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Abstract 
The continued deployment of renewable energy is critical to the energy transition necessary for 
climate change mitigation. Since cost is one of the primary drivers of solar adoption, we must 
continue to reduce the cost of solar to hasten the transition to clean energy. Currently, solar 
soft costs account for 52 -70% of the cost of an installed residential solar photovoltaic (PV) 
system in the U.S. These costs are persistent and an increasing share of the costs, since hardware 
costs continue to decline. The consensus on a definition of soft costs is “non-hardware costs,” 
but defining something by what it isn’t doesn’t tell us what it is, which makes it difficult to study 
and understand. To this end, we developed the Solar Soft Cost Ontology (SSCO) to provide a 
comprehensive view of the complex and variable knowledge domain of solar soft costs. We 
identify the main categories of solar soft costs, how they relate to each other, how that 
knowledge is created, shared, and acquired, and the relevant actors in the solar soft cost 
knowledge ecosystem. Developed by coding a corpus of nearly 130 academic articles, the 
resulting ontology in Web Ontology Language (OWL) includes 136 classes and 87 properties. 
The Solar Soft Cost Ontology can facilitate and enhance knowledge transfer of research findings 
and best practices within and between stakeholder communities, including researchers, 
practitioners, and policy makers, that seek to address solar soft costs. We conclude with a 
discussion of potential applications and use cases for the Solar Soft Cost Ontology among this 
diverse stakeholder community.  
 
Keywords: soft cost, solar energy, ontology, learning process, review, knowledge domain, 
SSCO 
 
 
1. Introduction 
 
Solar soft costs are most frequently defined as non-hardware costs. Defining something by what 
it isn’t makes it inherently difficult to identify what exactly it is, which in turn makes it difficult 
to study and understand. Diverse stakeholder communities, i.e., practitioners, researchers, and 
policy makers, develop diverse vocabularies to address the same set of problems. Having a 
consistent vocabulary with clear definitions of what soft costs are is necessary to facilitate 
information sharing and problem-solving across this diverse community. Currently, solar soft 
costs account for 52 -70% of the cost of an installed residential solar photovoltaic (PV) system in 
the U.S., much higher than in other countries [1–4]. The persistence of soft costs in the U.S. 
market makes the U.S. an excellent testbed for an ontological approach to identifying soft costs, 
the network of actors that influence them, and the learning processes used to understand them.  
 
Soft costs are categorized and subcategorized with great variability within the literature [2–6]. 
Sections 2.1 and 3.3 below provide more detail on the similarities and differences and how we 
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arrived at our definition of soft costs: costs associated with customer acquisition, finance, labor, 
overhead, supply chain, system design, and permitting, inspection and interconnection (PII). 
These costs include more easily calculated costs, such as advertising costs or wages, as well as 
more abstract costs, such as the costs of producing or acquiring knowledge and maintaining a 
network. Some soft costs are easy to identify, such as permit fees; whereas, other soft costs are 
more challenging to calculate, such as access (or lack thereof) to financing. In many cases, 
reducing soft costs is a function of installation firms developing and implementing efficient 
processes and best practices, thus understanding knowledge creation and acquisition becomes a 
key focus of understanding soft costs. The learning processes associated with knowledge 
creation, acquisition, and implementation can be viewed as knowledge flows between actors. 
Thus, identifying the network of actors in the solar installation ecosystem and the knowledge 
they create, acquire, and share is also a key component of understanding and addressing soft 
costs. To this end, we developed the Solar Soft Cost Ontology (SSCO). 
 
An ontology is “a specification of a representational vocabulary for a shared domain of discourse 
– definitions of classes, relations, functions, and other objects.” [7] The classes are the main 
categories of concepts in the knowledge domain defined by the ontology. Concepts are 
systematically organized into taxonomies by grouping related concepts and eliminating 
redundancy, resulting in clearly defined classes [8–11]. Once the relevant classes are inventoried 
and classified, delineating the relationships between those classes becomes more tractable. The 
relationships are known as properties of the ontology. Ontologies rigorously specify semantics 
and this is of value in removing ambiguities and codifying the solar soft cost knowledge domain 
in an effort to express a shared understanding that can maximize knowledge sharing and 
spillovers [12,13].  
 
One of the key advantages of using an ontology is emphasis on the relationships between 
concepts. In this case, we develop a rich knowledge domain to express what soft cost 
information is key, who produces, acquires, or implements that knowledge, and which learning 
processes are used in the production, acquisition, and implementation of that knowledge. Once 
realized, the SSCO will represent the types of soft costs, network of actors in the solar 
installation ecosystem, and their associated costs and relationships, as well as the learning 
processes used to create and transfer soft cost knowledge. This ontology is unique in integrating 
concepts, networks of individuals and organizations, and learning processes into a single 
ontology. The resulting knowledge map of solar soft costs provides a comprehensive landscape 
of the relevant areas and actors for targeted policy intervention.  
 
The paper is organized by first discussing the methodology, which includes the development 
process, requirement specification, and conceptualization of the ontology based on a review of 
the solar soft cost literature. We then discuss the taxonomy development of classes included in 
the SSCO, followed by the properties or relationships linking the classes of those taxonomies. 
Finally, we provide use cases for the three primary stakeholder communities – researchers, 
policy makers, and practitioners – before concluding with future work. 
 
