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often neglected. However, it is important to underline that industry and sustainability are
not mutually exclusive. There are many industrial processes to blame when analyzing the
negative impact on current socio-ecological environment. The emerging question is whether
companies nowadays are ready to face challenges in the name of sustainability, the future
of the planet and generations to come. In addition, an assessment of industrial processes
may be very time-consuming and costly in financial terms. This fact allows developing sus-
tainability assessment approach and its measures for keeping track on to evaluate scale of
environmental, social and economic changes. The goal of the paper is to develop a multi-
criteria decision-making approach for sustainability assessment of renewable energy technol-
ogy. A sustainability assessment approach combines life cycle-based methods integrated with
multi-criteria decision-making method based on analytical hierarchy process. The resulting
assessment method allows finding a compromise between industry and the environment and
identify potential intervention points for further research. As a result of decision-making
process, string ribbon technology was considered as the most sustainable. The applicability
of the proposed method is assessed based on photovoltaic panels.
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Introduction

Growing interest in sustainability assessment is
ongoing topic discussed by stakeholders, including
policy-makers, businesses etc. Many efforts also were
achieved in manufacturing sector through dynamic
changes in terms of technology, and its sustainability-
oriented assessment methods [1]. As a result of these
changes measurement methods and indicators are
developed that assess sustainability meeting “three-
pillar” or “triple bottom line” (TBL) concepts. They
are characterized by important objectives that con-
sider all aspects of the natural environment, human
health, and economic factors [2]. Unfortunately, man-

ufacturing sector is responsible for resource depletion
(e.g. energy) and degradation of the natural envi-
ronment having the negative impact on biodiversi-
ty and human health [3]. Improving the company
performance requires effective ways of measurement
of resource use in manufacturing processes and new
methods for assessing these industrial activities in
terms of sustainability [4]. Industrial companies have
to face challenges and make progress in sustainabili-
ty assessment methods to make conscious decisions.
The available assessment methods for sustainabili-
ty do not take into consideration all dimensions of
sustainability as a whole [5], some of them are not
constructed on life cycle approach or are built on
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combined methods (e.g. multicriteria) for decision-
making regarding the sustainability assessment of
manufacturing, process, systems.

From the other hand, the importance of the var-
ious indicators used to assess sustainability of pro-
cesses or technology may help decision-makers defin-
ing sustainability objectives (e.g. decrease in energy
use), assessing and selecting appropriate technology
achieving those objectives [6].

Despite many research was done and valuable
achievements in the development of sustainability as-
sessments and associated indicators, none of them
focused on an integrative relation between sustain-
ability, industry, and assessment based on life cycle.
In addition, an inherent difficulty and complexity in
measuring sustainability force to assess technology
using methods separately or least some of the di-
mensions of sustainability (e.g. environmental and
social). Hence, there is a need to continue research
to develop a new method for integrated sustainability
assessment of energy renewable technology. The pro-
posed method requires to place elements into a single
approach for sustainability assessment. It will inte-
grate various methods which could be considered the
field of the photovoltaic for making remarkable deci-
sion in the industrial practice.

In this paper, the authors depict a sequence of
assessment stages with chosen photovoltaic of how
sustainability assessment can be made for making
unbiased multi-criteria decisions. These decisions are
made using various indicators of different functional
units.

Sustainability assessment
– state of the art

The sustainability assessment is an interest field
from policy-makers to help making decision related
to manufacturing processes or technologies, systems
based on their assessment. Some of the definitions
of sustainability with categorization of sustainability
assessment approaches are presented in [7]. Methods
that are presently accessible for evaluating produc-
tion sustainability consider economic and environ-
mental boundaries through a separate unified con-
cept or integrated approach. Many methods based
on MCDA like analytical hierarchy process (AHP)
were applied in the most research where an inclu-
sion of the sustainability pillars and associated in-
dicators were achieved [8, 9]. The literature review
on sustainable assessment methods shows that life
cycle assessment – LCA (representing environmental
performance), life cycle costing – LCC (represent-
ing economic one) and social life cycle assessment –

SLCA (representing social one), being sustainability
tool, are treated individually or integrated with each
other to establish the overall life cycle sustainability
assessment (LCSA).

