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Abstract As global warming and foreign oil dependence debates grow, more
organizations are evaluating renewable energy. Renewable energy generation
technologies are complex systems that have wide-ranging implications in their
production and deployment. Using multiple perspectives such as social, techno-
logical, economic, environmental, and political (STEEP) and their decomposition
into multiple criteria or indicators provide a broader yet explicit assessment of the
technology under consideration. An effective method of determining the relative
importance of a criterion with respect to others is by hierarchical decision mod-
eling and expert judgment quantification instruments. These combined approaches
can improve decision making for technology assessment and selection. This paper
describes the approach through an example for photovoltaic solar technologies.

1 Introduction

Policies at national and international level are being implemented to incent and
support the growth of renewable energy for a variety of reasons including climate
change mitigation, fossil fuel pricing, societal demand, and renewable energy
pricing heading towards grid parity [1, 3, 4, 17].

Energy technology and deployment planning efforts include energy sourcing and
the evaluation of energy conversion devices to meet the desired energy demands in a
relative optimal fashion. In today’s world an energy planning decision involves a
complex process of weighing and balancing diverse socio-political, technical,
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economic, and environmental dimensions or perspectives with spatial and temporal
considerations. This balancing act is becoming increasing important as nations and
peoples are becoming more aware of their rights as responsible citizens and their
responsibilities as preservers of the social and natural environments. These
dimensions or perspectives are usually represented as multiple criteria (and may
include sub-criteria) and may represent conflicting or opposing objectives. These
criteria may sometimes be difficult to define and may include quantitative and
qualitative sub-criteria or factors [7]. Decision making around energy planning
using multiple criteria analysis has been in use for over forty years [19, 24, 27]. Up to
the 1970s the most popular criteria was cost, however in the 1980s environmental
considerations also became important. Later social aspects were incorporated in the
decision analysis and planning process. Political criteria also began to be explicitly
recognized through public policies and regulations. Adding to the complexity,
renewable energy sources brought further sets of nuances and criteria. This also
broadened the scope of evaluations and decision making.

In terms of technology options, these too have increased significantly due to the
increase in research and development (R&D) in renewable energy technologies
[20, 9, 21]. Public and private sector decision makers now need to assess tech-
nologies with respect to a whole range of perspectives and criteria. Better methods
are needed for decisions on renewable energy especially since the effect of such
technology decisions will be felt for the life of the technology which could easily
exceed fifteen to twenty years.

2 Multiple Perspectives and Decision Making

Prior research demonstrated the use of multiple perspectives in many different
areas [12-15]. The fundamental concepts can be expanded to be applicable for
renewable energy technologies, systems, and processes.

In this paper these renewable energy multiple perspectives are referred to as:
social, technological, economic, environmental, and political (STEEP). These
perspectives are composed of multiple criteria and each criteria in-turn is com-
posed of multiple sub-criteria (and may be referred to as “factors” for easy dis-
tinction). The criteria that relates to each perspective can be stated as follows:

e Social Perspective. Criteria or factors that impact society—positively or
negatively

o Technical or Technological Perspective. Criteria or factors that relate to
technical performance

e Economic Perspective. Criteria or factors that are indicated by cost of tech-
nology diffusion, market adoption, and life-cycle costs (“push—pull-
sustenance”)

o Environmental Perspective. Criteria or factors that have an impact on the
environment and the earth’s natural ecosystems
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e Political Perspective. Criteria or factors that make up political motivation,
policies and regulations, market special interests, compliance, and security.

Despite the growing need for energy multiple perspectives, a literature review
indicates that studies and findings are limited in scope, cover broad criteria (and
not specifics related to renewable energy), have limited capability for operation-
alization, are project or policy oriented, and have almost no reference to specific
renewable energy technologies (especially solar photovoltaic technologies) [29].
Considering all five perspectives for decision modeling and technology assess-
ments in the area of renewable energy generation is a new area of research and
may prove to be more effective than using their subset.