2. Background 
 
2.1 Solar soft costs  
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Solar soft costs are defined as non-hardware costs of installing solar, which are sometimes 
referred to as balance-of-system costs or business process costs [2]. Balance-of-system (BoS) 
costs are most often defined as system costs other than the panel or module [14]. BoS include 
hardware costs, such as inverter, racking and electrical, and soft costs. Here we emphasize that 
soft costs do not include any hardware costs (see section 4.1.3 for further discussion). Table 1 
shows a summary of the soft cost categories and attributed soft costs from the major surveys and 
methodologies for tracking soft costs.  
 
Friedman et al. (2013) found that 64% of residential system price is related to soft costs and 
grouped soft costs into customer acquisition and system design, PII, and other in their extensive 
benchmarking report [2]. This report is the basis for Department of Energy’s (DOE) taxonomy in 
their soft cost 101 [6], this is listed as DOE in Table 1 below. Friedman et al. further broke down 
“other” into installation labor, transaction costs, indirect corporate costs, installer/developer 
profit, supply chain costs, and sales tax, and PII into PII labor and permit fees. Customer 
acquisition was further defined as lead generation, bid and pro-forma preparation, contract 
negotiation, and system design. This is the only use of “PII labor” in the taxonomies and is 
further explained to include: permit preparation, permit package submittal, permitting inspection, 
interconnection process, and financial incentive application process. These functions fall under 
multiple jurisdictions, and include costs ranging from travel time to delays to “drawing of system 
plans,” which appears to overlap with system design in the customer acquisition category. 
Transaction cost, a category not included elsewhere, is defined to include legal fees, financier 
expenses, warranty, insurance, and O&M. Profit is calculated as the remainder based on 
comparing the selected business model, i.e., third party ownership (TPO), and average reported 
price. Installation labor and supply chain costs are not explicitly defined. Many of these details 
are not mentioned in other studies and the details captured in the definitions provide valuable 
insight into the installation process and appear to be a practical reflection of the TPO model. 
However, the inclusion of similar activities in multiple categories, e.g., travel time, wait time, 
system design, also indicates that a more detailed ontology may be useful to improve clarity of 
where the costs derive, as well as the ability to indicate where the categories are applicable, e.g., 
TPO versus small installers. 
 
Ardani et al. (2013) list five categories of soft costs in their 2013-2020 roadmap (see NREL 
column in Table 1), including customer acquisition, PII, installation labor, financing, and other, 
which includes profit and overhead, finding that 50% of the installed cost of residential solar is 
attributable to soft costs [15].  Their roadmap emphasizes the importance of different cost 
categories with regards to reducing overall soft costs. Customer acquisition and financing are 
identified as areas with high likelihood of reductions, whereas meeting PII cost targets is 
identified as “highly uncertain” related to the “piecemeal approach” needed to address 
fragmented authorities having jurisdiction (AHJs) and to streamline inspection. This analysis 
emphasizes that a knowledge domain of soft costs would be significantly more useful in 
addressing industry barriers when the actors that control or influence those costs are included. 
Ardani et al. include marketing and system design as part of customer acquisition and include 
delays and permit fees in PII. Installation labor is defined as including all electrician and non-
electrician labor.  
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Fu et al. (2018) find residential systems cost $2.70/Wdc overall, with soft costs accounting for 
63% ($1.72/Wdc) (see NREL ’18 column in Table 1) [16]. They break soft costs down into 
customer acquisition (sales and marketing), PII, installation labor, sales tax, supply chain, profit, 
and overhead. Fu et al. look at historic trends for soft costs, finding that overall share of costs 
attributed to soft costs has increased, since hardware costs have fallen faster than soft costs.  
 
Morris et al. (2014) attribute 70% of total installed costs to soft costs, including customer 
acquisition, installation labor, PII, financing costs, and installer margin (see RMI column in 
Table 1). This study focuses on and calculates detailed values for installation labor, which is 
further broken down into detailed subcategories [3]. These subcategories include delays and 
travel, which may or may not overlap with similar categories in Friedman et al.’s PII labor 
category, indicating the usefulness of a standardized taxonomy for clarity when comparing 
studies.  
 
Seel et al. (2014) include customer acquisition and system design, installation labor, PII, 
permitting fee, sales tax, and other [4] (see LBNL column in Table 1). Barbose et al. (2018) 
include marketing and customer acquisition, system design, installation labor, permitting and 
inspection costs, installer margins, and loan-related fees as the primary soft cost categories. Since 
their analysis did not include a price breakdown of soft costs by category [1], we have not 
included it in Table 1. The estimated magnitude of solar soft costs indicates the significance of 
these costs in overall price reductions; however, the diversity of categories and variability in 
definitions used in the analysis suggests that improved definition and standardization of these 
costs is needed to compare and integrate findings and proposed solutions across research studies. 
These reports provide detailed analysis of the identified soft costs, but comprehensive analysis to 
determine which soft costs to consider and standardize them across studies is lacking. 
 
Table 1. Solar soft cost categories for solar PV policy research organizations. A “✔” indicates 
that the category was included, but no price was given; a “--” indicates that the category was not 
included. 	