As stated in many researches, “LCSA still re-
quires improvement through the enhancement of life
cycle methods or by support drawn from multi-
criteria decision tools (MCDA) [10–12]. The difficul-
ties, which occur in the integration of existing life
cycle methods, are elevating the problems over the
opportunity to comply with the requirements of sus-
tainability [13]. A complexity of methods makes in-
herent difficulty in measuring sustainability. Many
opportunities for extending current life cycle-based
methods in terms of sustainability assessment ex-
ist with technologies, particularly through the use of
other methods, especially AHP to cover environmen-
tal, economic and social aspects allowing a holistic
sustainability approach. Then, the above-mentioned
sustainability methods (AHP, life cycle-based ap-
proaches) are directly connected to decision-making
processes that supports selection of the most sus-
tainable types of renewable energy technology. Such
decision will enable to achieve a trade-off among var-
ious criteria, as well as rank them on a basis of their
importance.

The AHP allows making decision by comparing
numerous criteria with each other.

As the presence of evaluation methods for sus-
tainability in manufacturing does not deliver a trade-
off between industrial practices and the environment.
First of all, their ongoing and undertaken activities
require rather complex and comprehensive decision-
making processes. Secondly, these industrial plants
should focus on incorporating sustainability in their
long-term strategies. Moreover, beside many disad-
vantages of assessment methods, advantages exceed
these shortcomings. Therefore, it is needed to de-
velop a new consistent method based on life cy-
cle analysis, sustainability concept, multi-criteria ap-
proach for making responsible decisions to select
sustainability-oriented technology.

Proposed assessment framework

The paper demonstrates the application of
a methodological sustainability assessment frame-
work based on multi-criteria decision-making ap-
proach. The proposed sustainability assessment
framework should be developed according to a com-
prehensive structured sequence of activities (Fig. 1).
This developed methodological framework includes
methods based on life cycle approach (LCA, LCC,
LCSA) and AHP to support decision-making process
taking various criteria into account.
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Fig. 1. Multi-criteria decision-making framework for the life cycle-based sustainability assessment.

The procedure for the proposed sustainability as-
sessment is consisted of four phases, all of them are
based on ISO 14040 standards as illustrated as fol-
lows [14]:
1) develop a context of the assessment,
2) analyse data inventory,
3) estimate and present results,
4) interprete results & discussion.
Phase 1. Develop a context of the assessment. In

this phase information about actors, a justification of
the assessment is provided. In other words, this phase
is initiated with a few entry statements that would
justify usage of the following framework. In this part,
a specific goal and the scope is also identified. What
that implies, is mainly recognition of a need for given
product or process and building a proper argumenta-
tion for it. When it comes to the scope, the products’
overall description should be provided, as well as
the functionalities of a system. The essential issue is
to choose appropriate stakeholders that will become
decision-makers during the evaluation. Their role
and status should be compatible with defined goal of
the assessment within the considered company. The
stakeholders‘ opinions and preferences will strongly
influence the final product selection making unbiased
assessment. The number of experts depends on com-
plexity of the study and the size of the company.

Within this phase, the description of the system
under assessment and its characteristic needs to be
established. In addition, assumptions and limitations
of system boundaries as well as functional units rep-
resenting the performance of the system should be
provided.

Then, SWOT and PEST analysis are carried
out to validate an applicability of the proposed
framework in the given context. By analyzing the
conditioning from the perspective of the company
(SWOT) and its environment (PEST) an applicabil-
ity of the assessment methodology in terms of envi-
ronmental, social, and economic perspectives can be
examined. With accordance to the proposed method-
ology, PEST analysis will be focused on external
forces with regard to the sustainability. It also al-
lows to understand threats and opportunities on the
macro level. Both methods provide a condensed sum-
mary about the project’s environment by highlight-
ing the set of the most crucial information.

At this stage of the assessment framework, the
list of alternatives to be compared is provided. It
should cover a description of specific types of prod-
ucts and the differences between them. At the same
time, limitations are defined as constraints to be con-
sidered in this framework. Therefore, it also requires
underlining that assumptions regarding the system
that are strictly connected to the prior recognized
limitations.

