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Abstract

Background: Social life-cycle assessment (S-LCA) provides a framework to evaluate the social impacts of deci-

sions made during the design phases of a product. Rooftop solar panels are considered an environmentally friendly
renewable energy technology due to their ability to generate electricity without producing greenhouse gases while
generating electricity. This study presents the application of a challenge-derived S-LCA framework to assess the social
impacts of rooftop solar panels in the southeast region of the United States (U.S.) during the use and end-of-life
phases.

Methods: The challenge-derived S-LCA framework was developed based on a set of challenges to performing

social assessments. The challenges were identified through a systematic mapping process and verified using expert
feedback. Additional feedback is gathered through users from mechanical engineering capstone design students. The
case study application shown in this paper aims to identify the potential social impacts at a pre-implementation stage
of the rooftop solar panel in residential applications. The framework follows the ISO 14040 LCA structure, and the
analysis was performed based on impact indicators (Type-I framework) and performance reference points (PRP).

Results: The framework implements existing social impact assessment methodologies, and guides each of the
assessment stages based on the type of analysis performed. The results highlight the workers as the stakeholder
group with the highest social impacts. The results also highlight the need for regulation to make rooftop solar panels
accessible to low-income community members,

Conclusions: An S-LCA framework to assess the social impacts of product systems and technologies is implemented
to evaluate the potential social impacts of residential rooftop solar panels. The framework presented applies to prod-
uct systems and technologies at a pre- or post-implementation state, and it aims to guide novice and expert users
alike. Nonetheless, further research is still needed to improve the methodology presented, and additional case studies
should be performed to test the applicability of the framework across a broad set of fields.

Keywords: Social life-cycle assessment (S-LCA), S-LCA framework, Type | S-LCA, Case study analysis, Life-cycle
sustainability assessment (LCSA), Social assessment of technology, Rooftop solar panel

Background

Social life-cycle assessment (S-LCA) is defined as a tech-

nique to assess the social and socio-economic aspects

of products and their potential positive and negative
*Correspondence: kfu@me.gatech.edu; katherine.fu@me.gatech.edu impacts along their life CYCle on different stakeholders [1].
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and consolidation [2]. Over the last decade, the social
dimension has seen a surge in interest from research-
ers [3, 4], which is attributed to a multitude of factors.
One factor is the publication of the 2009 Guidelines for
the Social Life-Cycle Assessment of Products from the
United Nations Environmental Program (UNEP) and
the Society of Environmental Toxicology and Chemistry
(SETAC) [1]. The guidelines adopt the environmental
life-cycle assessment ISO 14044 structure [5] and extend
it to perform a social assessment of a product system
based on impact indicators. Their publication provided
a significant contribution to the field that has prompted
the development of frameworks, handbooks, and case
studies [6, 7]. The 2009 UNEP/SETAC S-LCA served
as a significant starting point in the development of the
framework presented in this paper. More importantly,
the 2011 UNEP/SETAC Methodological Sheets [8] not
only serve as a source of indicators gathered in Addi-
tional file 1, but they also provide the stakeholder catego-
ries adopted in our analysis. The widespread adoption of
the UNEP/SETAC methodology was key in the decision
to maintain the overall S-LCA structure in the frame-
work presented in this paper.

With individuals and communities as the focus of social
impact assessments, S-LCA has been implemented to
better understand the social impacts of renewable energy
sources. The social impacts of mainstream energy-gen-
erating methods, such as nuclear and fossil-fuel tech-
nologies, have shown disproportionate impacts on
lower-income populations [9, 10]. Such higher impacts
are usually the result of the production of greenhouse
gases, water and natural resource pollution, and land
expropriation [11]. Renewable energy technologies are
perceived as environmentally friendly due to their ability
to generate electricity without producing emissions dur-
ing their use phase [12]. Unfortunately, so-called green
technologies also produce harmful emissions when one
considers their complete life cycle. Taking solar photovol-
taic panels as an example, their production is known to
involve the extraction and processing of rare-earth mate-
rials that are known to have a significant environmental
impact [13]. Adopting a life cycle analytical approach is
essential to have a holistic understanding of the social
impacts of renewable electricity sources.

Table 1 provides a summary of previous studies that
have investigated the social impacts of different renew-
able energy sources. The tabulated information provides
several observations that make social assessments such
a challenge to perform. The first observation is the wide
range of variation in the characteristics of the renewable
energy systems evaluated in these studies. The studies
perform social assessments on systems such as a Bioen-
ergy generation plant Fedorova and Pongricz [14], wind
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turbines Schlor et al. [15], hydrogen production [16],
aviation biofuels [17], solar thermal power plants [10,
18], PV modules [19-21], and PV power plants [22]. The
second observation to note is the diverse geographical
locations of the systems being analyzed: North Amer-
ica, South America, the European Union, and Asia. The
diverse geographical locations will always provide vari-
ability in the goal and scope of the analysis because dif-
ferent geographical locations may also provide variations
in political, environmental, regulatory, and economic
characteristics, which may all affect the results of the
social assessments. The third observation to consider is
that the variability of methodologies used to perform the
social assessment. Although previous studies have shown
the dominance of the S-LCA framework when perform-
ing social assessment studies [26], additional methods
such as the Cumulative Social Effects Framework [14],
the Framework for Integrated Sustainability Assessment
(FISA) [10], and a combined method of Sen’s Capabil-
ity Approach with Social Hotspot Database Indicators
(SHDB) [16] are identified. The fourth and last observa-
tion of these studies is that they consider different phases
of the life-cycle process of the system studied. Some
studies perform the social assessments by considering
only the production phase, the production, and manu-
facturing phases [20], while others focus on the complete
life cycle.

The previous observations were considered when
developing the methodology presented in this document.
First, our methodology must be adaptable to the different
technical characteristics of existing and future renewable
energy production systems. This is a necessary charac-
teristic of our proposed framework because we envision
analysts comparing the social performance of different
renewable energy systems, and these may include current
and future innovations of which we don’t have techni-
cal knowledge at the present. Another important aspect
is that our framework must accommodate the differing
characteristics resulting from different geographical loca-
tions. We understand that locality is an important fac-
tor when assessing for social impacts of individuals, and
we want to ensure that analysts can use our framework
regardless of the location of the analysis. The last thing to
consider from these studies is that our proposed frame-
work should accommodate studies that either perform a
full life-cycle assessment or just focus on a single activity
of the life cycle.

A few of these studies evaluate the social impacts of PV
panels, which is of utmost importance based on the case
study presented in this paper. Traverso et al. [20], per-
formed a life-cycle sustainability assessment (LCSA) of
the assembly step for PV modules produced in Germany
and Italy. The social component of their analysis adopts
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an S-LCA approach focused on the workers involved
in the product chain. Their results show significant dif-
ferences among the social impacts of PV modules on
workers of those two countries, and it also highlights
the importance of regional characteristics in S-LCA.
Dubey et al. [21] summarize the positive and negative
social impacts of PV modules. Their analysis highlights
the need for a better understanding of the social impacts
of PV modules since most studies focus on the workers’
stakeholder group. These studies highlight the impor-
tance of considering social impacts when evaluating the
sustainability of environmentally friendly technologies
and fuels, as they might reveal negative social impacts
that are not identified when only focusing on their envi-
ronmental impacts.

In the present paper, an S-LCA of rooftop solar pan-
els is presented. The presented framework combines
existing knowledge in a novel manner to address a set
of identified challenges when performing an S-LCA. An
explanation of the development steps of the framework
is presented in detail in “Challenge-derived framework
development” of this article. In “S-LCA framework and
implementation’, the framework itself is presented, along
with an explanation of how it should be implemented to
perform a social assessment. The framework adheres to
the LCA structure presented on the ISO 14040 stand-
ard for environmental LCA [23], which is organized in
the following stages: goal and scope, inventory analysis,
impact assessment, and interpretation of results. The
social impact calculation is based on a set of indicators
that are specific to each study along with performance
reference points (PRP).

For this study, only the use and end-of-life phases of
the solar panel life cycle are considered relevant. Trans-
portation impacts for the use and end-of-life phases
were not included as part of the analysis because it is too
early to have significant knowledge on the locations of
the different processes. It was decided that transporta-
tion impacts should be considered at a later stage where
more is known about the infrastructure for the panels
as this allows for a better estimation of the transpor-
tation impacts. The analysis is geographically focused
on the southeast region of the United States (U.S.). The
learnings from such a study should only be extended to
regions that share similar social and geographical char-
acteristics. The U.S. is among the top ten electricity-con-
suming countries worldwide, being second only to China,
a country with a population more than four times that of
the U.S. [24]. Due to its high electricity consumption, the
implementation of renewable energy systems in the US is
significant from a national and global aspect. The analysis
presented in this document aims at complementing the
environmental benefits of residential solar panels with
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social impact knowledge. With regard to the stakehold-
ers of interest, the analysis aims to understand the poten-
tial social impacts of the solar rooftop panels for workers,
consumers, the local community, and society.