A variety of decision making and support tools and methods have been used by
energy planners and decision makers for planning, project selection, environ-
mental, and social impact. Reviewing journal literature on energy decision model
indicates that the most popular model used is Analytic Hierarchy Process (AHP—a
hierarchical decision model) developed by Thomas Saaty [2, 5, 6, 11, 12, 16, 18,
23, 25, 26, 28, 30, 31, 32]. AHP is the most well-known hierarchical decision
model (HDM). The HDM model lends itself easily to a layered approach of
ranking and prioritizing perspectives and their associated criteria and sub-criteria.
Another HDM model developed by Dundar Kocaoglu is utilized by the author for
this research [10]. The results from using this HDM model will be very similar to
those from AHP.

3 Solar Photovoltaics: Trends

Market research indicates a high growth rate of solar photovoltaic (PV) deploy-
ments [8]. The cumulative positive affect of factors such net metering rules,
electric rate tariff levels and structures, availability of financial incentives, system
pricing, and carbon legislation are evident and will continue to spur growth in PV
adoption [22]. [It should be noted that storage and distribution of PV generated
electricity is agnostic to solar energy generation technologies].

4 Problem Statement

A comprehensive renewable energy technologies assessment is generally a complex
decision problem since there are multiple perspectives (such as the five perspectives
referred to earlier) to consider. This complex decision problem can be decomposed
or formulated as an analytical hierarchical decision model (HDM) where different
perspectives and their associated criteria can be prioritized or ranked. The selection
of various levels of criteria (or constraints) can then be applied to address the
question, “In the judgment of the decision makers and experts which perspective or
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criteria are more important than others?” For the purpose of this research, focus is on
solar photovoltaic renewable energy technologies.

This is part of ongoing research at the Research Institute for Sustainable Energy
(RISE), Department of Engineering and Technology Management, Portland State
University, Oregon. The program includes use of HDM for evaluation of criteria, use
of desirability functions (similar to utility function) for evaluation of factors, and then
technology characterization as a composite of perspectives, criteria, and factors.

S5 Methodology

As stated in the problem statement the selected methodology involves an analyt-
ical decision model that captures the judgment of the market experts and com-
pany’s management and subject matter experts.

In effect, the methodology consists of four parts:

Decision modeling process: building the analytical hierarchical decision Model
Selecting an expert panel

Design of judgment quantification instrument (survey questionnaire)

Expert panel survey.

The decision model with objectives and criteria can be utilized (as a decision
tool) to provide direction for the stated problem or decision making.

A panel of experts is selected to assist in model development and pair-wise
comparison of the perspectives and criteria. The criteria are composed of sub-
criteria named as “factors”. Experience indicates that 10-15 experts can provide
reasonable and balanced results. The experts can have different worldviews or
philosophical frames of reference which can heavily influence the results. Hence
different strategies can be developed based on the worldviews. These worldviews
include (but are not limited to):

e Technology supplier or developer
e Power utility or service provider
e Government policy maker.

5.1 Decision Modeling Process

The decision model is developed by first setting the mission and perspectives for
the model and the criteria that would be used to select the most desired target
market. This is depicted in Fig. 1.

As mentioned earlier, considering this to be a test case, only the initial results
were analyzed.
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Fig. 1 Decision modeling process

5.1.1 Defining the Hierarchical Decision Model

The objectives, criteria, and sub-criteria (called factors) consisted of the following:

o QOverall Objective or Mission. The ultimate goal of the decision model is to help
with a comprehensive assessment of photovoltaic technologies.

o STEEP Perspectives. To fulfill the mission these five perspectives or dimen-
sions were considered important. These may also be important consideration for
worldviews of a technology supplier/developer, power utility or service pro-
vider, or government policy maker.

o Criteria for Each STEEP Perspective. The important criteria or constraints for
each objective are listed in Table 1 below as:

Each criterion is composed of multiple sub-criteria or factors. These are listed
in Appendix A: Multiple Criteria and Factors for STEEP Perspectives are devel-
oped mainly from a literature review [29].

o HDM Model. The HDM model is shown in Fig 2 and includes the relations
between mission, perspectives, and criteria. An enlarged version of this model is
shown in Appendix A: Hierarchical Decision Model.