SWOT and PEST analysis

Strengths associated with conducting analysis de-
scribed in this framework are mainly connected to
the presence of the data of interest. It should be un-
derlined that there are many sources available that
focus on the environmental and economic areas of
photovoltaic modules, as well when it comes to life
cycle assessment.
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On the contrary, its weakness lays in the absence
of such data linked to the social area. When it comes
to environmental and economic fields, the data is ag-
gregated from numerous companies. Unfortunately,
not every company exists in the photovoltaic market
leading to some marginal error in averaged calcula-
tions aiming at assessment of PVs technologies in
general. Therefore, approximation is needed to re-
duce a probability of these marginal errors. More-
over, the already developed studies or cases includ-
ing PV modules assessment in the context of econ-
omy and environment are addressing similar sets of
data, which at some cases might make it obsolete.
The environmental analysis is a broad scope field to
decide which of the indicators are the least relevant
in terms of the study, so the overall amount of en-
vironmental oriented indicators will not outnumber
the other dimensions present in the framework.

When it comes to opportunities, the visibly grow-
ing interest in the area of LCSA should be taken in-
to account. It will most likely lead towards increased
amount of data gathered globally and what it might
bring along – data repositories used for academic and
industrial purposes – for instance in scope of this
framework. This process would be especially benefi-

cial in the context of social dimension which is char-
acterized by the least amount of information avail-
able – when it comes to PV modules.

Threats are mostly seen in the data being outdat-
ed and invalid which might not be verifiable at the
time of its initial usage. The case of technical and
scientific development is always beneficial from the
general point of view, however in this study, a po-
tentially emerging alternative might make it obso-
lete and irrelevant. Another threat is to be noted, is
the danger resulted from the technical complexity of
photovoltaics. Therefore, it might obscure the actual
public opinion analysis when, for instance, answer-
ing a testing survey used for indicator calculation –
for instance in case of “public acceptance” criteri-
on. Table 1 summarizes all the aforementioned as-
pects.

In order to analyze macro environment of the
study, PEST analysis has been conducted. Results of
the analysis are summarised in Table 2. With regard
to economic concerns, the aspects that may influence
the study are sudden changes in energy cost or ma-
terials necessary for production of photovoltaic mod-
ules. Therefore, the economic part of sustainability
assessment may become invalid.

Table 1
SWOT analysis for the sustainability assessment.

Strengths Weaknesses

General:
• implications for industrial sustainability assessment because
they reflect different kinds of sustainability an industry in-
tends to achieve.
Environmental:
• access to numerous LCA studies concerning PV cases;
• access to tools for environmental assessment.
Economic:
• access to few existing papers evaluating selected PVs in
terms of economic performance.

General:
• differentiation of assessment boundaries;
• lack of complete lifecycle stages data in LCA and SLCA;
• limited access to specific data.
Environmental:
• approximation of the data;
• exclusion of some criteria.
Social:
• lack of the appropriate data connected to the choice of pho-
tovoltaic module and social indicators.
Economic:
• approximation of data.

Opportunities Threats

General:
• growing interest of LCSA studies.
Environmental:
• free tools available for environmental impact assessment;
• databases for life cycle inventory available online;
• big number of research articles concerning LCA of photo-
voltaic.
Social:
• possible future research in social scope of PV thanks to al-
ready present awareness of lack of such data in academic field.

General:
• possible errors in the publicly available data.
Environmental:
• incomplete data;
• outdated data;
• possible change in parameters;
• possible development in the area that can make used method
obsolete.
Social:
• unawareness of variety of PV technologies causing generali-
sation of public opinion that might influence social indicators.
Economic:
• huge variation of energy and resources costs that influence
some indicators.
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Table 2
PEST analysis for the given assessment.

Political

• financial support for assessments concerning sustainability;
• implementation of 2030 Agenda for the Sustainable Development by 193 countries;
• one of the Sustainable Development Goals addressing need for renewable energy sources;
• probability of publishing similar studies by organisations supported by governments.