The work presented in this paper adds to the exist-
ing literature on the social impacts of renewable energy
sources [12, 25]. An increased understanding of the
social impacts of residential rooftop solar panels may be
useful to other regions inside and outside of the U.S. that
are considering the potential social impacts of their use.

Data and methods

Challenge-derived framework development

Before presenting the case study analysis and results, the
authors want to explain the process followed to develop
the analysis framework. Explaining the framework devel-
opment is necessary for readers to understand the origin
of the framework, how is it organized, its instructions
for implementation, and more importantly the purpose
of the case study presented in this article. The frame-
work development process is divided into the following
three stages: systematic mapping of the social assessment
field, SIA framework development, and case study test-
ing. The purpose of the systematic mapping is to iden-
tify key challenges to performing social assessments. An
expert feedback study is then performed to verify the
identified challenges. Using these learnings, a prototype
social assessment framework is developed. Feedback on
the framework is gathered through user feedback from
capstone design students. The last part of the framework
development process is case study testing, which is the
work presented in this manuscript.

The following sections present the framework devel-
opment process for the reader to better understand the
origins of the framework, its objectives, and how it is
expected to be implemented before showing any results.

Systematic mapping of social assessment field

The first stage of developing the framework presented
involved a systematic mapping of the social assessment
field. The research question investigated in the systematic
mapping was the following: What are the current meth-
ods available to perform social impact assessments, and
how have these been implemented? The reader is directed
to [26] for a detailed explanation of the systematic map-
ping study. The systematic mapping reviewed 81 articles,
of which 49 included a case study application, and nine
were non-peer-reviewed articles. The main outcome was
the identification of twelve recurring challenges to per-
forming SIA. The challenges along with related journal
articles are summarized in Table 2.
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Table 2 Identified challenges to performing SIA
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Challenge Explanation Related articles

1 Determination of what social impacts to consider [27-29]

2 Uncertainty with indicator selection, normalization, aggregation, and weighting [16,30-38]

3 Determination of whether a functional unit should be used [3,37-41]

4 Determination of minimum criteria to be satisfied during data collection efforts (8,36,42]

5 Allocation of social impacts into different categories [36, 42-44]

6 Connection of social impacts with products rather than with company conduct [45, 46]

7 Definition of “social well-being”used in the analysis [16, 17,40, 47-49]

8 Selection of a preferred method to perform the social impact assessments [37,45,50-52]

9 Definition of the system boundaries [18, 28, 39,43, 53, 54]
10 Selection of global or location-specific data [42,45, 55, 56]

1 Selection of scoring scales to report the results (8, 14,46, 55, 57-59]
12 Selection of stakeholders relevant to the study [42,43,57,60]
Expert feedback study Technology, located in the city of Atlanta, GA. The stu-

To evaluate the validity of the identified challenges,
expert feedback was collected through online surveys.
Six experts provided feedback to Likert scale and open
response type questions. The questions focused on eval-
uating the following criteria: relevance or validity of the
challenge, frequency of encountering the challenge, and
importance of the challenge. For the relevance or valid-
ity criteria, the experts had the following answer options:
yes, maybe, no. For the frequency of encountering the
challenge criteria, the experts had the following answer
options: always, sometimes, rarely or I don't perform
these types of assessments. For the importance of the
challenge criteria, the experts had the following answer
options: very important, moderately important, slightly
important or I don’t know. A space for open feedback was
also provided for each challenge. The experts consisted of
active researchers in the areas of E-LCA and S-LCA, and
they were in the United States and the European Union.

The contacted experts are researchers in the fields of
S-LCA and/or E-LCA. Each challenge was either pro-
vided support, mixed support, or no support from the
experts. Based on the expert feedback, the number of
challenges was reduced from 12 to 10, by eliminating
challenges number 10 and number 11, which were con-
sidered to belong more with the design of the assessment
rather than challenges to performing it. Table 3 shows the
results from the expert surveys. The main learning is that
challenges #10 and #11 were removed from the initial list
as these are considered more a part of the study design
rather than a challenge itself.

Novice user study
The novice user study involved undergraduate sen-
ior capstone students from the Georgia Institute of

dents were provided with a 50-min lecture on the topic
of S-LCA, along with an example of an S-LCA of a laptop
computer. As part of the lecture, the students were pro-
vided with a simplified version of the S-LCA framework
that did not include the impact assessment portion of
the analysis. The impact assessment stage was removed
for the novice users because of the significant time and
data resources needed to complete this stage, some-
thing that is not feasible for the students to do properly
in less than one semester. For most of the students, the
S-LCA lecture was the first time that they were intro-
duced to the topic of social impacts, so performing a full
S-LCA was deemed too overwhelming and time-inten-
sive. Instead, the focus of the lecture and the exercise
was to provide students with the knowledge to craft an
S-LCA analysis. The students were instructed to follow
the framework and to use the United Nations Environ-
mental Programme/Society of Environmental Toxicology
and Chemistry (UNEP/SETAC) guidelines as a source of
social impact categories and indicators for their analysis.
Feedback data were collected electronically from the stu-
dents regarding the usefulness of the framework to com-
plete their analysis and to collect any additional feedback.

The reports were assessed qualitatively based on the
following eight criteria: evidence of social awareness,
level of applicability to project, accuracy, and complete-
ness of framework implementation, increased mastery
of appropriate terminology, ability to be critical of their
projects for the sake of improving social impacts, goal
and scope explanation, inventory analysis explanation
and interpretation of results explanation. For each report,
a qualitative score was given as either poor, acceptable,
or excellent based on the rubric shown in Additional
file 3. An inter-rater agreement analysis was performed
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Table 3 Summary of expert feedback regarding the challenges
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Challenge

Validated
or
invalidated

Narrative from experts

Challenge #1: Determination of what social impacts to consider
and how to quantify them

Challenge #2: Uncertainty with indicator selection, normalization,
weighting, and aggregation

Challenge #3: Determination of whether a functional unit should

be used

Challenge #4: Determination of minimum criteria to be satisfied
during data collection efforts

Challenge #5: Allocation of social impacts into different categories

Challenge #6: Connection of social impacts with products rather

than with the conduct of companies producing the products

Challenge #7: Definition of “social well-being” used in the analysis

Challenge #8: Selection of a preferred method to perform the
social impact assessments

Challenge #9: Definition of the system boundaries

Challenge #10: Selection of global or location-specific data

Challenge #11: Selection of scoring scales for reporting the results

Challenge #12: Selection of stakeholders relevant to the study

Validated

Validated

Validated

Validated

Validated

Validated

Validated

Validated

Validated

Invalidated

Invalidated

Validated

The definition of a social impact should consider whose priorities
are reflected when defining what is and what is not considered a
social impact. Rather than focusing on how to quantify them, this
challenge should only focus on the determination of what social

impacts to consider

Some experts believe that having a uniform set of indicators would
make the assessment more robust, while others believe that having
such a uniform set of indicators is not beneficial, as social assess-
ments must incorporate local aspects

The use of a functional unit should consider the nature of the data
being used and see how important it is to link it to a functional unit
to make it valuable

The experts recommend strict data quality practices that are tai-
lored to the data characteristics themselves, rather than to define a
universal set of criteria to be satisfied

This challenge is more relevant for analyzing the results rather than
performing S-LCA. Experts mentioned that in certain studies with
qualitative data, the categories emerge in data analysis

This challenge becomes relevant when defining the stakeholders
in the analysis. When evaluating the social impact of a product,
employees will be affected by both the conduct of the companies
and by the design choices, so it depends on the nature and the
scope of the analysis

Well-being defined too narrowly means that S-LCAs cannot reach
their full potential to influence decisions, design, and policy. Impacts
do not have to be directly related to social well-being or fit in its
definition to be significant

Having a preferred method for performing an S-LCA is impor-
tant when comparing across different studies, but not so much
when performing an individual assessment. A benefit of having a
preferred method is that it would be universally respected, thus
allowing it to be teachable and shareable

Having extensive boundaries is beneficial, as they are inclusive of
the social impacts considered, but they might make the analysis
prohibitive. Having too narrow boundaries results in low financial
and temporal requirements, but this might leave out crucial impacts
from the analysis