 DOE 
($/W) 

NREL 
($/W) 

NREL ‘18 
($/W) 

LBNL 
($/W) RMIa SolSmartb 

Soft Cost 3.32 2.64 1.72 3.34 -- -- 
Balance of System -- -- -- -- -- -- 
Customer Acquisition 0.48 0.67 0.35 0.69 ✔ ✔ 
PII 0.10 0.20 0.06 0.15 ✔ ✔ 
Permit fee 0.09 -- -- 0.09 -- -- 
Installation Labor 0.55 0.59 0.27 0.59 0.49 ✔ 
Financec -- 9.9% -- -- ✔ ✔ 
Sales Tax 0.26 -- 0.09 0.21 -- -- 
Transaction cost 0.30 -- -- -- -- -- 
Profit margin 0.46 -- 0.33 -- ✔ -- 
Indirect costs 0.47 -- -- -- -- -- 
Supply Chain 0.61 -- 0.30 -- -- -- 
Planning and Zoning -- -- -- -- -- ✔ 
Otherd -- 1.86 0.32 1.61 ✔ -- 

aRMI includes soft cost categories and data from other studies indicated by “✔”; however, their methodology 
includes only detailed installation labor costs. 
bSolSmart does not provide values of soft costs; however, their extensive work with AHJs on implementing best 
practices for reducing soft costs warrants inclusion of their taxonomy. 
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cFinancing is the 2012 weighted average cost of capital, thus is a percentage rather than $/W value. 
dFor NREL, “other” includes profit and overhead; for NREL ’18, “other” includes overhead; for LBNL, “other” 
includes “overhead, profit, and other residual costs; for RMI, “other” is subcategory called “other hardware install”. 
 
2.2 Related ontologies 
Early development of ontologies focused on a need to address portability and interoperability, 
with applications that include artificial intelligence and expert systems [7,11]. Uschold and 
Gruninger (1996) identified three main applications: communication (between people and 
organizations), inter-operability (between systems), and systems engineering (reusability, 
specification, reliability) [11]. A frequent question when introducing ontologies is how they 
differ from databases. A database is typically designed for a specific application and structures 
the data to support that specific use. Ontology exists outside of the systems that use it and is 
designed to describe a full knowledge domain, which makes it useful regardless of whether it 
holds any data. Ontologies are linked, dynamic and adaptable, and allow reasoning and 
inference. Table 2 provides the basic concepts of ontology used in this paper.  
 
Table 2. Ontology terminology and definitions 

 
The proliferation of information available, particularly unstructured data, is a primary driver of 
ontology development use, since ontologies enable information management, such as searching 
and linking information across sources, standardizing vocabularies, and decision support 
systems. The biomedical and life sciences domains support a number of ontology libraries [17] 
and seem to have a large community actively developing ontologies. The Gene Ontology in 
particular has been in use for over 20 years, and is frequently used to annotate data in the life 

Term Definition Example (not from SSCO) 
Classes concepts or types of objects a class “SolarSoftCost” includes 

possible types of soft costs 
Subclasses a class subsumed by another class; a subclass “is 

a” type of object belonging to the parent class 
a subclass “Installation Labor” is a 
type of soft cost 

Taxonomy hierarchical grouping of classes that share an “is 
a” or “kind of” relationship  

ElectricalLabor “is a” type of 
InstallationLabor 

Datatype 
Property 

a property of a class that links a class to a 
specific value  
 

Soft Cost “has cost” (cost), where 
“has cost” is the property 

Object 
Property 

a relationship between two classes or subclasses Installer “employs” Employee, where 
“employs” is the property and 
Installer and Employee are both 
classes or subclasses 

Triple Relationship described as subject-predicate-
object 

Permitting isA SoftCost, where 
Permitting is the subject, isA is the 
predicate, and SoftCost is the object 

Domain the subject of a triple Installer employs Employee, where 
Installer is the domain. 

Range the object of a triple InstallationLabor isA SoftCost, where 
SoftCost is the range 

Instance individuals or objects, though an ontology does 
not need to contain instances, it describes the 
means of classifying the instances 

Austin Energy is an instance of the 
class Utility 
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sciences[18]. GoodRelations has become the industry standard for e-commerce [19], and FOAF 
(friend of a friend) is commonly used for social networking applications [17,20]. We found that 
ontologies in the energy domain are most frequently related to smart home or building systems, 
electricity trading, and PV systems.  
 
In the smart building domain, ontologies varied from the physical building, systems, devices, and 
governing rules [21,22] to including device users [23–29] and the energy providers [30]. The 
inclusion of the role of actors within the knowledge domain is applicable to the design of our 
ontology; however, these ontologies do not appear to capture the interactions (or relationships) 
between actors in the system.  
 
Ontologies in the electricity and renewable energy domain are more varied. Daouadji et al. 
(2010) developed an ontology to coordinate and standardize resource descriptions to facilitate 
deployment of renewable energy across a varied and dynamic collection of resources in a 
virtualized smart grid [31]. A number of ontologies propose solutions for integrating various 
assets in the smart grid, managing generation resources, enabling electricity trading, and 
empowering prosumer participation [32–35]. Ciuciu et al., (2012) integrate both smart homes 
and smart grids in their ontology creating a social network of prosumers with smart homes 
connected in a smart grid [36]. The emphasis on representing sociotechnical energy systems in 
ontology indicates the need for complex knowledge representations that capture both the 
interactions and assets of these systems and users.  
 
Two ontologies specifically addressing solar PV stand out. Abanda et al. (2013) developed PV-
TONS that integrates the physical assets of a PV system and the building that it serves [37]. This 
ontology may integrate well into the SolarSystemComponent class in the SSCO discussed in 
section 4.1.3 below. Chi (2010) looks at the solar supply chain to build a conceptual knowledge 
model of supply partners, which provides an excellent model of integrating actors, assets, and the 
attributes of both into a single sociotechnical system [12]. 
 