Social

• growing consciousness about necessity for renewable energy sources;
• growing social awareness concerning potential impacts.

Economic

• changes in energy cost;
• changes in costs of materials used for manufacturing of photovoltaic modules.

Technological

• possibility of new technology appearance;
• significant improvement of properties of one of the analysed PV technologies.

On the other hand, if energy costs drastically in-
creases people might start to look for alternative en-
ergy sources, including solar energy. Then, they will
have look for the best solution in terms of PV tech-
nology. It could result in growing demand for evalu-
ations as the one presented in the study.

Social part of the PEST study partially overlaps
with economic concern. Recently, one could observe
growing interest not only in environmental protec-
tion issues, but also, increasing consumer awareness.
Society and customers in general are becoming more
conscious what might be reflected in the growing in-
terest in reports, same as in economic case, including
products’ impact analysis.

When it comes to technology aspects, there is pos-
sibility that some of the properties regarding one of
the PV technologies will be significantly improved or
even that will appear new solar alternative. There-
fore, the recommendations resulting from the study
might become less accurate or completely invalid.

Phase 2. Analyse data inventory. In the most
complex stage, data collection as well as LCA-based
methods in terms of the sustainability dimensions are
described and depicted in Fig. 2. Each sustainability
dimension is presented by using standalone meth-
ods – life cycle assessment (LCA), life cycle cost-
ing (LCC), and social life cycle assessment (SLCA)
respectively. Within these methods, their associat-
ed indicators which stay in line with the predefined
sustainability dimensions are identified. Once the da-
ta are collected from primary or secondary sources,
criteria for sustainability can be selected. Primary
data regarding company’s production performance
in environmental, societal, and economic context are
measured directly by the organisation conducting the
study. The secondary data might be gathered from
companies’ stakeholders, e.g. suppliers. Additional

sources of information may derive from industry in-
terviews, scientific literature, specific databases or by
using statistics.

Fig. 2. Inventory analysis of the sustainability assessment
based on [15].

LCC methodology does not provide a set of cat-
egories or specific criteria for costs evaluation, e.g.
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initial investment or electricity price. The evalua-
tion costs might entail pre-production, production
and post-production costs. Moreover, LCC‘s crite-
ria that describe the added value may include net
present value or return on investment. A variety of
environmental criteria and subcriteria that can be
developed based on existing well-described life cycle
assessment (LCA) like ReCiPe, TRACI was proposed
in [16, 17].

For social related methodology, the most com-
monly used criteria are these criteria which are rec-
ommended by UNEP/SETAC guidelines [18]. They
differentiate various stakeholders (such as workers,
local communities, societies, consumers etc.) and as-
sign different criteria (such as human rights, health
and safety, working conditions etc.) to them. A liter-
ature on this topic contains wide variety of indicators
that can be applied in LCSA [19].

Decision-makers assigned to the study can select
criteria on the basis of organisation’s circumstances
and their preferences. They can be addressed to sin-
gle workers as well as to whole society on which or-
ganisation has the impact. It makes that general sus-
tainability assessment is becoming to be a complex
task to evaluate it. This process is even more compli-
cated when one wants to present data for each cri-
terion with distinguishing products’ life cycles and
including preferences of each of the decision-makers.
In order to ease the evaluation of the complex life
cycle studies, while respecting the opinions and ex-
pertise of people involved, the application of analyt-
ical hierarchy process (AHP) is recommended. With
a use of this tool, prioritization of criteria becomes
possible and rather straightforward, by determin-

ing weight for each of the previously defined crite-
rion.

When using AHP method, a hierarchy tree should
be created. With regard to the AHP theory, the
main goal should be associated with sustainability
(i.e. most sustainable product) – this derives from
the main subject of the study. On the next level of
the hierarchy, objectives should be stated. These will
be sustainability dimensions to examine the perfor-
mance of technologies in every of these aspects. The
next third level should contain selected criteria for
the assessment. On the bottom level there are al-
ternatives, that in this case will be different type of
technologies.

