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Executive Summary

In order to identify opportunities for minimizing the environmental impact of solar electric
power, we examined a variety of common materials and designs. We used an economy-wide
life-cycle approach to capture full supply-chain effects, from feedstock to disposal or re-use.
Results indicate that when better technology choices are made, ecological burdens can be
reduced while increasing economic value. Specifically, this study confirms and quantifies
the environmental benefits of photovoltaics. At the same time, the study indicates that
certain easily-implemented design and material choices are environmentally preferable
to others.

Compared to conventional power generation (as defined by the current U.S. energy mix),
a standard (non-environmentally-optimized) photovoltaic system provides significant
environmental and social benefits:

e It reduces global-warming gas emissions (grams CO; equivalent) by a factor of six (6);
e It reduces the environmental and social costs passed on to society by a factor of ten (10);
e It promotes three to five (3-5) times more new jobs per watt installed capacity.

However, solar energy industry participants at each step of the supply chain can provide
even greater environmental benefits by selecting certain economically competitive and
widely-available materials and designs. In particular, we recommend that the industry
whenever feasible:

For raw material, use solar-grade feedstock to reduce embodied energy content;
During cell production, choose rapid thermal processing to reduce energy use;

When making modules, use advanced encapsulants to extend panels’ useful life;
When designing systems, connect to the grid to avoid batteries;

When siting systems, integrate them into architecture to reduce balance-of-system
hardware;

e Finally, make installation part of new construction to make implementation more
efficient.



1. Extended Abstract

In contrast to widely-used electricity generation technologies, photovoltaic (PV) systems
produce little or no environmental pollution at the point of use, contributing to their market status
as an environmentally preferable product. However, there are numerous materials and energy
inputs that go into the fabrication of the components of PV systems that may carry significant
environmental burdens. As the PV industry attempts to scale from the global production of
gigawatts to the global production of terawatts, it will become increasingly important to
minimize these “side-effect” impacts. A life-cycle perspective helps to compare the net
environmental benefits of a particular generation technology such as PV with conventional
generation technologies, in addition to other renewables. In this effort, we systematically
examine the technology possibilities and design options from feedstock to integration in order to
identify current and future opportunities for minimizing the environmental impact of PV
systems.

This study improves upon previous efforts in this area in three ways: 1) through the first use
of an economy-wide analysis to capture full supply-chain effects, 2) updated analysis of specific
inputs and processes, and 3) the introduction of comparative analysis of technological options
throughout the product life-cycle.

We use a combination of process-based and economic input-output life-cycle assessment
(EIOLCA) to capture both a breadth and depth of information. Through this hybrid analysis,
salient features not captured in the economy-wide scale of EIOLCA are examined in depth using
process-based Life-Cycle Assessment (LCA). However, by using EIOLCA, hidden impacts that
occur deep in the supply chain are also captured. The data for the study has been harvested from
a wide range of sources including case studies, manufacturing data, previous papers, and
resource analysis. We decompose a PV system into a set of design and manufacturing choices at
each step of the process. The design tradeoff studies were along 10 important dimensions: 1)
feedstock — electronic or solar grade silicon, 2) diffusion — conventional furnace (CFP) or rapid
thermal processing (RTP), 3) silicon growth — multicrystaline silicon using electromagnetic
casting (EMC) or directional solidification, single crystalline silicon using Czochralski or float
zone crystal growth, or amorphous silicon, 4) cell encapsulation and covering — standard
ethylene vinyl acetate (EVA) versus mixtures containing additives for adhesion strength and
standard low-iron glass versus cerium-doped glass 5) module construction — traditional framed
module or building integrated frameless glass laminates, 6) integration — sloped roof, flat roof,
Building Integrated PV (BIPV), or ground mounted, 7) construction — new or retrofit, 8) heat
recovery, 9) insolation maximization — tracking or flat plate, and 10) energy storage — grid
connected, electrochemical battery, or micro-hydro using a pre-existing agricultural
infrastructure.

To highlight our most significant results, we find that 1) carbon intensities for best case
systems are an order of magnitude lower than coal; 2) carbon intensities for best case and
conventionally designed systems are still higher than wind or hydro 3) significant opportunities
exist in developing solar-grade silicon feedstock, float zone crystal growth rapid thermal
processing, and high durability encapsulants 4) there are significant drawbacks, including 30-
50% increases in air pollutant emissions, by employing ground-based installations; 5) in many



cases, the efficiency gains realized by using tracking devices do not translate into financial or
environmental benefits; 6) the emissions from the manufacturing of batteries for stand alone
systems are significant, increasing toxic material releases by 100 fold.

When the best choices are made throughout the system’s life-cycle, environmental burden
reduction of 25% can be achieved for carbon intensity, while increasing economic value.
Getting this easy-to-implement information to industry and practitioners is an important part of
the continued growth of photovoltaics in the context of a clean energy future.