While these energy related ontologies focus on product or data flows, they do not represent 
knowledge flows or actor-actor interactions. Rao et al (2012) developed an ontology to create 
organizational knowledge maps with the application of business process re-engineering [38]. 
This differs from our ontology in that the classes represent the structure of the knowledge 
system, where the actual knowledge exists in instances of the ontology (i.e., the actual “things” 
represented as a concept); in contrast, we have focused on the knowledge as the ontology classes, 
while representing knowledge flows as properties. Wu et al. (2013) also model organizational 
knowledge with an emphasis on using the resulting knowledge maps to facilitate improved 
knowledge discovery, rather than to track processes [39]. This approach is also related to one of 
the goals of the SSCO, i.e., to improve knowledge flows; but, as with Rao et al., it focuses more 
on the structure of knowledge than on the knowledge domains and relationships of different actor 
types to those knowledge domains. This difference in whether the structure of the knowledge 
system is the focus rather than the knowledge domain reflects essentially whether intra-
organizational versus inter-organizational knowledge ecosystems are being represented.  
 
3. Methodology 
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3.1 Development process flow                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
The SSCO development process started by reviewing a number of ontology development 
methodologies, including Methontology [40], ONION [41], DiDOn [42], and NeOn [43], as well 
as a number of unnamed approaches outlined in the literature [9,11,44,45]. Keet et al. (2015) 
review a number of methodologies and reduce the process to three primary stages, including 1) 
specification, 2) conceptualization, formalization, and implementation, and 3) maintenance [44]. 
Of these formally outlined approaches, we have most closely followed the Methontology 
approach described by Fernandez et al. (1997), which includes specification, conceptualization, 
formalization, integration, implementation, and maintenance, with knowledge acquisition, 
documentation, and evaluation as processes concurrent with the main ontology development 
activities [40]. We address specification in section 3.2, knowledge acquisition and 
conceptualization in section 3.3, and formalization and implementation in section 4.  
 
3.2 Ontology requirements specification 
Following the ontology development methodologies, we constructed a requirement specification 
outlining domain, purpose, scope, competency questions, and data sources [9,11,40]. 
Additionally, we identify scope and knowledge acquisition activities for later phases of ontology 
development. The goal in taking a phased approach is to deliver an interim, but complete, 
product of limited scope to stakeholders to elicit additional feedback and prioritize future work 
around user needs.  

1) Domain 
a. Solar soft costs  

2) Purpose 
a. To standardize the taxonomy of knowledge used by the network of solar actors 

(practitioners, policy makers, and researchers), which is regionally and 
programmatically diverse, and to provide a common organizing approach to solar 
knowledge researchers interested in studying knowledge flows and learning in the 
solar industry.  

3) Scope  
a. Knowledge elements related to soft costs in the residential solar installation industry, 

including customer acquisition, PII, installation labor, financing, and other soft costs 
(e.g., profit, overhead) 

b. Knowledge properties, such as tacit/codified, analytical/synthetic, local/non-local, 
and methods of knowledge transfer (training, learning by doing, conference, etc.) 

c. Network of actors (to capture and classify the actors involved in knowledge flows) 
d. Later phases 

i. Geography elements, such as utility, public utility commission (PUC), city, 
geographic region, authority having jurisdiction (AHJ) (The goal of this 
segment is to capture and classify specific instances of where policy, 
permitting, etc. contribute to soft costs.) 

ii. Firm properties 
iii. Commercial scale 
iv. Utility scale 

4) Competency Questions 
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a. What are the various soft costs elements? That is, what actually imposes a cost and 
thus impacts installed cost?  

b. What soft costs account for >x% of installed cost?  
c. Is soft cost X related to factors internal or external to a solar installation firm? 
d. Is the knowledge associated with managing soft cost X more codified or tacit? 
e. Who does an installer need to interact with in relation to soft cost X? That is, what 

actors are involved in a certain soft cost type? 
f. Can a hardware related innovation impact a certain soft cost? For example, racking 

innovations reduce labor costs.  
g. Can software related innovations impact soft costs? 
h. What type of activity (partnership, supply/contract, customer interactions, co-

locating, etc.) is more likely to help reduce certain soft costs?  
i. How do firms access other firms’ learning by doing? 

5) Data Sources 
a. Installation database, news items, industry reports, trade journals, company annual 

reports, algorithmic web scraping, and conference proceedings 
b. Tools (NVivo) 
c. Existing categories from reports from: NREL, RMI, DOE, LBNL, SolSmart 

3.3 Ontology conceptualization through corpus development and coding  
To develop a comprehensive inventory of concepts in the soft cost knowledge domain to 
consider for inclusion, we began with key reports on solar soft costs, including U.S. Department 
of Energy [2,6], National Renewable Energy Laboratory (NREL) [15], Lawrence Berkeley 
National Laboratory (LBNL) [4], Rocky Mountain Institute (RMI) [3], and SolSmart [5]. We 
reviewed the top level solar soft cost categories from each of these organizations to generate a 
comprehensive list of high-level soft cost search terms: soft cost, balance of system, customer 
acquisition, system design, PII, permit fee, installation labor, finance, sales tax, profit margin, 
indirect cost, supply chain, and planning and zoning (see Table 1). We then searched Science 
Direct, NREL, and IEEE Xplore repositories for “solar” AND one of the search terms, returning 
results from 2000-2017. We eliminated transaction cost and planning and zoning from the search 
terms, since they were too general and produced no relevant results. After removing duplicate 
results and reviewing abstracts for relevance, 183 articles remained. On closer review an 
additional 54 were deemed only tangentially related (e.g., solar PV in developing countries) or 
overlapping in content (e.g., conference and journal paper of the same content), resulting in 129 
papers in the final corpus (see Supplementary Information).  
 