When performing a low-detail, screening analysis, the use of global
data is convenient. When performing a highly detailed analysis, it is
important to use location-specific data. Even though the decision
to use global or location-specific data is challenging, it is not a
challenge in performing S-LCA. Rather, it is a challenge in the study
design itself

This challenge is considered more as part of the interpretation of
the results of the impact assessment, which is why it was removed
from the list. Practitioners should select scoring scales that are
relevant to the audience to whom they are communicating

The decision to select relevant stakeholders should be driven by the
goal and scope of the analysis and by the resources available to the
researchers. Researchers should aim to include as many stakehold-
ers as possible in their study, given their constraints

by evaluating the percentage agreement between two
raters. The goal of the inter-rater analysis was to evaluate
the robustness of the qualitative assessment and ensure
scientific repeatability. Both raters were graduate-level
engineering researchers with expertise in qualitative

and mixed methods research. The first rater coded all
the data using the rubric in Additional file 3. The second
rater independently coded a randomly selected 25% of
the data. Their agreement was checked by comparing the
percentage of matching scores for the shared dataset. A
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high agreement between the two raters indicates that the
qualitative assessment measurement is robust and can be
trusted as unbiased by the rater’s judgment.

The capstone report sections on S-LCA were assessed
for seven capstone student groups. The criteria used for
the qualitative evaluation aim to capture the ability of
the students to apply the provided reference template
and reference documents and to thoroughly explain the
importance of each assessment stage. By doing this quali-
tative assessment, it is expected to identify the areas in
which the students excelled. As described earlier, an
inter-rater agreement analysis was conducted to verify
the robustness of the qualitative assessment criteria for
the capstone reports. The results show an overall agree-
ment of 76% among the two raters, which is considered a
moderate-to-strong agreement.

S-LCA framework and implementation

After incorporating the expert user and novice user feed-
back, the resultant S-LCA framework is presented in
Additional file 4. The implementation of the framework is
explained in detail in the following section.

How is the framework implemented?

Goal and scope The objective of the goal and scope stage
is to define why the study is being performed and what is
included in the analysis. Table 4 shows the recommended
template to summarize the information for the goal and
scope stage of the analysis. The summary should define
the motivation for performing the study and a definition

Table 4 Goal and scope information template
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of the system boundaries. For this stage of the analysis,
the framework proposes to classify the analysis as either
informative, comparative, or enhancement type. This clas-
sification is adopted from the work of Kjaer, et al. [61] on
evaluating the environmental impact of product—service
systems (PSS). The informative analysis is used when the
analysis aims at understanding the potential social impacts
of a single product system. In a comparative assessment,
either various concepts of the same product are being
compared or different products with similar functionality
are being compared. In an enhancement analysis, numer-
ous iterations of the same product are compared, where
each of the changes aims at improving the social impacts
of the product. In the goal and scope, the user also defines
if the analysis included company conduct metrics in the
evaluation and the desired level of detail of the analysis.
An initial definition of the system boundaries is provided
by stating the life-cycle stages considered and the associ-
ated activities for each life-cycle stage and the stakeholder
groups considered.

Inventory analysis The objective of the inventory anal-
ysis is to define the selection of the indicators used in
the analysis. The selection of indicators must match the
goal and scope of the analysis. As part of the systematic
mapping procedure [26], a database of indicators was
created (see Additional file 1). This indicator set is used
as the starting point of the inventory analysis. The steps
described below are followed to select the list of indica-
tors for this analysis:

Define the goal/objective of the study

What is the study objective?

Are processes considered?
Evaluation of company conduct
Level of detail

Study timing

Reason for study

Single or multiple products?
Define the product functionality

Define the scope of the study

Spatial scale of analysis
Analysis type

Initial system boundaries

Life-cycle stages considered
Associated activities
Stakeholder groups considered
Functional unit
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1. Refer to the indicator database shown in Additional
file 1 of the supplementary material.

2. Select relevant indicators based on the goal and
scope of the case study.

a. For each indicator, identify the following:

« Indicator name

« Indicator type: quantitative, semi-quantitative,
or qualitative

« Desired direction or direction of positive social
impact: positive or negative

« Data collection method for the indicator: pri-
mary (directly from the source) or secondary
(from indirect sources)

« The scale of the indicator: State, region, industry
sector, or company

« Social impact category as per the Guidelines
of Social Assessment of Products from United
Nations Environmental Program (UNEP) [50]

— If a new social impact category is desired, provide
enough detail for the reader to understand why it is
necessary.

« Stakeholder group(s) as per the Guidelines of
Social Assessment of Products from United
Nations Environmental Program (UNEP) [50]

— If a new stakeholder group category is desired,
please provide enough detail for the reader to
understand why it is necessary.

« Source of indicator

b. Perform indicator data quality assessment using
the modified matrix method provided in the
framework.

c. Update a list of indicators based on the results of
the data quality assessment.

d. (Optional) Benchmark list of indicators using
stakeholder input.

a. When there is access to the stakeholders
and when performing a high-detail analy-
sis, use stakeholder input data to validate
the list of indicators used in the analysis.

3. Define the performance reference points (PRPs) used
for the quantitative indicators.

Instead of defining the PRPs for the quantitative indi-
cators listed on the indicator database (see Additional
file 1), the authors recommend that these are defined
based on the goal and study of the analysis. Although one
might believe that defining a universal set of PRPs would
provide robustness and standardization to the assess-
ment, social impacts depend highly on local factors and
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the characteristics of the assessment being performed.
This is the reason why instead of providing the PRPs
values for the indicators, we provide a methodology to
determine those PRP. For the indicators used in the anal-
ysis shown in this document, the authors have provided a
list of the PRPs in Additional file 2. Additional file 2 is a
spreadsheet file where each sheet represents a portion of
the assessment. Different sheets show the indicators used
in the assessment and define how the PRPs were calcu-
lated for each quantitative indicator. The file also shows
the normalization approached used for each indicator.

The next step is to perform a data quality assessment of
the data collected for each of the indicators. Additional
file 5 shows the data quality matrix assessment method
recommended in this framework. The method is based
on the data quality assessment presented in the 2018
Handbook for the Social Impact Assessment of Products
[58] and the Pedigree matrix method [62]. Each column
represents the criteria used in the assessment, while each
row provides the criteria needed to assign the data qual-
ity score. The scores range from 1 (best) to 5 (worst). The
assessment is based on the following four criteria: (1)
accuracy; integrity, and validity; (2) timeliness or tem-
poral correlation; (3) geographical correlation, and (4)
technological correlation. Accuracy, integrity, and valid-
ity related to the sources of the data, the acquisition
methods used to gather the data, and the verification
procedures used to collect the data [58, 62]. Timeliness
or temporal correlation refers to the time correlation
between the time of the study and the time of collection
of the data [62]. Geographical correlation refers to the
correlation between the area under study and the area
of the collected data [58, 62]. Technological correlation
refers to aspects of the enterprises, industries, and/or
characteristics between the technology or product under
study and the collected data [58, 62]. As stated by Wei-
dema et al. [62, 63], it is important to see how each of the
data quality indicators is assessing an independent aspect
of data quality. In addition to assessing the data quality of
the collected data, the results of the data quality matrix
method should highlight the possibilities of improving
the quality of the data being collected by evaluating the
results for each of the data quality indicators. The result-
ing average score for each indicator value must be less
than 3 to pass the quality assessment test.