6 Results and Analysis

A group of professional with experience in this area was consulted to quantify the
model in this case. The results need to be viewed with demonstration purpose and
should not be used to make a decision on these technologies. The objective of this
papaer is to demonstrate how to build an evaluation model.
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Table 1 Multiple criteria for each STEEP perspective (derived from [29] and expert opinions)

Social Technical Economic Environmental Political
Public perception Efficiency Product costs Pollution/negative Policies
impact
Employment Technology LCOE Environmental Regulation/
maturity (Electricity benefits/ deregulation of
generation positive power markets
costs) impact
Health and safety Production/ Financial End-of-life/ Public/Government
operations analysis disposal R&D
framework
Local Resources/ Cost mitigation ~ Consumption of  Codes/standards—
infrastructure materials resources compliance
development required
Deployment Market adoption Perception/position
of utilities
Maintenance/ Positive impact Security
warranty on local
economy
Codes/
standards—
development
Technology
roadmap
Hierarchical Decision Modgl Diagram
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Fig. 2 Hierarchical decision model diagram

The initial composite results for eight “technology supplier/developer world-
view experts” are shown in Figs. 3,4, 5, 6, 7, 8, 9. The initial results for this group
indicated that all the multiple perspectives were important from an overall
assessment point of view. The importance of the perspectives to the mission are
relatively balanced ranging from relative values of 0.19-0.22. [The total is 1.00 for
all five perspectives].

Evaluating and ranking the criteria for each perspective showed a certain level
of variation, however, again, no one or group of criteria was dominant or stood out.
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Economic Criteria

0.19
0.18
0.17
0.16 0.16
0.14
Product LCOE Financial Cost Market Positive
Costs (Levelized Analysis Mitigation Adoption Impact on
Cost of Local
Energy) - Economy
Electricity
Generation
Costs
Fig. 6 Economic perspective
Environmental Criteria
0.26 0.26
0.25
0.23
Pollution/Negative Environmental End-of-Life/Disposal ~ Consumption of
Impact Benefits/Positive Resources
Impact

Fig. 7 Environmental perspective

The following table (Table 2) lists the highest and lowest criterion/criteria for
each perspective.

This HDM is very useful for ranking the importance of perspectives and criteria
for PV technology assessment. However, it has some limitations, such as:

e It should be noted that this approach although useful to gain insight into ranking
of perspectives and criteria is based on the worldview of the experts and hence
reflects their worldview biases. So its scope will be useful for that particular
worldview. For example, the initial results reflect the worldview of a group of
technology developers.
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Fig. 8 Political perspective

Contribution of Criteria to PV Tech Assessment
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Fig. 9 Contribution of STEEP perspectives and related criteria to PV technology assessment

e The above judgment quantification survey is one approach. Another approach
may be as follows. Experts would only address the pair-wise comparison of
criteria related to the perspective that is their domain of expertise. For example,
technologists would only compare the criteria under the Technical Perspective,
social scientists would only compare the criteria under the Social Perspective,
environmental scientists would only compare the criteria under the Environ-
mental Perspective, etc. Separately, the top five STEEP perspectives may be
ranked by high level decision makers. Then all the sets of results can be
combined for the final HDM analysis.



122 N. J. Sheikh and T. Daim

Table 2 Highest and lowest criteria in relative importance to each perspective

Perspective Highest criteria Lowest criteria
Social Employment, health and Safety Local infrastructure development
Technical Efficiency Technology maturity, codes/standards
development
Economic Cost mitigation Positive impact on local economy
Environmental End-of-life/disposal, Pollution/negative impact
consumption of resources
Political Policies Public/Government R&D framework, codes/

standards compliance

e Other approaches for PV technology assessment may be simpler such as using
only those top perspectives or criteria that are considered important by the
industry or targeted worldview.

7 Conclusion

Initial results indicate interesting outcomes and provide insights into the actual
explicit judgments of experts. (Refer to the section above). The initial results also
helped in the clarification (or correction) of assumptions such as the Technical
Perspective should be most important for those with a technology supplier or
developer worldview. The initial results indicated that this may not be case (and in
fact indicated that all five perspectives are relatively important) although more
surveys are needed to validate or modify the findings.

The HDM model is a good method to obtain explicit judgments to better
understand what is truly important for decision makers and experts. This model
has the capability to be flexible and scalable with respect to multiple perspectives,
multiple actors (decision makers, stakeholders, practitioners, end users, etc.),
multiple criteria, and ability to provide guidance to practitioners and operational
management. Hence it can provide assessment and direction. The HDM model
helped in assessing both individual and group rankings of the perspectives and
criteria for better analysis and indications for improvements of the survey.