We coded the corpus for all concepts relating to costs, barriers, time (e.g., permitting delays), or 
actors (e.g., utilities, municipalities, financial firms); learning processes were identified through a 
separate literature review. This resulted in nearly 500 concepts, which were each evaluated for 
relevance to the ontology scope, equivalence to other concepts, and relation to the primary soft 
cost categories. We followed a “middle out” approach [11], iterating over the steps below until 
arriving at a stable taxonomy of concepts.  
 
Process for taxonomy development: 

1. Group loosely associated concepts  
2. Examine concepts for sub-grouping and overarching themes 
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3. Develop hierarchical class concepts  
4. Review adherence to binary test, e.g., customer acquisition isA solar soft cost 
5. Iterate through each concept, refining definitions of concepts to determine equivalence 

and clarify hierarchical relationships. 
 
After reviewing the collected concepts, the SSCO includes two primary (SolarSoftCost and 
SolarNetworkActor) and five supporting (SolarSystemComponent, SolarInstallationSite, 
SolarPVSystem, Policy, and BehavioralConstruct) superclasses, with a total of 136 classes and 
subclasses. The Solar Soft Cost superclass includes first level subclasses: customer acquisition, 
finance, installation labor, overhead cost, supply chain, system design, and PII. The first level of 
the Solar Network Actors class includes 1) solar individual: solar employee and solar customer 
and 2) solar organization: installation firm, facilitator (e.g., trade organization, consultant), 
complementary firm (e.g., software services, distributors), building sector firm (e.g., developer, 
real estate sector), and AHJ. Figure 1 shows the organization of these classes, with details 
discussed in section 4.  
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Figure 1. High level classes of the Solar Soft Cost Ontology. Each of the nodes is further 
resolved into subclasses as shown below.  
 
4. Results  
 
We developed the SSCO using Protégé 5.0 [46]. Protégé is an ontology development 
environment developed at Stanford University that provides a graphical user interface to define 
ontologies. We ported the SSCO to WebProtégé to support collaborative development of future 
versions of the SSCO. In section 4.1, we first address the primary taxonomies that make up the 
SSCO, followed by the supporting taxonomies specified at a high level only. In sections 4.2 and 
4.3, we address datatype properties and object properties, respectively. Finally, section 4.4 



 11 

discusses the learning process framework and resulting properties. The full list of classes 
included in the ontology and their definitions are included in the SI section SSCO Definitions.  
 
4.1 Taxonomies 
4.1.1 Solar Soft Cost 
The solar soft cost taxonomy is the primary focus of the ontology and represents the most salient 
sources of solar soft costs from the literature. The top level of subclasses includes: 
CustomerAcquisition, Finance, InstallationLabor, OverheadCost, PII, SupplyChain, and 
SystemDesign. Figures 2-8 shows the SolarSoftCost subclasses. We discuss the reasoning 
around some of our key design decisions below.  
 
Customer acquisition, shown in Figure 2, is one of the largest contributors to residential solar 
soft costs [1,2,47]. A broad spectrum of activities falls into the acquisition process, loosely 
referred to as sales. But the sales team may be involved in everything from generating leads, to 
marketing and direct sales, to site assessment, system design, and bid preparation, before 
handing the customer over to the installation team. We decided to separate engineering and 
design from customer acquisition both to keep to a stricter semantic interpretation of customer 
acquisition and to follow a more formal division of labor that can accommodate larger, national 
installers, as well as commercial and utility scale installers. In broad terms, the progression of 
customer acquisition is lead generation [48,49], marketing communication [50], bid preparation 
[47], and conversion (i.e., solar adoption) [49]. The former three tasks make up the first level of 
the customer acquisition subclass. Conversion is not included as a subclass, since it does not 
incur a direct cost, but rather is an outcome of the other expenditures. Each stage and method in 
the customer acquisition process leads to a conversion rate, which is best captured as a datatype 
property, e.g., lead generation hasConverstionRate. Using this structure, conversion rates, where 
they are known, would be captured as instances in the SSCO [15,49,51]. 
 
One challenge of the customer acquisition subclass was deciding if customer acquisition costs 
should be restricted to costs incurred directly by an installer or if outside activity that reduces 
barriers to customer acquisition (e.g., solarize campaigns, solar home tours) or increases 
conversion rates (e.g., incentive programs) should be included. Because the installer is the unit of 
analysis and impacts of outside activities on internal costs can be difficult to ascertain, we restrict 
this class to customer acquisition costs directly incurred by the installer. The Policy class (shown 
in Figure 1 and discussed in section 4.1.3), would include external interventions, such as 
incentives and solarize campaigns, with a property linking the impact on customer acquisition 
and conversion rates.  
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Figure 2. CustomerAcquisition subclass of SolarSoftCost superclass. 
 
Finance for residential solar is most often discussed in terms of consumer financing of the 
system [15,48,52,53]. This is an incomplete view of financing in the residential solar space, as 
financing for the solar installer is a critical component to consider for soft costs. We have 
separated these two concepts into subclasses: OwnershipModel [49,51,52,54–60] and 
BusinessModel [56,60,61], as shown in Figure 3. The primary ownership models include 
customer ownership, third party ownership, and subscription models [54]. While subscription 
models typically apply to non-residential systems that are part of community shared solar, we 
included them here for completeness of options available to residential consumers. Likewise, we 
included a business model for community shared solar to represent to the full suite of competing 
business models in the residential solar space. The soft costs associated with financing solar 
installations can be challenging to determine, since much of the cost may be indirect in the cost 
of customer conversion based on available and attractive financing options [58,62]. Similarly, 
there is some overlap in supply chain costs (discussed below) and finance as distributors provide 
financing to installation firms via payment terms.  
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Figure 3. Finance subclass of SolarSoftCost superclass. 
 