2. Objectives

The objective in this study is to take a full life-cycle view of the environmental impacts of
photovoltaic (PV) energy production, and to compare these with the effects of conventional
energy sources as well as other renewable energy. In addition, the report investigates the
positive and negative environmental implications of design and installation choices, and presents
a set of most preferable PV manufacturing decisions.

3. Methods

3.1 Life-Cycle Assessment Methodology

Environmental life-cycle assessment (LCA) provides methods for identifying and evaluating
environmental burdens associated with the life-cycles of materials and services, from cradle-to-
grave (or cradle). Our study uses a hybrid life-cycle assessment methodology consisting of a
combination of conventional SETAC methods and Economic Input-Output methods to inventory
and interpret the environmental burdens at each stage of product life. Within this framework,
important technological options are parameterized to explore their contributions to life-cycle
environmental impacts.

Economic Input-Output Life-Cycle Assessment (EIOLCA) methods are used; each
component and life-cycle stage is disaggregated into representative economic sectors of the
economy and the monetary inputs into each sector of the economy are correlated to publicly
available emissions and energy data. The PV systems considered in this study are disaggregated
into 17 direct economic sector inputs, each of which contribute to each other and to the other
500+ sectors of the economy in proportion to their respective economic interaction. However, as
has been noted in literature, one of the potential inaccuracies of the EIOLCA method is that of
aggregation of dissimilar industries into one economic sector. Where aggregation problems were
identified, the EIOLCA method was supplemented with specific process based data using
SETAC methods of LCA.

In particular, the hybrid method is used to analyze energy demands in the cell manufacturing



stage. Although the semiconductor sector of the economy is the best representative of the PV
industry, it is dominated by the IC industry, which has similar inputs and processing steps, but
much lower energy use per dollar of output. Therefore, the emissions due to energy use in the
semiconductor sector were replaced with detailed process-based analysis of energy use for
different PV manufacturing scenarios.

For all purposes of this analysis, the functional unit used to normalize all inputs was a 2.5 kWp
system. This means that cells of lower efficiency require more area, along with more mounting hardware.
All Balance of System components are sized for a 2.5 kWp installation, along with maintenance and end
of life considerations. Therefore, the conclusions are valid primarily for single-family residential
installations. The insolation and efficiency assumptions are valid primarily for the Northern
California/Bay Area region. Efficiency numbers are adapted from CEC system design guidelines [2].
The main assumptions used in this analysis are shown in Table 1.

Table 1. Some fundamental assumptions used in the analysis

Avg. Peak Wholesale |Retail Energy
System Size |Sunlight per Day|System Life |[Energy price Price
[KWp output] [hours] [years] |[cents/kWh] | [cents/kWh]
2.5 5 30 6.5 12.5

3.2 Data Sources

For cell manufacturing, industry data was largely unavailable, so publicly and academically
available data has been aggregated to describe environmental impacts as thoroughly as possible.
In analysis of the feedstock, wafer, and cell models for equipment-based process, choices were
built from data on energy and material use culled from trade journals, academic literature [1, 16]
conference papers government documents, patents (United States and European), and books
published for the public [19, 20, 21]. Analysis of energy use from mining to cell production and
testing was established. The final inputs for energy use are shown in Table 2.

Table 2. Energy requirements for different device manufacturing options

mc-si (DS)
Device Production Step, sc-si glass lam mc-si
in kWh/m? sc-si (FZ)| (Cz) RTP | CFP (CFP) (EMC) |SoG-si
Mining and refining of silica A A A 1 A A A
Reduction of silica to silicon 11.7 11.7 11.7 117 11.7 11.7 11.7
Production of high purity
silicon 256.8 256.8 256.8 256.8 256.8 256.8 97.5
Casting 36 34.5 13 13 13 19 13
sawing / wafering 66 66 66 66 66 66 66
Cell processing 94 94 68.9 94 94 94 94
Module encapsulation 3.8 3.8 38 38 0 3.8 3.8
capital goods 39 39 39 39 39 39 39
TOTAL 506 504.5 457.9 483 479.2 489 323.7




conclusion does not preclude the use of solar thermal collectors; in fact the benefits
shown in Figure 3 suggest that solar thermal is a natural complement to photovoltaics,
with questionable benefits going from separate to combined systems.

5. Tracking systems do not show general benefits, especially as modules increase in
efficiency and decrease in environmental burden per unit area.

Overall, the most effective energy storage system is the grid. When a grid interactive system
is not possible, batteries are overwhelmingly chosen to store energy. Unfortunately, the results
of this study agree with those of Alsema [14] in his study of stand-alone solar home systems:
namely that batteries can dominate certain aspects of the environmental performance of the
system. As can be seen in Figure 6, batteries contribute to 55%-435% increases in the
environmental burdens of the PV system over its lifetime. This highlights a few important
points: 1) the need to consider manufacturing impacts, 2) the need to consider impacts other than
global warming potential, and 3) the industry need to develop alternate energy storage strategies.