8 Future Research

Although initial results indicated that all five STEEP perspectives were important
more research is needed to test out the some of the scenarios and cases mentioned
in the Initial Results and Analysis section above. Gaining insight into what is
required for next steps would be more difficult without the use of HDM. Through
further surveys and analyses we will be able to arrive at a robust evaluation of the
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criteria and perspectives. Another step would be to determine desirability func-
tions for each sub-criteria or factor. The PV technology value (or score) can then
be characterized by the composite of perspective, criteria, and factor values. This
PV technology value could then be compared to the ideal value and also to its peer
technologies. It is the intention of the author to pursue these future avenues of
research to develop the model, analyses, and results further taking into account the
initial findings from this study.

Appendix A: Multiple Criteria and Factors for STEEP
Perspectives

Technical Perspective

Efficiency Production/operations
e Module energy efficiency e Production capacity
e Cell energy efficiency e No. of process steps (production processes
¢ Energy efficiency complexity)
e Inherent system efficiency e Leverage mature production processes (e.g. from
e Thermal efficiency chip mfg)
e Heating value e Chemicals/gases waste
e PV system yield e Wafer thickness
e Reference yield e Line breakage
e Performance ratio e Production maturity
e Energy density Maintenance/warranty
Technology maturity e Low maintenance
¢ Density/maturity of patents and e Long lifetime (20 + years)
publications e Annual degradation warranty
o Identify positive trends e Management of environmental factors (dust, debris,
e Ability to bridge technology gaps etc.)
e Flexibility/scalability Codes/standards—compliance
e Modularity e US code
e Obsolescence resistant e National/international standards
Deployment ¢ Building/environmental safety standards

e Large-scale/power plant installation Technology roadmap (2010-2030)
e Field testing/evaluation/performance e PV technology (cell/module)

e Service availability (uptime of PV e PV technology patents/publications maturity and
system) trends
e Reliability e Inverter and BOS (balance-of-system)

e Power purchase agreements (PPAs)

e Optimized to utility scale

e Impact on meeting important energy
targets

e Suitable for BIPV (Bldg integrated PV)

e Storage

e Transmission

e Distribution

(continued)
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Resources/materials required

e Avoid use of rare metals (e.g. indium)

e Avoid hazardous materials (e.g.
cadmium)

® Resource availability/access

e Chemicals, gases, etc.

Social Perspective

Public perception Health and safety
e Aesthetics e Public safety
e Visual Impact e Work safety
e Heterogeneous interests, values, and worldview e Hazardous health effects (accidental, long-
¢ Engagement in public policy term)
e Conflict with planned landscape e Investment in health of society (indirect)
e Synergistic with quality of life improvement Local infrastructure development
policies e Development/improvement of
e Impact of lifestyle infrastructure
e Easy/convenient to use e Support of related industry
e Legacy for future generations o Contribution to regional/local improvement
e Social benefits e Regional/local empowerment

e Social acceptance

e Impact on property values

e Impact on tourism

Employment

e Job creation

e Addition to employment diversity
o Availability of workforce

e Poverty alleviation

e Increase in production employment
e Increase in total employment

Economic Perspective

Product costs Cost mitigation

e Capital (amortized) e Independent of Economies of Scale

e Startup (amortized) e Energy Supply Chain Advantage (e.g. against
e Materials fuels)

e Direct production o Reduction of Administrative Costs (e.g. against
e Sales and marketing imports)

e R&D/engineering e Reduction in Subsidies (of fuels)

e Administrative e Reduction in Military Costs (for energy)

e Facilities e Better Use of Hard Currency (for Developing
e Warranty/maintenance Countries)

(continued)
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e Inverter and BOS (balance-of-system)

e Installation

e Disposal/recycle (end-of-life)