Installation labor accounts for over 10% of solar soft costs [2], with wages and installation time 
having the largest impact. Morris et al. (2014) studied installation labor costs and broke down 
costs into racking and mounting, pre-install, electrical, and non-production (e.g., delays, rest 
breaks, and construction cleanup) [3]. We have integrated this breakdown with additional labor 
classifications from the corpus, starting with subclasses for self-installed and professionally 
installed systems, then breaking down professional labor into electrical, general construction 
(which includes pre-install, racking and mounting), project management, and roofing labor [63–
68], as shown in Figure 4. Not all studies differentiate between general construction and roofing 
labor, which seems related to local labor regulations and illustrates the difficulties of developing 
a standardized ontology. We included roofing here for those instances where it is separate and 
required; however, the SolarEmployee subclass in the SolarNetworkActor class could also 
provide a means of inferring roofing costs through a property capturing employee title or 
certification, albeit in a more roundabout way. Morris et al. (2014) also include coordination in 
both pre-install and non-production [3]. A well-structured ontology requires removing this 
ambiguity, thus we include all coordination activity as part of the ProjectManagementLabor 
class. We anticipate that subdividing labor costs will be challenging, thus the SSCO maintains a 
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level of subclasses general enough to accommodate a higher-level subdivision, as well as lower 
level subclasses that accommodate the detailed benchmarks provided by Morris et al.  
 

 
Figure 4. InstallationLabor subclass of SolarSoftCost superclass. 
 
Overhead cost can include a variety of costs depending on how a firm organizes expenditures 
[15,66,68]. We include two subclasses shown in Figure 5: profit margin [3,15,68] and solar 
services software [15,47,57]. Solar services software with features ranging from site assessment 
to bid-preparation to design templates is both a cost (i.e., purchase price) and means of reducing 
costs (i.e., efficiency). The variety of software indicates that software should be a subclass with a 
property linking to the concepts supported by the different functions of the software packages. It 
is not clear that profit margin should be included under overhead costs or that software is 
overhead rather than operations from an accounting perspective. Additionally, a case may be 
made for each of the subclasses to be elevated to the next higher level rather than grouped under 
Overhead. We have decided to group these as subclasses of Overhead to provide greater focus on 
the high-level categories and to better match the primary identified categories listed in Table 1. 
However, this ambiguity illustrates the need for coordination across researchers and practitioners 
in identifying primary drivers of solar soft costs. 
 

 
Figure 5. OverheadCost subclass of SolarSoftCost superclass. 
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Permitting, inspection, and interconnection are typically grouped together and include the 
processes of working with cities and utilities to commission a solar PV system. As shown in 
Figure 6, this class of soft costs includes direct costs, such as permitting fees, and indirect costs, 
such as time delays and travel. The primary PII process includes application, review, and 
approval for permits (municipal) and interconnection (utility), as well as all inspection processes. 
The application requirements for permitting and interconnection can have some overlap with 
system design given that design documents will be produced in the system design phase. 
Different jurisdictions also require different types of inspections, which may include design, 
aesthetic, zoning, electrical, structural, interconnection, building, mechanical, and plumbing 
[63,64,69]. The SSCO only includes subclasses for electrical and structural, since these are the 
most common; however, the SSCO can be extended to include additional inspection types if 
needed. Recent efforts to streamline PII processes lead to a number of benchmarks, such as 
online or automated applications, short turnaround time, and capping fees, thus we designed the 
PII class to outline the main process steps to act as the domain of properties (see section 4.2) that 
can be used to benchmark and infer adherence to best practices.  
 

 
Figure 6. PII subclass of SolarSoftCost superclass. 
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Supply chain soft costs account for over 12% of total solar soft costs [2], making this an 
important area of focus. However, there is relatively little specific discussion on what constitutes 
supply chain costs. Of 15 items in the corpus coded to supply chain, only 6 include any 
discussion. Since there is not a lot of information specifying solar supply chain soft costs in the 
literature, the main concepts included as subclasses are associated with supply chains in general 
(e.g., logistics, warehousing), see Figure 7. When thinking about related soft costs, carrying costs 
(inventory, warehousing, finance), lead times (distribution, transportation), and delays that result 
in price reductions not passing through to the customer (inventory) are some of the supply issues 
that directly contribute to soft costs. However, these costs may not be discrete or consistently 
tracked such that they can be assigned to a single subclass. Additionally, many of these soft costs 
are attributes of the hardware itself (e.g., lead time) and will be discussed in section 4.2. Smaller 
installers may benefit from a taxonomy that recognizes the direct costs regardless of how they 
are categorized in a more academic taxonomy of supply chain; however, determining the direct 
supply chain costs and relevant ontological structure requires additional research, since the 
current literature does not include detailed analysis of supply chain costs for solar installers.  
 

 
 
Figure 7. SupplyChain subclass of SolarSoftCost superclass. 
 