After developing the hierarchy tree, a pairwise
comparison between criteria must be conducted ac-
cording to the following procedure [15]. Decision-
makers should give qualitative judgments on the rel-
ative importance of criteria on both levels. The com-
parison matrix should be developed for every group
of criteria on each hierarchy level (1). The assump-
tion (2) tells that the matrix M is a n × n matrix,
where n is the number of criteria to be considered

M =


C1,1 C1,2 · · · C1,n

C2,1 C2,2 · · · C2,n

...
...

. . .
...

Cn,1 Cn,2 · · · Cn,n

, (1)

[cij ] where i, j = 1, 2, 3, ..., n, (2)

cij =
1

cij
for i 6= j, (3)

cij = 1 for i = j. (4)

Fig. 3. AHP hierarchy tree.
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The matrix is filled with values that represent
prioritization between each pair of criteria. The pri-
oritization can be determined by using the Saaty’s
scale covering numbers from 1 to 9 [20]. Each element
cij of the matrix M is equal to intensity of impor-
tance of the ith criterion relative to j-th criterion.
It is important to note that reciprocal relationships
between criteria are also possible (3). If cij > 1, that
means the i-th criterion is more important than the
j-th criterion, in the contrary if cij < 1, then the
i-th criterion is less important than the j-th criteri-
on. The last characteristic is based on the identity
principle (4). When comparing two equal elements,
there is no preference to be noted.

For relative weights determination, the eigenvec-
tor is calculated. The M matrix is normalised and
converted into pairwise comparison matrix Mnorm =
[bij ]n×n. The elements of this matrix are determined
according to the equation:

bij =
cij

n∑
k=1

ckj

. (5)

Finally, preferences between criteria are calculat-
ed by averaging the entries from each row of the nor-
malised comparison matrix Mnorm. As the result of
performing the formula (6) the eigenvector (that is
an n-dimensional column vector) is obtained

wi =

n∑
j=1

bij

n
. (6)

In the next step, the consistency of decision-
makers’ evaluations, that build the pairwise compar-
ison matrix, needs to be calculated and checked. For
that, one can use a metrics called the consistency
index. It is evaluated with the formula (9)

si =

n∑
i=1

cij , (7)

λmax =

n∑
i=1

siwi, (8)

CI =
λmax − n
n− 1

. (9)

As one can see, to establish the value of CI, first-
ly the needs to be defined by obtaining a sum of
each column in pairwise comparison matrix M (7)
and multiplying resulting vector by the weight vec-
tor in (8). Afterwards, it is being used to calculate
the CI values as presented by Eq. (9).

For the decision to be consistent CI should al-
ways be equal to zero. However, minor inconstancy

can be allowed as well. The maximum value that the
CI might get is determined by the constant Random
Index (RI) [24]. The ratio between CI and RI should
be smaller than 0.1 (10%)

CI
RI

< 0.1. (10)

When relative weights of criteria and consistency
of the evaluations made by each decision-maker are
evaluated, the mean relative weights (W ) should be
calculated. It can be done by averaging the relative
weights, calculated by each of the decision-makers,
for every criterion. Relative mean of weights for i-th
criterion can be obtained by calculating the following
equation:

Wi =

m∑
j=1

wij

n
, (11)

where m – number of decision-makers.
Phase 3. Estimate and present results. This step

of the methodology accounts for the calculation pro-
cedure for impact assessment of technology. In this
phase, all the data necessary for the evaluation
needs to be normalised and analysed with regards
to weights developed in the previous step. Further-
more, an output of the calculation should be present-
ed. The process that is being carried out within the
fourth step is shown in Fig. 4.

Fig. 4. Step 4 – calculations and impact assessment.