Levelized cost of energy—electricity
generation costs

e Excluding plant end-of-life shutdown/
disposal

¢ Including plant end-of-life shutdown/
disposal

Financial analysis

e Cost/benefit

e ROI (return on investment)

e EPBT (energy pay back time—energy
viability)

e LCOE*

e Savings to power utilities

e Portfolio costs to utilities

e Costs trends/roadmap: 2010-2030

e Risk mitigation

Market adoption

e Market maturity

e Product/technology maturity

e Supply chain maturity

e US Code compliance

e Economic multiplier effect (through use of
product)

e Customer willingness to pay

Positive impact on local economy

e Higher wage jobs

e Creation/expansion of economic clusters

e Job creation

Creating insourcing trend (versus outsourcing)

Environmental Perspective

Pollution/negative impact

e GHG (Green house gases—affecting
climate change)

o Particles (smoke, dust, etc.)

e Vapor

e Visual/glare

e Water

¢ Noise

e Solid waste

e Water resources

e Stratospheric ozone

e Soil

e Natural habitat

e Water temperature change

e Wind pattern change

e Forest and ecosystem

e Ecological footprint (crops, woods, etc.)

e During production phase

¢ During deployment phase

e Accidental release of chemicals

Environmental benefits/positive impact

e Better land utilization

e Climate change mitigation

e Environment sustainability

e [ ow land requirement

e Energy conservation improvement

e Better consumption of natural resources

e Reduced fossil fuel imports/dependence

e Better use of rooftops

End-of-life/disposal

e Biodegradability

e Easy recyclability

e Leverage mature production processes (e.g. from
chip mfg)

e Chemicals/gases waste

Consumption of resources

e Land

e Water

e Materials
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Political Perspective

Pollution/negative impact Environmental benefits/positive impact
e GHG (Green house gases—affecting e Better land utilization
climate change) e Climate change mitigation
e Particles (smoke, dust, etc.) e Environment sustainability
e Vapor e Low land requirement
e Visual/glare e Energy conservation improvement
e Water e Better consumption of natural resources
e Noise e Reduced fossil fuel imports/dependence
e Solid waste e Better use of rooftops
e Water resources End-of-life/disposal
e Stratospheric ozone e Biodegradability
e Soil e Easy recyclability
o Natural habitat e Leverage mature production processes (e.g. from
e Water temperature change chip mfg)
e Wind pattern change e Chemicals/gases Waste
e Forest and ecosystem Consumption of resources
e Ecological footprint (crops, woods, etc.) e Land
e During production phase e Water
e During deployment phase e Materials

e Accidental release of chemicals

References

10.

. Conti JJ (2010) Annual energy outlook 2010 ith projections to 2035. U.S. Energy Information

Administration DOE/ETA-0383(2010)

. Diakoulaki D, Antunes CH, Martins AG (2005) MCDA and energy planning. Multiple

criteria decision analysis: state of the art surveys, chapter 21(Springer Verlag), pp 859-898

. Dincer I (1999) Environmental impacts of energy. Energy Policy 27(14):845-854
. Dixon RK, McGowan E, Onysko G, Scheer RM (2010) US energy conservation and

efficiency policies: challenges and opportunities. Energy Policy, 38(11):6398-6408

. Doukas H, Andreas B, Psarras J (2007) Multi-criteria decision aid for the formulation of

sustainable technological energy priorities using linguistic variables. Eur J Oper Res
182(2):844-855

. Gurbuz T, Albayrak YE, Erensal YC, Ozyol M (2007) An analytic network process approach

to the planning and managing of the energy politics. International conference on computers &
industrial engineering, 2009. CIE 2009. 36:1690-1693

. Hersh M (1997) Sustainable decision making: the role of decision support systems. In: IEE

colloquium on decision making and problem solving (Digest No: 1997/366) 6:1-5

. IEA (2008) Trends in photovoltaic applications—survey report of selected IEA countries

between 1992 and 2007. International Energy Agency—PVPS, Report IEA

. Kazmerski L (2010) Best research cell efficiencies chart. National Renewable Energy

Laboratory (NREL). http://en.wikipedia.org/wiki/File:PVeft(rev100414).png
Kocaoglu DF (1987) Hierarchical decision modeling. Engineering Management Program.
Portland State University, pp 1-30


http://en.wikipedia.org/wiki/File:PVeff(rev100414).png

Use of Multiple Perspectives and Decision Modeling 127

11.

12.

13.

14.
15.