Impact assessment The objective of the impact assess-
ment stage is to provide meaning to the list of indica-
tors created in the inventory analysis section. The first
step is to define performance reference points (PRP) for
the quantitative indicators. PRPs are defined as “thresh-
old values used to provide meaning to the quantitative
data. They provide a reference from which to quantify



Bonilla-Alicea and Fu Energy, Sustainability and Society (2022) 12:7

the impact of the quantitative indicators” [1]. The reader
should refer to Additional file 2 where the definition for
each PRP is provided. The impact assessment consists of
qualitative, semi-quantitative, and quantitative indica-
tors. All values are normalized to a scale between 0 and
1, where 0 represents the lowest social performance and 1
represents the best social performance. Because the final
indicator values are assumed to represent positive social
performance, the normalization procedure for indicators
with different directions of improvement must consider
such a difference. For quantitative indicators where the
desired direction is positive, the range between the mini-
mum and maximum reference values are used to normal-
ize the quantitative indicator:

(Indicator — PRP_min)

Indicator, = .
HOM ™ (PRP_max — PRP_ min)

(1)

If the desired direction of the indicator is negative,
we need to modify our normalization equation so that
the final indicator value aligns with the overall scale of 0
being the lowest social performance and 1 being the best
social performance. To do this, we subtract the resulting
value of Eq. (1) from 1 as follows:

Indicator — PRP_min
(PRP_max — PRPpin) )

Indicatorporm = 1

There are two types of semi-quantitative indicators
used in the framework, yes or no questions and Likert
scale-type questions with values between 1 and 5. To
quantify yes and no questions, a yes is equal to a value of
1, and a no is equal to a value of 0. For Likert-type ques-
tions, the normalization also depends on the direction
of improvement of the indicator. For an indicator where
the desired direction of improvement is positive (5 rep-
resents the best social performance and 1 represents the
worst social performance), the normalization procedure
is the following:

(Indicator — 1)

Indicatorporm = 1

3)
For an indicator where the desired direction of
improvement is negative (1 represents the best social
performance and 5 represents the worst social perfor-
mance), the normalization procedure is the following:

Indicatoryorm = mlzﬂ. (4)

As with semi-quantitative and quantitative indica-
tors, the results are normalized between 0 (worst social
performance) and 1 (best social performance). Table 5
shows the recommended quantification procedure
adopted from the Product Social Impact Assessment
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Table 5 Quantification of qualitative indicators

PSIA value Value Level of compliance with PRP

+2 1 Ideal performance

+1 0.75 Progress beyond compliance

0 0.50 Compliance with PRP

—1 0.25 Non-compliant to PRP but improving

-2 0 Non-compliant and no signs of improving

(PSIA) framework [63]. Instead of using values that
range from — 2 to+ 2, our framework proposes the use
of values between 0 and 1 to be consistent with the nor-
malization procedure. The quantification is based on
the performance of the qualitative indicator relative to
the PRP, where 1 represents the ideal or desired perfor-
mance and O represents the worst performance for that
qualitative indicator.

Interpretation of results 'The objective of the interpre-
tation of results stage is to identify the greatest con-
tributors to social impacts and to propose changes that
improve them. This stage consists of summarizing the
main learnings from the analysis. The strategy used in
summarizing and communicating the results should
align with the desired question to be answered by per-
forming the study. In other words, the interpretation
of results should align with the goal and scope defini-
tion of the analysis. Instead of aggregating the results
of indicators, the recommended strategy is to interpret
each indicator individually; in addition to providing
a numerical result, a narrative of the results obtained
in the analysis should be provided. The aim of recom-
mending a narrative is to provide a complete interpre-
tation of the results, which may not be clear from only
stating a numerical value.

When aggregation is used, it should align with the
type of analysis being performed. When performing an
informative study, no aggregation is recommended as
the goal of the analysis is to understand the potential
impacts of a single product system. When performing
a comparative or enhancement type of study, the goal is
to compare the social impacts among different alterna-
tives. In this type of study, aggregation is only recom-
mended to facilitate the comparison among different
alternatives rather than to conclude social impacts.
Aggregation may also facilitate comparison among dif-
ferent stakeholder groups or among different product
life-cycle stages, which again is only recommended to
facilitate comparisons. Regardless of the aggregation
strategy implemented, the aim is to select a strategy
that aligns with the goal and scope of the analysis.
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Rooftop solar panel case study

The last step of the framework development pro-
cess is to perform a case study application. Not only
is this step important for validation of the frame-
work, but also to identify any additional changes that
must be done to enhance it. The case study presented
involves the application of a challenge-derived S-LCA
framework to perform a social impact assessment of a
rooftop solar panel in the south-eastern region of the
continental U.S.

The analysis presented in this study is informative, as it
provides the results for a single product system. The case
study analysis presented in this paper is a low-detail anal-
ysis based on secondary data sources where the goal is to
gain an initial understanding of the greatest areas of con-
cern for social impacts. A common approach is to per-
form a follow-up analysis where those areas of greatest
concern are the focus of a subsequent high-detail analysis
based on primary data rather than secondary data as it
will provide a more complete representation of the pro-
cesses included in the analysis.

Results and discussion

This section shows the results of implementing the
framework to evaluate the social impacts of rooftop
solar panels. As stated earlier, the case study appli-
cation is the last step of the framework development
process as it is considered more of a validation of the
framework.
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Goal and scope

The first step of the framework is to provide a justifica-
tion of the study and what is included in the analysis.
Table 6 shows the goal and scope information for the
rooftop solar panel case study based on the template
provided in the framework. Each line of Table 6 pro-
vides important information about the study design.
The table is divided into three sections, the goal, the
scope, and the initial system boundaries. As part of
the goal section, the analyst states the objective of the
study, which is the justification of why this study is
valuable. The processes considered in the analysis are
defined early in the study design process because this
affects subsequent definitions such as the definition of
the system boundary, and the analysis type. The next
line defines if company conduct is included in the
analysis. Social impact studies may include impacts
related to company policies and decisions, which may
affect individuals internal and external to the commu-
nity. In the study presented, company conduct is not
considered as part of the goal of the study because it is
performed at early stages, where the companies to be
performing any type of work are not defined. The level
of detail of the analysis is defined next. Here, the ana-
lyst states the level of detail of the study, which then
imposes requirements on the type of data to be used
for the impact assessment. The social impact analysis
shown in this paper of the rooftop solar panels is a sub-
set of a bigger study that aims to understand the social
implications of numerous renewable energy methods

Table 6 Goal and scope information for rooftop solar panel case study

Define the goal of the study

What is the study objective?
Are processes considered?
Evaluation of company conduct

Level of detail
Study timing
Reason for study

Single or multiple products?

Define the product functionality

Define the scope of the study
Spatial scale of analysis
Analysis type

Initial system boundaries
Life-cycle stages considered
Associated activities
Stakeholder groups considered

Evaluate the social impacts of rooftop solar panels
End of life treatment processes of the solar panels is considered

No company conduct evaluation is considered because this is
analysis occurs pre-implementation; the analysis focuses on the
technology only

Low-detail analysis using secondary data
Pre-implementation: the technology has not yet been implemented

Inform the audience about the social impacts of solar rooftop tech-
nology; the audience is LCA experts, policymakers, and sustainable
energy technology experts

Single product
Generate electricity using incoming solar irradiation

National (United States) and regional (State of Georgia)
Informative

Use phase; end-of-life phase
Product use, product maintenance, product disposal
Consumers, local community, society, workers
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for the state of Georgia [64]. Even though it is always
of benefit to consider the complete product life cycle
when evaluating a technology, the focus of the current
analysis is to identify a subset of the three technolo-
gies that provide the best social impact results. Since
this is considered more of a screening phase at the early
stages of the technology selection process, the scope
of the analysis is on the use and end-of-life stages. The
next step of the process is to perform a detailed analy-
sis of the three technologies with the most potential,
in which the full life cycle of each technology is con-
sidered. The next line in Table 6 provides a summa-
rized but more detailed justification of why the study is
being performed and its importance. The analyst then
defines how many products are considered in the study.
In this case study, a single product is analyzed, which
is the residential rooftop solar panel. If more products
were included in the analysis, this is where it would be
stated. For the sake of clarity, the last line in the goal
section defines the product functionality. This is impor-
tant when selecting several different products that have
similar functionality, perhaps to compare the social
impact of each product.

The next section in Table 6 is the scope of the study,
where the spatial scale of the study is defined along with
the analysis type. The analysis presented is focused on
the southeast region of the U.S. Defining a spatial scale
is important when evaluating the ability of the results
of a study to be applied to other regions. Before extend-
ing the learnings from this study to other regions, read-
ers should consider comparing relevant characteristics
such as geography demographics before and look for
similarities that may justify adopting such learnings.
The next line defines the study type of the case study,
which is of informative type. The reader is referred to
“Data and methods” of this article for an explanation of
the different study types.

The last section of Table 6 defines the initial system
boundaries of the case study. The system boundaries
are defined as initial because it is expected that as the
study progresses and more information is analyzed, the
system boundaries may need to be re-defined. The first
two lines of this section define the system boundaries
and the processes considered in the analysis. Figure 1
shows the system boundaries defined for the study. As
previously stated, the system boundaries include the
use and end-of-life phases and exclude the production
and processing stages. The decision to exclude the pro-
duction and processing is based on the geographical
scope of this study, as it only aims to understand the
local impacts to individuals in Georgia, and none of the
components used in the residential rooftop solar panels
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considered for the study have production or processing
activities occurring in that state.