Once all the data, addressing impact on each sus-
tainability dimension, is provided, it is mandatory
to conform it in a way that will allow further com-
parisons. The data concerning different criteria has
surely various units and scales. Therefore, it is im-
portant to convert all the present values into dimen-
sionless and unitary equivalents. It can be achieved
by normalisation, represented by Eqs (12) and (13).
Formula (12), called a “benefit function” is used if
the importance of an alternative increases with an in-
crease of specific criterion value, i.e. number of work-
places created by an organisation. In the contrary the
Eq. (13), also known under the term “cost function”
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[15], is dedicated for a case of alternatives in which
the importance decreases with an increase of criteri-
on value, i.e. amount of produced greenhouse gases

zi =
xi√√√√ N∑
i=1

x2i

, (12)

zi = 1− xi√√√√ N∑
i=1

x2i

, (13)

where xi – collected data, zi – normalised data.
At this point weights of the criteria and nor-

malised data should be provided. Then, a final score
for each criterion, as well as the level of achieving the
sustainability goals is calculated. The normalised val-
ues of each criterion must be multiplied by the cor-
responding weight value (level II weights), achieving
a criterion score. The final result for each of the se-
lected alternatives consists of sum of partial results
for every sustainability dimension multiplied by its
relative weights (level I weights).

To better understand the assessment results, the
graphical representation of the outcomes should be
presented using a radar chart enabling to compare
alternatives.
Phase 4. Interpret results & discussion. Results

are investigated with accordance to the stated goal
of the study. Moreover, in this section, the discussion
about the assessment and its ‘outcomes are provided.
This crucial step summarises the knowledge gathered
during the whole application phase of the framework.

Methodology use

This section provides multi-criteria decision mak-
ing LCA-oriented approach for sustainability assess-
ment of different photovoltaic modules technologies,
called Energy Technology Life Cycle Sustainability
Assessment (LCSA). The undertaken evaluation us-
es the proposed methodology to select the most sus-
tainable solar technology.

The goal of the sustainability assessment is to
check which type of selected solar technologies is
characterized by the highest level of complying to
the environmental, social and economic issues.

This study is not being based on the singular data
from specific companies, but on averaged data. Due
to the fact that the performance of photovoltaics may
vary, the assessment may be not representative with-
in the context of technology evaluation. Therefore,
the assessment is being conducted upon aggregated

data that is available in various reports, research pa-
pers and publicly accessible academic datasets.

The study focuses on the crystalline silicon so-
lar cells, that can be distinguished between two
types of crystalline – polycrystalline (multi-Si) and
monocrystalline (mono-Si). The evaluation considers
also string ribbon (Ribbon-Si) solar panels belonging
to the polycrystalline silicon family [21].

The data used for life cycle assessment comes
from the EcoInvent database available online. These
data are used as an input for impact assessment cal-
culations conducted by the WebService-Energy to
measure environmental performance of PV systems.
It provides the impact assessment for photovoltaic
systems which are small-scale plants of 3 kWp ca-
pacity. These concerns PV modules which are lami-
nated, integrated and installed on roof with 30 year-
operation system lifetime. For the sake of the assess-
ment, it was assumed that the analysed modules are
located in Poland. Figure 5 depicts all process stages
within selected PV lifecycle that are included in the
examined LCSA. Boundaries for each of the LCSA
components differentiate what results from the lim-
ited access to the data.

Table 3 summarizes data sources enabling the as-
sessment of selected PV modules in terms of provid-
ing general view on the market situation.

Table 3
Sources of data taken into account in the study.

Stage of assessment Resources

Life cycle inventory Averaged data derived from
databases and interviews with
11 companies worldwide

Assessment input data EcoInvent database

Assessment tool WebService-Energy

Assessment method Eco Indicator 99

Impact weights Studies and interviews con-
ducted among numerous scien-
tists and experts

All these resources state for databases with av-
eraged data based on various information gathered
worldwide. This analysis is used as a relevant start-
ing point to more complex sustainability assessment
of photovoltaics.

The hierarchy characteristic of the analysed case
is depicted in Fig. 6. Each sustainability dimen-
sion has its own corresponding weight of importance.
These weights are further used as a multiplier for the
value that is being constructed by the assessment of
specific indicators. The process of calculating sus-
tainability indicators starts in the bottom and prop-
agates upwards creating the final result.
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Fig. 5. Boundaries for the life cycle sustainability assessment based on [22].