System design includes the labor and related expenses necessary to design the solar PV system. 
There are three primary aspects of system design identified as contributing to soft costs: codes 
and standards compliance, engineering design, and site assessment [70–72], as shown in Figure 
8. These aspects of the system design process may be difficult to separate in practice, since 
engineering design must comply with codes and standards, and site assessment yields 
specifications for engineering design and sometimes is performed as part of the bid preparation 
process. In theory, the more tightly integrated these aspects of system design, the lower the 
related soft costs, but the more difficult to separate the costs.  
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Figure 8. SystemDesign subclass of SolarSoftCost superclass. 
 
4.1.2 Solar Network Actor 
One of the primary goals of the SSCO ontology is to track knowledge flows about soft costs, 
which requires identifying the network of actors that produce, share, and acquire knowledge. The 
SolarNetworkActor class, shown in Figure 9, first distinguishes the SolarIndividual and 
SolarOrganization to differentiate individual and organizational learning, as well as provide a 
generic layer of the taxonomy to allow for instances where the ontology user does not know or 
wish to use more specific subclasses. The SolarNetworkActor class identifies the actor 
categories, but does not specify properties for details, such as name, physical location, 
relationship with other actors (e.g., employees, coworkers), and role, since ontologies that 
address these attributes already exist (e.g., The Organization Ontology [73] and FOAF [20]) and 
could be integrated based on user needs. 
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Figure 9. SolarNetworkActor class and subclasses using WebVOWL visualization tool, where 
the red outline is the superclass, SolarNetworkActor [74]. 
 
SolarIndividual includes two subclasses: SolarCustomer and SolarEmployee. These two 
subclasses are not disjoint, since an individual can work for a solar organization and install solar 
on their home making them both a solar customer and employee, and thus a member of both 
subclasses. Solar customers are a key part of the solar ecosystem, not just because they create 
demand for solar, but also because they have an important role in sharing information both to 
other potential solar customers through peer effects [58] and to installers through preferences, 
acceptance of bids, and providing information about competing bids. Additional customers 
identified in the literature include system users, operators, and electricity traders, which are out 
of scope from our focus on residential solar [56]. 
 
Solar employees are the individuals primarily responsible for acquiring, producing, sharing, and 
implementing knowledge within the solar organization. The modifier “solar” may be over 
specified as certain actors may not be explicitly or exclusively employed by the solar industry, 
e.g., distributors, electricians, and roofers work across many applications of their skills, but for 
the purposes of this ontology, all individual actors who are a part of the solar ecosystem are solar 
employees. A number of specific roles and titles were discussed in the corpus (e.g., appraiser, 
designer, auditor) and considered for inclusion; however, firm organization and titles are too 
varied to include and forcing this structure would not contribute to the ontology objectives (see 
SI section S1.0). Instead, we use properties (i.e., hasWage, hasRole, and hasFirm) to capture 
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attributes relevant to employees in terms of their position in the network and relationship to the 
soft cost knowledge. 
 
SolarOrganization includes five organization level subclasses: InstallationFirm, 
AuthorityHavingJurisdiction, ComplementaryFirm, Facilitator, and BuildingSectorFirm. 
InstallationFirm describes a variety of firms with different business models, from large, national 
vertically integrated firms to small, installation only (e.g., no manufacturing or customer finance 
offerings) firms to firms who have a non-solar line of business (e.g., roofing company, home 
builder). Installation firms are pivotal in the soft cost knowledge domain, since they are at the 
interface of all solar soft costs, from those imposed by AHJs to those incurred by complementary 
firms and passed through equipment or service pricing. The relevant properties for installation 
firms focus on those attributes that impact how firms create and manage soft-cost related 
knowledge, such as 1) experience (section 4.3) which is characterized by the number of 
installations and installed capacity; 2) absorptive capacity (section 4.3), the ability to acquire and 
implement relevant knowledge; 3) installer size, which can be characterized by revenue or 
number of employees; 4) founding date; 5) service area; and 6) the number of AHJs the firm 
works within, which would be inferred from the service area [67,68,75]. The number of AHJs is 
an interesting factor related to soft costs, as the overhead and time required to work in more 
AHJs may prevent firms from realizing economies of scale, which may in turn restrict learning 
and network development. While these attributes have primarily been identified as relevant to 
soft costs for installation firms, these attributes will be specified for all solar organizations as 
they generally impact knowledge flows within the solar ecosystem. 
 
Authorities having jurisdiction include all levels of government (i.e., federal, state, county, and 
municipal) and utility companies that exercise authority in setting policy that impacts the design, 
installation, and commissioning of a solar installation. While homeowner associations (HOAs) 
may also have some authority over these factors, they are included in BuildingSectorFirm, since 
they are usually established and managed by developers. Government AHJs usually establish 
building and safety standards, solar policy (e.g., rebates, tax incentives and policies), and PII 
processes, while utilities determine interconnection policies and compensation for solar energy 
production. In the U.S., there are 18,000 jurisdictions and 3,000 utilities that set solar policy in 
addition to the 50 states and federal government [6]. This creates a significant knowledge burden 
on installation firms seeking to operate in multiple markets. Relevant properties for AHJs, listed 
in section 4.2, include: 1) area, which can be service territory for utilities or political boundary 
for municipal, county, or state; 2) authority, which includes the soft categories over which the 
AHJ has influence or sets policy; 3) policies, such as renewable portfolio standards, set by an 
AHJ that can incentivize adoption, leading to increased conversion rates.  
 