One interesting and potentially beneficial alternative for remote applications is to convert
preexisting water storage infrastructure into micro-hydro powered energy storage. Although
there is still an environmental penalty of 35%-65% over a grid tied system, a hydro-powered
energy storage system outperforms batteries in terms of cost, longevity, and environmental
performance when employed in an appropriate situation.
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Figure 4. environmental metrics for two energy storage options

4.5 Supply Chain and Energy Chain Management

The value of EIOLCA becomes apparent when the economy wide supply chain is revealed,
stretching through 480 sectors of the economy. Examining the 2 cases of supply chain impacts,
we find that 70%-90% of the environmental burden comes from industrial sectors not directly



considered in our EIOLCA inputs. This indicates that the semiconductor sector itself (the
recipient of the majority of the direct economic input) is admirably environmentally benign.
However, the economic sectors that it purchases materials from are not. Consider Figure 5; 85%
of the toxic releases to the environment come from three sectors of the economy. If the suppliers
of these key commodities were selected based on their environmental performance, the burden of
the entire PV system could easily be reduced by 50%, without any changes in the semiconductor
sector itself.
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Figure 5. Contributions of various economic sectors to the releases of toxic materials to the environment.
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Figure 6. Supply chain contributions to global warming potential



If this mode of thinking is extended further, it becomes even more compelling. Consider the
supply chain contributions to life-cycle global warming potential, as shown in Figure 6. As
would be expected, the majority of emissions come from the electricity provided by the utility
grid. However, the PV industry is in a perfect position to eliminate utility sector from its supply
chain —a PV powered PV manufacturing facility. In addition to discounted access to solar
hardware, aligning business practices with values, publicity value and a low-cost supply of
power, it would give the PV facility a gut sense of energy pay back time.

4.6 Description of the Best Case System Implementation

The best case system design approximately represents best practice or near-future best
practices. Specifically, from cradle to grave (or cradle again), this system is defined by (1) Solar
grade feedstock, (2) used to make a single crystalline cell (3) using the float zone process, (4)
phosphorous diffusion by rapid thermal processing, (5) an unframed and functionally integrated
module, (6) without heat recovery, (7) installed in new construction to (8) an optimally inclined
building surface as a (9) fixed array; the array is (10) grid-connected with (11) no energy storage.

Although each of these system changes seems small, the overall reduction is approximately
25%. With supply and energy chain management, environmental burdens can be reduced by an
additional 40-60%.

5. Uncertainties and Data Quality Assessment

Using the methods presented by Weidema [15], and further described by Junnila [16], we use
a method of subjective data quality assessment. This method consists of rating the quality of
data based on number of categories. In each of these categories, criteria are presented dictating
the numerical value from 1-5 (1 is the highest) of the quality of the data. We can apply these
criteria to each category of the present analysis as shown in Table 5 to get a general sense of the
quality of the data used and opportunities for data quality improvement.

From the results of this assessment, a few salient feature of the data quality of this study are
apparent:

1. The weakest phase of the analysis is for pumped hydro energy storage. This is to be
expected, since this technology choice is not prevalent, and the data is questionable.

2. The strongest phase of the analysis is for power conditioning. This is mainly due to the
fact that this technology is well documented and publicly available cost data is easy to
obtain. In addition, there is a good match between this technology and the EIOLCA
economic sectors.



3. Data age and geographical correlation data quality are controlled by EIOLCA. All
EIOLCA data is nationwide and comes from 1997.

Table 5. Data quality assessment matrix. Lower numbers indicate higher quality.

Acquisition Independence of Represent- Data  Geographical Technological

Method Data Supplier ativeness Age Correlation Correlation Average

Feedstock 3 1 3 2 2 3 2.3
Processing 3 2 3 2 2 3 2.5
Module Assy 3 1 2 2 2 3 2.2
Heat Recovery 3 1 2 2 2 3 2.2
Mounting 1 1 3 2 2 1 1.7
Batteries 1 1 3 2 2 2 1.8
Pumped Storage 3 3 4 2 2 4 3.0
Maintenance 1 1 3 2 2 1 1.7
Transportation 2 1 3 2 2 1 1.8
Power Conditioning 1 1 1 2 2 1 1.3
Building Integration 3 3 3 2 2 2 2.5

2.2 1.5 2.7 2.0 2.0 2.2 2.1

The results of the data quality assessment indicate overall data quality of 2.1, which could be
interpreted as decent data. However, a data quality value of 2.1 doesn’t say anything specific
except that the data could be better, but it could also be much worse.

6. Conclusions

Taken in full, synergies among process choices illustrate the potential for a life-cycle analysis
to increase the environmental performance of the overall system. That is, benefits gained at the
manufacturing stage can be multiplied through proper installation and system design. Engineers
and contractors interested in maximizing environmental and economic performance of the
installed system can augment balance of system efficiencies with targeted procurement from
manufacturers employing more resource efficient techniques such as Rapid Thermal Processing
or employing solar grade feedstock. The photovoltaic industry exemplifies rapid change and
innovation, and every effort should be made to extend this capacity to environmental
performance and comparative assessment techniques.
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