The last part of Table 6 defines the stakeholder groups
considered in the analysis. The stakeholder groups con-
sidered in the analysis are the consumers, the local com-
munity, society, and the workers. The consumers are
selected because they might be affected in numerous
aspects, such as price changes and real estate and tax
value changes. The local community stakeholder group
to consider impacts on land, increased use of natural
resources, or even the public perception of the technol-
ogy. By including the society stakeholder group, the study
aims to evaluate impacts at the economy and policy
development levels that the technology might have. The
last stakeholder group considered in the analysis are the
workers involved in the use and end-of-life stages. In this
category, the study aims to evaluate social impacts not
only on those involved in placing the rooftop panels in
their locations, but those workers involved in the disposal
and/or recycling processes.

Inventory analysis

The inventory analysis involves the selection of the indi-
cators used in the impact assessment. Even though there
are qualitative and quantitative methodologies to estab-
lish agreement among the selection of the indicators used
in the analysis, there are many factors that may affect the
list of indicators used to perform the assessment. One
important aspect is for the indicators to match the goal
and scope of the study. Although the lack of a universal
set of indicators is also criticized, the breadth of appli-
cations of S-LCA makes it difficult to have a single set
of indicators that would apply to all scenarios [36]. The
S-LCA framework used in this assessment contains a
database of impact indicators developed through a sys-
tematic mapping procedure. The reader is directed to the
work of [26] for a complete explanation of the systematic
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mapping procedure. Please refer to the indicator data-
base file provided in Additional file 1.

Indicator selection

The indicators selected for the analysis should be tabu-
lated and organized as shown in Table 7: List of selected
indicators to increase the ability of readers to learn from
the existing analysis. Because there is not a universal set
of indicator names, it is important to provide additional
information for the indicators to improve objectivity in
the interpretation of the results. In this framework, in
addition to the name, the indicator type, its impact cat-
egory, its stakeholder group, and the desired direction of
the values are all provided to improve transparency when
communicating the results.

Table 7 summarizes the indicators used in the residen-
tial rooftop panel analysis. The indicators are selected
from the indicator database provided in the S-LCA
framework (see Additional file 1). The selection of the
indicators is based on how well they align with the goal
and scope definition of the analysis, and the definition of
the system boundaries. As shown in Table 7, each indica-
tor has its numeric identification, its name, its type, its
impact category, the stakeholder group it belongs to, and
the desired direction or answer. It is important to provide
this information for each indicator to allow for easier
comparison among different studies. The desired direc-
tion or answer of each indicator is essential as the direc-
tionality is taken into consideration in the interpretation
of the results. A desired direction or answer is used as
a reference to determine what is a positive or negative
social impact. The direction is also important during the
impact assessment stage as this affects the approach used
in the normalization process.

Perform data-quality assessment using matrix method

An assessment of the quality of the data is an important
step in any social assessment because the quality of the
learnings and conclusions obtained from the study all
depends on the quality of the data being used for the
assessment. The purpose of the data quality matrix is
for the individuals performing the analysis to identify
any instances where the data sources are not up to the
required standard. Once this is identified, the individual
performing the assessment can determine possible coun-
termeasures, which is always preferred over having stud-
ies reach conclusions that will later be considered invalid
due to using low-quality data sources. The decision to
incorporate the pedigree matrix into the data quality
assessment step is to “quantify the uncertainty result-
ing from less than perfect data” [65]. The authors recog-
nize that access to high-quality data may be prohibitive
for numerous reasons such as geographic limitations,
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political restrictions, or cost barriers, which is why hav-
ing a methodology to identify shortcomings in data
quality is so important. The pedigree matrix provides a
holistic approach to data quality assessment by consid-
ering aspects of the dataset itself, such as reliability and
completeness, but also its applicability with regard to
time, geography, and technology. Therefore, the data
quality assessment method recommended in this frame-
work is highly influenced by the pedigree matrix method.

The results of the data quality matrix method should
highlight the possibilities of improving the quality of the
collected data by evaluating the results for each of the
data quality results. The resulting average score value
must be less than 3 to pass the quality assessment test.
Table 8 shows the data quality results for each indicator
used in the analysis. Although Table 8 shows all literature
sources used for each indicator, the data quality scores
shown in the table are only for those literature sources
that have the lowest data quality score. The lowest values
are on the timeliness column, which is typical for stud-
ies that rely on secondary data. Even though a study may
receive a low score on the timeliness criteria, the study is
still valuable if it has a higher score in the other quality
criteria.

Impact assessment

Define the performance reference points (PRPs) used

for the quantitative indicators

The first step in the impact assessment stage is to define
performance reference points (PRP) for the quantita-
tive indicators. The selection of the PRPs should align
with the goal and scope of the analysis. As an example,
let us consider that the analysis aims to determine social
impacts at the international level. In this case, the scale
of the PRPs used should reflect international reference
values. These PRPs would be different for an analysis
that is focused on regional impacts, in which a set of
regional or national PRPs would be more appropriate. In
the case study presented, four out of the 24 indicators are
quantitative.

Table 9 provides a summary of the PRPs used to char-
acterize the quantitative indicators in the analysis along
with their corresponding source. These values will be
used as reference when calculating the normalized value
for each of the indicators per Egs. (1), (2), and (3). The
next section shows the value of each indicator, along with
its normalized value. Please refer to the example calcu-
lations shown in “Quantification and normalization of
indicators” to understand how the normalized value is
achieved for each indicator. The impact assessment con-
sists of qualitative, semi-quantitative, and quantitative
indicators. All values are normalized to a scale between 0
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# Name Type Impact category Stakeholder group Desired
direction/
answer

1 Child labor involvement in any life- Semi-quantitative (yes/no) Child labor Workers No

cycle activity

2 Community trust/approval intech-  Semi-quantitative Likert Scale  Participation and influence Local community Positive

nology risk information

3 Contribution of the technology to Quantitative Contribution to economic develop-  Society Positive

economic progress ment

4 Energy security Quantitative Social acceptance and societal Society Positive

impacts

5  Existence of government regulation  Semi-quantitative (Yes/No) Public commitment to sustainability ~ Society Yes

on public sustainability reporting for issues
technology

6  Health hazard from emissions during  Semi-quantitative (Likert Scale) Health and safety Workers Negative

any life-cycle activity

7 Income inequalities Quantitative Equity Society Negative

8  Level of material resource use dueto  Semi-quantitative (Likert Scale)  Access to material resources Local community Negative

product design decisions

9 Number of individuals involuntar- Semi-quantitative (yes/no) Delocalization and migration Local community No

ily relocating due to technology
implementation

10  Occupational health and safety Quantitative Health and safety Workers Negative

11 Possibility of technology com- Semi-quantitative (Likert Scale)  End-of-life responsibility (Options) Consumer Positive

ponents to be reused for other
purposes

12 Potential of technology to affect Semi-quantitative (Likert Scale) Health and safety Workers Negative

health and safety of workers during
the end-of-life phase

13 Presence and quality of infrastructure  Semi-quantitative (Likert scale) ~ End-of-life responsibility (Options) Consumer Positive

to dispose responsibly of product
components

14 Presence and quality of programsto  Semi-quantitative (yes/no) Equity Society Yes

assist citizens with high energy bur-
dens if technology is implemented

15  Presence of public agreement to Semi-quantitative (yes/no) Public commitment to sustainability  Society Yes

sustainability using the selected issues
technology

16 Product design or technology design  Semi-quantitative (yes/no) Local employment Local community Yes

makes use of local resources and
expertise

17 Protests to the proposed technology ~ Semi-quantitative (Likert Scale) ~ Protest Local community Negative

18 The extent to which the technology ~ Semi-quantitative (yes/no) Cultural heritage Local community No

negatively affects the local com-
munity’s sense of place and cultural
heritage

19 Spatial equity of technology: a Semi-quantitative (Likert Scale)  Equity Local community Positive

fair distribution of risks and costs
throughout the territory

20 Technology is not expected to Semi-quantitative (Likert Scale)  Inclusiveness Consumer Positive

increase the energy burden

21 Thereis evidence that the product Semi-quantitative (Likert Scale) Health and safety Consumer Positive

is safer than other products used for
the same purpose
22 Electricity consumers have a choice  Semi-quantitative (yes/no) Fair competition Consumer Yes
in the utility company that will pro-
vide the technology
23 The likeliness of community mem- Semi-quantitative (Likert Scale)  Equity Consumer Negative

bers to be displaced by a different
population group
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Table 7 (continued)
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# Name Type Impact category Stakeholder group Desired
direction/
answer

24 The technology is accessible and Semi-quantitative (Likert Scale)  Technology transfer, access to imma-  Local community Positive

affordable to developing countries

terial resources

and 1, where 0 represents the lowest social performance
and 1 represents the best social performance.