16.
17.
18.
19.
20.
21.
22.

23.

24.

25

26.

217.

28.

29.

30.

31.

32.

Kowalski K, Stagl S, Madlener R, Omann I (2009) Sustainable energy futures:
methodological challenges in combining scenarios and participatory multi-criteria analysis.
Eur J Oper Res 197(3):1063-1074

Linstone H (1981) The multiple perspective concept with applications to technology
assessment and other decision areas. Technol Forecast Soc Chang 20(4):275-325

Linstone H (1985) Multiple perspectives: overcoming the weaknesses of MS/OR. Interfaces
15(4):77-85

Linstone H (2010) Multiple perspectives redux. Technol Forecast Soc Chang 77(4):696-698
Linstone H (1999) Decision making for technology executives: using multiple perspectives to
improve performance. Artech House, Boston

Loken E (2007) Use of multicriteria decision analysis methods for energy planning problems.
Renew Sustain Energy Rev 11(7):1584-1595

Marques AC, Fuinhas J, Manso JRP (2010) Motivations driving renewable energy in
European countries: A panel data approach. Energy Policy 38(11):6877-6885

Meade LM, Presley A (2002) R & D project selection using the analytic network process.
IEEE Trans Eng Manage 49(1):59-66

Meirer P, Mubayi V (1983) Modeling energy-economic interactions in developing countries-
a linear programming approach. Eur J Oper Res 13:41e59

New Energy Strategies (2010) Advanced photovoltaic technology. September 2010

New Energy Strategies (2010) Trends in photovoltaic technology. January 2010

Paidipati J, Frantzis L, Sawyer H, Kurrasch A (2008) Rooftop photovoltaics market
penetration scenarios. NREL technical monitor. NREL/SR-58

Pirdashti M, Ghadi A, Mohammadi M, Shojatalab G (2009) Multi-criteria decision-making
selection model with application to chemical engineering management decisions. Int J Bus
Econ Financ Manage Sci 1(3):228-233

Pohekar S, Ramachandran M (2004) Application of multi-criteria decision making to
sustainable energy planning—a review. Renew Sustain Energy Rev 8(4):365-381

. Polatidis H, Haralambopoulos D, Munda G, Vreeker R (2006) Selecting an appropriate multi-

criteria Decision analysis technique for renewable energy planning. Energy Sources Part B
1(2):181-193

Saaty T, Ma F, Blair P (1977) Operational gaming for energy policy analysis. Energy Policy
5(1):63-75

Samouilidis J, Mitropoulos C (1982) Energy economy models e a survey. Eur J Oper Res
25:200e15

Sharif M, Sundararajan V (1983) A quantitative model for the evaluation of technological
alternatives. Technol Forecast Soc Chang 24(1):15-29

Sheikh N, Kocaoglu D (2010) A comprehensive assessment of solar photovoltaic
technologies: literature review. Unpublished technical report. Department of Engineering
and Technology Management, Portland State University

Shen Y, Lin GT, Li K, Yuan BJ (2010) An assessment of exploiting renewable energy
sources with concerns of policy and technology. Energy Policy 38:4604-4616

Wang J, Jing Y, Zhang C, Zhao J (2009) Review on multi-criteria decision analysis aid in
sustainable energy. Renew Sustain Energy Rev 13:2263-2278

Zhou P, Ang B, Poh K (2006) Decision analysis in Fawkes S (1987). Soft-systems model of
energy management and checklists for energy managers. Appl Energy 27(3):229-241



	5 Use of Multiple Perspectives and Decision Modeling for Solar Photovoltaic Technology Assessment
	Abstract
	1…Introduction
	2…Multiple Perspectives and Decision Making
	3…Solar Photovoltaics: Trends
	4…Problem Statement
	5…Methodology
	5.1 Decision Modeling Process
	5.1.1 Defining the Hierarchical Decision Model


	6…Results and Analysis
	7…Conclusion
	8…Future Research
	A.x(118). Appendix A: Multiple Criteria and Factors for STEEP Perspectives
	A.x(118).1 Technical Perspective
	A.x(118).2 Social Perspective
	A.x(118).3 Economic Perspective
	A.x(118).4 Environmental Perspective
	A.x(118).5 Political Perspective

	References