Fig. 6. Hierarchy tree of weights related to the examined case.
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Priorities of the indicators are very often a cru-
cial strategic data that companies do not want to
share. To keep the current study valid, the weights
of criteria have been determined based on scientif-
ic research. A research that aimed to assess solar
photovoltaic technologies using hierarchical decision
modelling was used to determine the weights of sus-
tainability dimensions. For criteria included in envi-
ronmental and social dimension another study was
used. For environmental and social criteria, the pa-
per has presented sets of weights that could have
been applied in the midpoint impact categories that
are acidification, climate change, mineral, fossil and
ren depletion, ecotoxicity, human toxicity, cancer and
non-cancer effects, as well as land use. The indica-
tors’ weights were determined using AHP based on
judgments gathered during Stakeholders Panel, in-
cluding nine producers, users and LCA experts. In
the case of economic criteria, the subjective priori-
ties were made basing on desk research.

Results

Figure 7 shows the performance of selected PV
modules concerning each sustainability dimension.
The results present that each of assessed PVs holds
the same position for each sustainability dimension.
The general outcome suggests that the best sustain-
able technology beats other one in every of analyzed
dimensions. The same dependency applies for the
worst of analyzed alternatives.

For environmental dimension, ribbon-Si amount-
ed at 0.151, multi-Si – 0.144, while mono-Si – got
0.129.

The biggest differences in scores can be seen
within the economic dimension, where ribbon-Si was
0.208, multi-Si – 0.171, and mono-Si with score of
0.090. The value of string ribbon in this case is sig-
nificantly higher than for monocrystalline PV (al-
most twice higher). The final scores regarding the
compatibility with the sustainability are presented
in Table 4.

Fig. 7. The scores for the selected PV technologies con-
cerning sustainability dimensions.

The relations between the selected modules and
their sustainability scores are depicted on Fig. 8.
From the selected technologies the highest result
was obtained by string ribbon PV technology with
a score equal to 0.503. The second-best module be-
ing in line with the study assumptions are multicrys-
talline silicon photovoltaics (0.447). Monocrystalline
silicon PV was proven to be the least sustainable
with the result of 0.346. This value is significantly
lower than the results obtained by the alternative
technologies.

Fig. 8. Sustainability score for each of the selected PV
technologies.

Table 4
Final sustainability scores for every type of PV technology.

Sustainability dimension
Total value

Weight level I
Score (normalised value × weight level I)

Mono-Si Multi-Si Ribbon-Si Mono-Si Multi-Si Ribbon-Si

Environmental 0.386 0.433 0.453 0.333 0.129 0.144 0.151

Economic 0.258 0.488 0.594 0.350 0.090 0.171 0.208

Social 0.401 0.415 0.454 0.317 0.127 0.132 0.144∑
0.346 0.447 0.503
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The relations between the selected modules and
their sustainability scores are depicted on Fig. 8.
From the selected technologies the highest result was
obtained by string ribbon PV technology with a score
equal to 0.503. The second best module being in line
with the study assumptions is represented by mul-
ticrystalline silicon photovoltaics (0.447).

Conclusions and discussion

The presented methodology is considered as
a method for assessing sustainability of energy tech-
nology or systems based on multi-criteria decision
making. The assessment framework and indicators
were applied to specific types of renewable energy
technology.

The results showed that the string ribbon tech-
nology achieved the best outcomes in all the three
sustainability dimensions with the highest overall
sustainability score. The least sustainable occurred
to be monocrystalline silicon photovoltaic modules,
with just a little worse outcome on environmental
and social dimensions, but with significantly small-
er score compared to the economic aspect. Moreover,
the performance of selected modules is comparable in
terms of environmental and social one. The reasons
behind it can be as follows:
• The study’s aim was to assess the technology using

“averaged data”, not taken from a specific com-
pany. Therefore, the manufacturing process of the
analysed system is very much alike. It differen-
tiates in one stage – processing the silicon. The
environmental and social dimensions are strong-
ly connected with resources used for technology
manufacturing as well as energy and water re-
quired for processing. The best performance was
achieved for the economic dimension represented
by the string ribbon PV (numerical value). It is
due to generation of the material waste during
the production process of this type of photovoltaic
cells.

• The economic performance of monocrystalline sil-
icon modules significantly varies from two other
technologies (numerical value vs. numerical val-
ue). It is almost twice time smaller than in the
case of string ribbon PV.