Quantification and normalization of indicators

Table 10 shows the normalized indicator values for each
indicator. The indicator values are based on the informa-
tion provided in each literature source shown in Table 8.
Not all indicators can be disaggregated in the use and
end-of-life phases, as most of them apply to both. For the
reader to understand how the final value was calculated,
the calculation procedure for three indicators, one quan-
titative, one semi-quantitative, and qualitative is shown
below. An additional spreadsheet shows how the final
value of each indicator is obtained (see Additional file 2).
Because the indicators shown in Table 10 are obtained
from the indicator database (see Additional file 1), some
of these indicators were obtained from the UNEP/SETAC
framework, specifically from the methodological sheets
[8].

As an example, for a quantitative indicator calculation,
we are using indicator #3 “Contribution of the technol-
ogy to economic progress” The quantification is based
on the number of employees in the solar industry rela-
tive to electricity generation industries using the follow-
ing energy sources: fossil fuel, nuclear, wind, combined
heat and power (CHP), hydro, geothermal, and biomass,
based on the 2019 United States Energy and Employment
Report [73]. To do this calculation, values are substituted
in Eq. (5):

(Indicator — PRP_min)

I d t = »
RAICatOmorm = 0 b max — PRP_ min) ()
Indicat 149, 343 jobs — 8,526 jobs
ndaicator = )

O 911,469 jobs — 8,526 jobs
Indicat 140,817
ndaicator -

ot 902,943

Indicatoryorm = 0.069.

There are two types of semi-quantitative indicators
used in the analysis. The first type is a Yes or No type
indicator, where the final value is either 0 or 1. In this

indicator type, a 0 represents a mismatch between the
indicator value and the desired direction value, and 1
indicates an agreement between the indicator value and
the desired direction value. Using indicator #1 “Child
involvement in any life-cycle activity’, we see that the
indicator value is “No” and the desired response is also
“No’ so the final indicator value is 1. The second type of
semi-quantitative indicator value is a Likert-type scale,
with values between 1 and 5. The final value of the indi-
cator depends on the desired direction of the indicator,
so we will provide one example for each direction below.
For indicator #2 “Community/trust approval in technol-
ogy risk information’; the desired result of 5 means that
the community has complete trust in the risk informa-
tion associated. Because our indicator value is 5, the final
value based on Eq. (6) is then:

Indicator — 1
Indicatoryorm = —( 2 ),

(6)
G-1

Indicatorporm = )

’

Indicatorporm = 1.

If for example, we take indicator #6 “Health hazards
from emissions during any life-cycle activity’, the desired
value is 1, as we want the lowest number of emissions. In
our analysis, the indicator value is 5, so our final value is
now calculated using Eq. (7):

(5 — Indicator)

Indicatoryorm = —

(7)
(5-5)

Indicatorporm = )

’

Indicatoryorm = O.

For a qualitative indicator type, the quantification is
done by comparing the indicator value with the PRP and
assigning a value between 0 and 1 from Table 5. Because
no qualitative indicators are used in the analysis pre-
sented in this manuscript, a fictional example from the
PSIA handbook is used as a reference [63]. The example
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Table 8 Data quality values and corresponding literature sources for each indicator
# Indicator name Data quality criteria Literature sources
Accuracy, Timeliness Geographical Technological Score
integrity, and correlation correlation
validity
1 Child labor involvement in any life-cycle activity 3 5 1 2 28 (66, 67]
2 Community trust/approval in technology risk 2 5 1 1 23 [68, 69]
information
3 Contribution of the technology to economic 1 3 2 1 18 [70-73]
progress
4 Energy security 1 1 1 1 1.0 [74]
5  Existence of government regulation on public 1 3 2 1 1.8 [75,76]
sustainability reporting for technology
6  Health hazard from emissions during any life-cycle 3 3 2 1 23 [77-79]
activity
7 Income inequalities 1 1 1 13 [80]
8  Level of material resource use due to product 2 4 3 1 2.5 [81,82]
design decisions
9 Number of individuals involuntarily relocating due 1 1 1 1 1.0 (83]
to technology implementation
10 Occupational health and safety 1 5 3 1 2.5 [84, 85]
11 Possibility of technology components to be reused 1 3 2 1 1.8 [86-89]
for other purposes
12 Potential of technology to affect health and safety 2 2 2 1 1.8 [90-92]
of workers during the end-of-life phase
13 Presence and quality of infrastructure to dispose 3 2 2 1 2.0 [86, 93]
responsibly of product components
14 Presence and quality of programs to assist citizens 1 4 1 1 18 [94-97]
with high energy burdens if technology is imple-
mented
15 Presence of public agreement to sustainability 2 5 1 1 23 [98-102]
using the selected technology
16 Product design or technology design makes use of 2 3 1 1 1.8 [103, 104]
local resources and expertise
17 Protests to the proposed technology 2 2 2 1 1.8 [105, 106]
18 The extent to which the technology negatively 1 5 5 1 3.0 [107,108]
affects the local community’s sense of place and
cultural heritage
19 Spatial equity of technology: a fair distribution of 3 2 2 1 20 [109-111]
risks and costs throughout the territory
20 Technology is not expected to increase the energy 1 2 2 1 1.5 [96, 112-115]
burden
21 There is evidence that the product is safer than 3 2 2 1 2.0 [116-119]
other products used for the same purpose
22 Electricity consumers have a choice in the utility 2 2 1 1 1.5 (120, 121]
company that will provide the technology
23 The likeliness of community members to be dis- 3 2 3 1 23 [122-124]
placed by a different population group
24 The technology is accessible and affordable to 2 4 3 1 25 [125,126]

developing countries

provided in the PSIA handbook is fictional, but it conveys
the application of the quantification for an occupational
health and safety (OHS) application. “A supplier produces
cotton in India. The hotspot identification phase reveals
potential risks regarding OHS. When the company is

approached it can send an audited report, showing the
efforts of the company to improve this, while the second-
ary country data show the situation is not on a generally
acceptable level. Without such data this supplier would
score — 2, if the data are provided and deemed to be
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Table 9 Performance reference points (PRPs) for quantitative indicators
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# Name PRP criteria

Scale

PRP calculation

Source

3 Contribution of the technology
to economic progress

Power generation employment
by industry

4 Energy security (percentage of
domestic/locally sourced fuel)
irradiation levels for Georgia

irradiance value for the conti-
nental U.S

7 Income inequalities (Gini coef-

ficient) states

10 Occupational health and safety
(measured by the number of
accidents)

Deaths per TWh for energy
industries in the U.S

National

Average 2018 direct horizontal ~ State

Gini coefficient value for US. State

Normalized value of solar indus-
try over range

Normalized value of solar
irradiance in Atlanta divided
by the maximum range in the
continental U.S

Normalized value of Georgia
over the range for all states and

2019 United States Energy and
Employment Report [73]

2018 National Solar Radiation
Database Direct Horizontal Irradi-
ance Values [127]

2017 United States Census Gini
Coefficient Values [128]

Sector

territories

Normalized value of solar indus-  Deaths per TWh for energy
try over range industries [129]

credible evidence, it can be scored — 1. If the company
can show that it has achieved an acceptable OHS perfor-
mance or is accepted by a credible certification standard
that covers the OHS performance, it can be scored a level
0. Further evidence may show even better performance,
which could merit a score of + 1 or+2” [63]. When quan-
tifying qualitative indicators, the reader must clearly state
the reasoning behind the quantitative value given to the
indicator for transparency and communication purposes.

An additional step would be to weigh the final indicator
values. Value weighting is not recommended for informa-
tive, low-detail studies, such as the rooftop solar panel
case study shown in this article because their objec-
tive is to provide an initial understanding of the system
being studied using secondary data. Weighting is recom-
mended at more detailed stages of the analysis, during
which there is access to primary data that can be used to
justify the weighting values. The reader is directed to the
additional indicator file where all the indicator quantifi-
cation and final values are shown in detail (see Additional
file 2).

Interpretation of results

The objective of the interpretation of results stage is to
identify the greatest contributors to social impacts and
to propose changes to improve such impacts. The results
summarized in Table 10 are categorized by stakeholder
group to assist the researcher in identifying the stake-
holder groups that are most affected by the implemen-
tation of the rooftop solar panels. Although S-LCAs are
mostly performed to understand the impacts of product
systems on stakeholders, there are instances in which the
goal of the assessment is to identify the life-cycle stages
that result in the greatest social impact. In such a case, it
would be appropriate to organize the indicators by life-
cycle stage rather than by stakeholder group. The strategy

to organize the indicators should match the objective of
the analysis.

