PV panels and inverters.  
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Table A3.  Material composition of low power solar inverters.

Table A4.  Power density of inverters across scale for residential and commercial 
microinverters.
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Table A5.  Power density of inverters across scale for residential and commercial 
central/string inverters.

Table A6.  Power density of inverters across scale for large utility inverters.
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Table A8.  Battery energy density as a function of chemistry and scale.  Sources: 
Literature [21, 176, 178, 179] and product specification sheets. 
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Table A10.  Cumulative number of installed Enphase microinverters through 2022 as a 
function of island.  Data (not shown) from Molokai is 62 in 2019 and 3 in 2020.  

Source: Enphase.
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Table A14.  Hawaiian Electric utility-scale renewable project status board.  Listing 
sourced on 8/8/2022.   
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Table A14 (cont.).  Hawaiian Electric’s utility-scale renewable project status board.  
Listing sourced on 9/22/2022.   
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APPENDIX – FIGURES

Figure A1.  Concentration of materials of interest in emerging electronic waste (results 
for year 2018) in comparison with their average concentration in ore deposits [180]. 
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Figure A2.  Installed PV on island of Kaua i118: Residential (A) and Commercial (B).

118

A

B
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Figure A3.  Installed inverters (micro, string, and battery) on island of Kaua i119: 
Residential (A) and Commercial (B).
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Figure A4.  Installed energy storage on island of Kaua i120: Residential (A) and 
Commercial (B).

120
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Figure A5.  Prediction of new car and truck purchases in Hawai i.  Legend: All 
vehicles (blue); electric vehicles (green).  Source: Hawai i Auto Dealers Association 

[92]. 
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Figure A6.  Prediction of total mass of installed clean energy materials121 through 
2021122.   

121

122
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APPENDIX – COMMUNICATIONS 
 
The list below refers to knowledge or information gained from personal conversations with 
industry practitioners. 
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