• In general, the character of sustainability assess-
ments is highly dependent on criteria and asso-
ciated indicators, that in most cases are selected
subjectively. From the other hand, the same set
of products to be assessed can bring completely
different results if using different criteria. To avoid
such situation indicators should be developed and
considered individually against evaluated product.

Therefore, the proposed indicators can be treated
as a starting point for further research.

• Data availability and their quality published by
manufactures are big problem to be considered
in this study. This data regarding products may
not represent a real performance correctly due to
a high competition in the industrial sector. Po-
tential rivals might take advantage of public data.
From these reasons, the acquirement of the anal-
ysed company‘s data occurred is limited. From
the other hand, it is difficult to acquire data or
information from individual producers.

• In this case, the collection of data might be rather
time consuming. A comparison of specific prod-
ucts, for instance specific models of PV modules,
should not be as problematic as it does not require
as much data and additional normalization that is
implied by numerous sources specifying different
characteristics in different units and measures.
Moreover, when analysing general sets of prod-
ucts, it might be tricky to focus on insufficient
data because of possible margin errors cause by
the information bias. In order to ensure accura-
cy of the assessment numerous criteria should be
used. The more criteria will be considered, the
more authentic evaluation will be. It can lead to
necessity of looking for data for dozens of indi-
cators, what usually requires a huge effort. This
problem is even stronger in an evaluation that
have similar aim as the example provided in this
study. It means basing on averaged data derived
from various subjects.

• The paper puts less attention to measurement of
social aspects of sustainability. This dimension
is very problematic to measure which has already
been identified in many research papers (e.g. [10]).
The reason behind it could be a marginal number
of research dealing with social aspects, and not
examined in depth in comparison to other dimen-
sions (economic and environmental). Moreover,
this aspect strongly depends on a region and local
customs, and habits.

The sustainability assessment approach may
serve as a useful foundation for industrial companies
to make viable multi-criteria decisions regarding se-
lection of photovoltaic modules, whilst considering
environmentally beneficial technologies and greater
financial and social benefits at the same time. This
approach seems particularly useful when comparing
and selecting different technologies. Even though the
provided framework aimed to make this whole proce-
dure easier and structured, this method still requires
a considerable amount of effort and motivation to be
applied.
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Due to limited data availability, the weights of
selected criteria for the LCSA are based on litera-
ture research. Therefore, the conclusions from the
study need to be interpreted carefully. The products’
assessment results may vary together with different
preferences and needs dependent on a case.

The presented research may contribute to devel-
op a systematic assessment of energy renewable tech-
nologies from a different viewpoint. The assessment
method can facilitate energy decision – making with-
in supported energy policy and further identification
of improvements. This research through the authors‘
paper provides the theoretical and empirical back-
ground needed to further develop a complex technol-
ogy assessment for sustainability relevant to Industry
4.0 and its “designed”, future tools [23].

The paper is also to provide industrial plants with
a tool aimed at enhancing their commitment to sus-
tainability raising the share of renewable energy into
manufacture.

Future research

Measuring sustainability assessment is still sub-
ject of many international conferences in terms of
the suitability of Industry 4.0. For future works there
are additional efforts to be explored to support the
achievement as follows:

• Refine the applied assessment method and verify
the usefulness of developed indicators for various
energy technologies aimed at improving the ener-
gy sustainability performance.

• Focus more attention on identifying social indi-
cators to evaluate how technology influences the
social dimension of sustainability (social conse-
quences of technological operations).

• The need for comprehensive methods dealing with
all relevant uncertainties related to life cycle-based
approaches through integrating risk factors in de-
termining economic feasibility of energy technolo-
gy. Risk can have also possible effects on human
health and the environment.

• Provide the three-dimensional extension of sus-
tainability e.g. technical, safety, institutional or
other functional considerations (durability, reli-
ability etc.) through establishing standard ener-
gy LCA- based data for comparing various tech-
nologies. The main important aspect is to pro-
vide trade-off and maximize synergies between the
three dimensions, and even four concerns accord-
ing to the OECD recommendations.
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