Table 11 shows the individual and aggregated S-LCA
results for each stakeholder group. The aggregation pro-
cedure consists of an arithmetic average for all indica-
tors in each stakeholder group. In this case study, one
of the key motivations is to identify the most affected
stakeholder groups. If the analysis aims to identify the
life-cycle activities that result in the greatest social
impact, the aggregation of the results should be done at
the life-cycle stage level. When adopting this approach,
the analysis must ensure that the indicators selected in
the analysis are differentiable among different life-cycle
stages. For example, an indicator may read “child labor
involved in any life-cycle stage of the product” This indi-
cator is not appropriate to aggregate per each life-cycle
stage. The indicator should instead be written as: “child
labor involved in the production life-cycle stage” or “child
labor involved in the end-of-life stage” The purpose of
providing the individual indicator values along with aver-
age values in Table 11 is for the reader to identify those
indicators that provide the greatest negative impact, as
the average value only reduces the interpretation of a
group of indicators to a single value. Based on the results,
the worst socially impacted group are the workers, with a
value of 0.50.

For the consumers, local community, and society
stakeholder groups, the results vary only slightly. Based
on the values of 0.60, 0.67, and 0.62, respectively, the
analyst may be tempted to establish conclusions on
which of these stakeholder groups are more affected.
Instead, two important learnings result. First, a more
detailed study is recommended as a follow-up to the
initial, informative study results presented in this case
study. Preparing a highly detailed study, where primary
data are collected for each indicator should provide a
clearer explanation of any significant differences among
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Table 11 Normalized results for each stakeholder group

Stakeholder group  Indicator# Normalized Average value
value
Consumers 11 1.00 0.60
13 0.50
20 0.75
21 0.75
22 0.00
Local community 2 1.00 067
8 0.00
9 0.00
16 1.00
17 1.00
18 1.00
19 0.50
23 1.00
24 0.50
Society 3 0.69 0.62
4 0.55
5 0.00
7 0.46
14 1.00
15 1.00
Workers 1 1.00 0.50
6 0.00
10 0.99
12 0.00

these stakeholder groups. Secondly, we recommend
that a weighting scheme be applied to the results. These
weights should be selected to give more importance to
those indicators that are most aligned with the goal of
the study, and which will better highlight those pro-
cesses that must be modified to reduced social impacts.

In the assessment presented in this paper, the case
study is informative in type, meaning that no compari-
son is performed among different products or technol-
ogies. In this type of analysis, the use of aggregation is
discouraged unless it is necessary to clarify the goal and
scope of the analysis. Comparing aggregated results
for the different stakeholder groups as shown may be
misleading because the number and type of indicators
used for each stakeholder group are different, adding
variability to the analysis. Rather, it is recommended
to analyze the results of the indicators individually.
In the following sections, the results for each stake-
holder group are shown individually. Each indicator is
provided with a narrative to aid in the understanding
of the given score. Providing a narrative that briefly
explains the score of the indicator could go a long way
in improving the transparency of the quantification of
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indicators, especially those whose value is not com-
pletely obtained from a quantitative procedure.

Stakeholder group: consumers

Table 12 shows the results for the consumer stakeholder
group. The greatest social impacts resulting from the
inability of consumers to choose the utility company that
owns the technology. Assuming that the quality of hous-
ing infrastructure will be able to handle the structural
load of the panels, they seem to provide good social per-
formance for the consumers. The ability of solar panel
components to be reused for other purposes rather than
been disposed of in a landfill provides consumers the
option of responsibly disposing of solar panel compo-
nents when no longer useful.

Stakeholder group: local community

Table 13 shows the results for the community stake-
holder group. Solar rooftop technology does not suf-
fer from community resistance or backlash, because it
is seen as a green energy-producing technology. For the
state of Georgia, the technology takes advantage of the
local expert personnel and workers in the technology
[133, 134]. The greatest social impacts are expected in the
form of gentrification, due to increased real estate values
seen in houses that use solar panels. In addition, access to
rooftop solar panels is prohibitive to low-income mem-
bers of the community. Overall, the technology is seen as
a positive and environmentally friendly energy generating
solution. Its public acceptance along all socio-economic
sectors relies on the implementation of programs for
low-income members of communities.

Stakeholder group: society

Table 14 shows the results for the society stakeholder
group. The solar industry is booming in Georgia and in
the U.S. As of 2019, the technology has contributed over
$17 billion to the U.S. economy and employs more than
200,000 workers in the U.S. [72]. The state of Georgia also
enjoys significant irradiation levels relative to the rest of
the U.S., which makes it a potential energy source for
most of the state. Numerous federal and local programs
to assist individuals in the implementation of rooftop
solar technologies were identified, which is positive. At a
local level, the city of Atlanta has committed to providing
100% clean energy to its municipal operations by the year
2035.

Stakeholder group: workers

Table 15 shows the results for the worker stakeholder
group. The worst social performance is found for the
worker stakeholder group. Solar panels involve the use
of precious metals that are linked to child labor practices
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Table 12 Normalized results for the consumer stakeholder group
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Indicator # Indicator name Normalized Indicator narrative
value
11 Possibility of technology components to be reused for 1.00 Even though the topic of managing used solar panel com-
other purposes (circular economy) ponents has recently developed, numerous studies have
focused on the ability to improve the energy footprint
of solar panels by enhancing solar panel recovery and
recycling rates [86, 87]
13 Presence and quality of infrastructure to responsibly 0.50 By 2050, the U.S. is expected to have the greatest amount
dispose of product components of solar waste, second only to China [130], so having an
infrastructure in place is essential; the European Union has
a [131] mandate for companies to safely dispose of solar
panels [91]; the U.S. should consider such a strategy to
promote responsible waste disposal methods
20 Technology is not expected to increase the energy 0.75 This depends on the strategy followed by lawmakers and
burden by the private companies providing customers with roof-
top solar panels; Solar photovoltaics can reduce energy
burdens but only if barriers to adoption for low-income
community members are eliminated or reduced; The Colo-
rado Energy Office (CEO) program [96] showed energy
burden reductions in 100% of the customers that adopted
the technology
21 There is evidence that the product is safer than other 0.75 Solar panel fires do happen, and they require firefighting
products used for the same purpose (other energy personnel to get training in how to deal with fire emergen-
generating sources) cies for this new technology; as with any electricity-pro-
ducing equipment, there is a risk of electronic shock [118]
22 Electricity consumers have a choice in the utility com- 0.00 The customers mostly have a choice among the compa-
pany that will provide the technology nies that will install and maintain the rooftop solar system,
not on the energy providers[121]
Average stakeholder group value 0.60

during the extraction and processing life-cycle stages.
Because the scope of the assessment is limited to the use
and end-of-life stages, both of which happen in the state
of Georgia and the U.S,, this is not considered in the anal-
ysis. A significant issue with rooftop solar panels is the
risk they pose to workers installing the panels on roof-
tops. In addition, recycling and disposing of solar pan-
els present numerous health hazards to workers if these
processes are not properly completed. The recycling and
processing of the electronics used in solar panels involve
toxic fumes that are detrimental to human health [78].
The success of end-of-life treatment relies on a proper
disposal infrastructure, instead of relying on disposing of
the panels in landfills [88].

Overall learnings and recommendations

No aggregation is recommended for informative studies

In an informative S-LCA, the goal is to understand the
social impacts of the product or technology being stud-
ied. Because there is no comparison among different
concepts or products, it is recommended to analyze the
indicators individually. Numerous frameworks perform
aggregation of the results at multiple levels of the analy-
sis, at the social impact category level, the product life-
cycle level, or the stakeholder group level. Aggregation

is beneficial when comparing products that have simi-
lar functionality because it provides an easy and quick
way to compare using a single number. In an informa-
tive type of study, aggregation may result in a loss of
information, as it reduces the impact of multiple indi-
cators into a single number. Although analysts with a
technical background may prefer using a single num-
ber to communicate the social impact performance of
a product, it is recommended to provide the numerical
performance of each indicator along with a narrative
of the result. This should provide a more holistic result
than just providing a single number.

In a comparative type of analysis, aggregation is rec-
ommended to facilitate comparison among different
production systems that provide similar functionality.
In comparative type analyses, the user must develop
a set of indicators that apply to all product systems
being evaluated, allowing the individual assessments
to be based on the same set of metrics. The aggrega-
tion of metrics should be done at a level that aligns
with the goal of the analysis; the choice to aggregate the
metrics at the product life-cycle level, the stakeholder
group level, or the social impact category levels should
clearly show what the best product systems are for the
application.
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Table 13 Normalized results for the local community stakeholder group

Indicator # Indicator name Normalized Indicator narrative
value
2 Community trust/approval in technology risk informa- 1.00 Solar energy is widely accepted as a clean renewable
tion energy source by customers because it does not produce
any greenhouse gases during its use phase [68]
8 Level of material resource use due to product design 0.00 Solar panels involve the use of precious metals and rare
decisions earth minerals, typical of components used in the elec-
tronic industry [81]
9 Number of individuals involuntarily relocating due to 0.00 Solar panels increased the U.S. average property values
technology implementation by 4.1% from March 1, 2018, to February 28, 2019 [83].
Increased property values may promote involuntary relo-
cation due to higher housing costs and property taxes

16 Product or technology design makes use of local 1.00 The state of Georgia has significant levels of solar irradia-

resources and expertise tion relative to other U.S. states (National Renewable
Energy Laboratory (NREL), 2019); the solar industry shows
it is booming in the state of Georgia, especially when con-
sidering Q Cells, a solar panel production plant in the city
of Dalton, the largest in the western hemisphere [132]

17 Protests to the proposed technology 1.00 Much of the protests are to solar farms because of noise,
the heat island effect, the removal of trees, and the loss of
land; there is no significant opposition to residential solar
panels [105]

18 Extent to which the technology negatively affects the 1.00 The rooftop solar panels are placed on homes, so there

local community’s sense of place and cultural heritage should not be any concerns about affecting the sense of
place [107]
19 Spatial equity of technology: a fair distribution of risks 0.50 This technology is beneficial to spatial equity, as Hispanic
and costs throughout the territory and African American individuals should have reduced
exposure to the toxicity of fossil fuel production locations,
which already affects them disproportionately; rooftop
solar panels suffer from the same inequity and access
issues that exist in communities already [109]
23 Likeliness of community members to be displaced bya  1.00 No displacement is expected from the implementation of
different population group rooftop solar panels; gentrification is still the largest issue,
and the effects of rooftop solar panels are not expected to
outweigh the gentrification already happening in US cities,
such as the city of Atlanta, GA [123]
24 The technology is accessible and affordable to develop-  0.50 The benefits of solar panels are significant for families and
ing countries individuals that live off-grid and that are still relying on
lighting methods from the 1800s such as candles, kero-
sene, or the burning of biomass [125]
Average stakeholder group value 0.67

The aggregation strategy for an enhancement study is
similar to that of a comparative type of analysis because
different concepts of the same product are being evalu-
ated. The same set of indicators should be used to evalu-
ate each product system concept, and the aggregation
level should align with the goal and scope of the analysis.
As in informative studies, the use of an indicator narra-
tive is recommended to aid the reader in understanding
the results.

Establish aggregation strategy before finalizing the set

of indicators

Depending on the goal and scope of the analysis, the user
may wish to aggregate the social impact results at the
product life-cycle level or social impact category level.

It is recommended to establish this during the goal and
scope stage. This information is then used in the inven-
tory analysis stage to develop the final set of indicators.
Doing so allows the user to express the indicators in a
way that matches the aggregation strategy.

Limitations

One limitation of the case study is that only one prod-
uct is analyzed. A deeper evaluation plan should
consider products from multiple industries and func-
tionalities to help detect additional opportunities for
improvement in the framework. Another limitation of
the case study presented is that it is a low-detail type
of analysis. This analysis is performed to gain an initial
understanding of the product system being evaluated
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Table 14 Normalized results for the society stakeholder group
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Indicator # Indicator name Normalized Indicator narrative
value
3 Contribution of the technology to economic progress 0.69 The solar industry has already grown about tenfold since
2009 in the U.S, and it is expected to continue growing for
decades [135]
4 Energy security 0.55 2018 Average values for direct horizontal irradiance of the
continental U.S. show Georgia in the top 50th percentile
relative to the rest of the nation [74]
5 Existence of government regulation on public sustain- 0.00 There are no federal or state mandates for solar rooftop
ability reporting for technology panel companies to report sustainability metrics [75]
7 Income inequalities 046 The Gini coefficient of Georgia is compared to the values
for the rest of the U.S. to establish a measure of the spatial
inequity in the state of Georgia [109]
14 Presence and quality of programs to assist citizens with ~ 1.00 Numerous federal (Property Assessed Clean Energy (PACE)
high energy burdens if technology is implemented Loan, Department of Energy Better Building Challenge
Low Income Accelerator, Department of Treasury and
Department of Housing and Urban Development [94])
and state level (Power Free-Market Financing Act [136])
programs were founded to assist consumers; certain utility
companies offer community solar programs, in which cus-
tomers pay for obtaining energy from solar sources, which
is an option for renters and homeowners whose property
regulations don't allow for rooftop solar panels
15 Presence of public agreement to sustainability using the ~ 1.00 Atlanta 2017 Resolution No. 17-R-3510 for 100% clean
selected technology energy by 2035 on municipal operations is a significant
step towards sustainability (Atlanta’s 100% Clean Energy
Plan 2020)
Average stakeholder group value 0.62
Table 15 Normalized results for the workers' stakeholder group
Indicator # Indicator name Normalized Indicator narrative
value
1 Child labor involvement in any life-cycle activity 1.00 The scope of analysis is limited to the use and end of the
life cycle, which are both happening in the US,; thus, it is
not expected to have child labor involved
6 Health hazard from emissions during any life-cycle 0.00 Only the use and end-of-life phases are considered, based
activity on the goal and scope of the analysis; proper disposing
of solar panels is essential due to the toxicity of materials
used in solar panels; the U.S. lacks an established infrastruc-
ture to safely dispose of such materials, other than landfills
[79]
10 Occupational health and safety (measured by the num-  0.99 Rooftop solar is more dangerous than nuclear and wind
ber of accidents) energy-producing industries, based on the number of
accidents [137]
12 Potential of technology to affect health and safety of 0.00 Recycling and handling of solar panels involve the use of
workers during the end-of-life phase very toxic materials and the production of electronic waste
[91]
Average stakeholder group value 0.50

and to identify the areas of the analysis that should
receive more attention in subsequent analysis. Being a
low-detail analysis, the data sources used are second-
ary, which do not include primary data from the stake-
holder groups evaluated. The results of this low-detail

analysis highlight the workers’ stakeholder group as
being the highest socially impacted. A subsequent,
higher detail analysis should focus on gathering pri-
mary data from this group to better understand the
source of their social impacts and to formulate recom-
mendations to reduce such negative impacts.
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Conclusions

The challenge-derived S-LCA framework has been
applied to perform an informative analysis of the social
impacts of a rooftop solar panel. It must be clarified
that the rooftop solar panel case study analysis shown
in this paper is a low-detail type of analysis that is per-
formed using only secondary data. Having said this,
there are steps within the framework that are not
shown in this rooftop solar panel case study analysis,
such as the benchmarking of indicators using stake-
holder input or the collection of primary data. The case
study is scoped to the use and end-of-life phases of the
life cycle, and its geographical focus is on the state of
Georgia in the United States of America. The frame-
work allowed for the assessment of potential impacts
of rooftop solar technologies in the state of Georgia.
The biggest concerns in the technology implementation
result from unwanted displacement (gentrification) due
to increased real estate prices, the inequity of access to
the technology for low-income community members,
the dangers it poses to workers installing the solar pan-
els, and the necessity of a suitable recycling infrastruc-
ture that ensures proper management of solar panel
components at the end of their life.

A few recommendations are provided following the
case study application that will be included in the next
version of the challenge-derived S-LCA framework,
on the comparison of different products or technolo-
gies (with similar functionality). During the inventory
analysis stage, the user should choose a set of indica-
tors that apply to all the products being evaluated.
This means that during the goal and scope stage of the
assessment, the user should define the study as a com-
parison study, and define the products or technologies
being compared. This will ensure the use of a set of
indicators that apply to all the products being assessed,
rather than using different sets of indicators for each of
the products being analyzed.

Overall, the objectives of the case study application
were achieved. The use of the framework provided social
impact information and areas of concern for potential
social impacts, where efforts should focus if this tech-
nology is to be implemented. The case study application
highlighted areas of improvement for the framework that
will be modified accordingly as the framework evolves.
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