ComplementarySectorFirm includes firms that support needed functions within the solar value 
chain, such as manufacture and distribution of components or financing for solar PV systems 
[76]. Facilitator includes those firms that provide training, research, standards, and subject 
matter expertise to facilitate best practices [56]. We do not assume the subclasses to be 
exhaustive, only representative of those organizations mentioned in the corpus, and we expect 
this category to change over time as industry needs change. Complementary firms and 
facilitators may have some overlap, but here we look at their main function to provide clarity. 
Those firms that provide essential functions in the value chain, such as manufacturing and 
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distribution of components or software for site assessment or business processes, are 
complementary firms. Those firms that work to increase the ease with which installers can enter 
the market, improve processes, and navigate policy, regulation, and codes are facilitators.  
 
Building sector firms have a lot of influence in the residential solar market and can impact solar 
PV installation costs through their practices and product offerings [60,77]. This is particularly 
important as builders determine roof geometry and orientation, HOA rules governing solar, and 
whether homes will be solar-ready or come with an option that finances solar in the mortgage. A 
subclass for the real estate sector is included since it can impact how homes with solar are 
appraised or financed, and, through realtors, how solar is perceived by potential buyers [52]. The 
associated soft costs of this sector are difficult to determine; however, the potential scale of 
decision-making authority could have profound impacts, making this group of actors important 
to consider in a policymaking and market context.   
 
4.1.3 Supporting Taxonomies 
In addition to the two primary taxonomies of the SSCO, we identified five additional supporting 
taxonomies that complete the knowledge domain, particularly for documenting key attributes 
that impact soft costs and relationships that impact knowledge flows. These taxonomies are not 
expanded, since detailed subclasses are not needed to illustrate their role in the soft cost 
knowledge domain.  
 
SolarSystemComponent is a class designed to contain all of the potential components of a solar 
installation. This class includes a subclass for hardware such as panels, inverters, mounting 
systems, wiring and electrical components, and batteries or storage components, as well as a 
subclass for software used in the operations and maintenance of the system, such as tracking and 
monitoring. The components used (e.g., string inverters versus microinverters) impact 
installation labor (e.g., time, wages), supply chain (e.g., substitutability), and finance (e.g., 
bankability), thus this class is needed to capture properties of the system that impact soft costs. 
The full specification of this class is beyond the scope of this paper as analyzing and designing 
this taxonomy is an extensive exercise.  
 
SolarInstallationSite is a class needed to capture properties related to the location where the solar 
PV system is installed, such as location, insolation, roof pitch, construction type (i.e., new or 
retrofit), and PV ready circuit that can all significantly impact the design and cost of a solar PV 
system [64,78]. Similarly, the SSCO includes a class, SolarPVSystem, to capture how PV system 
variants can contribute to soft costs. 
 
The SSCO also contains classes for Policy and BehavioralConstruct, because of their extensive 
coverage in the corpus, which included over 150 concepts related to policy, behavior, or 
interventions. Both of these concepts were present in over half the corpus. Policy related 
concepts that impact soft costs included tax incentives, net metering, renewable energy portfolio 
standards, upstream investment, and research, design and development, to name a few. The list is 
long and developing a comprehensive taxonomy of solar policy would be an extensive ontology 
of its own. Here we include a class for completeness and to include the relationship between 
policy and solar soft costs. For example, trade policy, such as tariffs, would impact the solar 
supply chain, one of the least detailed areas of expenditure in the literature. However, it is 
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unclear the exact mechanism of the impact. It is possible that such a cost would be wrapped into 
the cost of goods, particularly for panels and inverters, thus would be accounted for in hardware 
costs. However, trade policy may also manifest in supply chain soft costs if delays occur. Given 
that vertically integrated installers and smaller installers might experience these follow on costs 
differently, the design of the ontology includes a property, impactsCostOf, to link policy and soft 
costs (e.g., supply chain costs) that could be used to specify this impact for a particular instance 
on a case-by-case basis. 
 
Similarly, behavioral constructs and the literature on energy and pro-environmental behavior and 
decision-making as it relates to solar would require an extensive, independent effort as a stand-
alone ontology. Behavioral constructs in this context most directly impact customers and solar 
adoption, which can have significant impacts on customer acquisition and conversion rates.   
 
4.2 Properties 
4.2.1 Datatype properties 
The scope of the datatype properties in the SSCO is based around capturing direct costs, indirect 
costs (e.g., time), and other concepts necessary to understand the variability in direct and indirect 
costs. Table 3 below includes the properties needed to capture direct and time-related costs on 
the SolarSoftCost class. These properties are designed to be general enough to apply to all 
subclasses, while still providing unambiguous costs. For example, permit fees would be captured 
through Permit hasUnitCost ($/fee) rather than a “hasPermitFee” property, and advertising costs 
would be captured through Advertising hasCost ($). This avoids the complexity of having a 
specific cost property for each subclass without sacrificing meaning or clarity. The different 
levels of abstraction allow for different detail in tracking expenses. For instance, some firms may 
track customer acquisition costs in total; whereas, some firms may track lead generation efforts 
and communication separately. When used as a schema, these different levels of fidelity allow 
for benchmarking at each level of the ontology based on available information (i.e., instances), 
where users could select the level of analysis based on the completeness of data needed. 
 
Table 3. SSCO datatype properties for the SolarSoftCost class for capturing direct costs and 
costs related to time. 

Property Units Definition 
hasCost $ Costs that are captured at class or subclass level, do not scale directly 

with units or systems, or apply directly (e.g., permit fees) 

hasUnitCost $/unit Cost scales on per unit basis, with unit related to subject of triple, e.g., 
CustomerAcquisition ($/customer), LeadGeneration ($/lead), 
BidPreparation ($/bid), DoorToDoor ($/door) 

hasSystemCost $/system Costs that scale based on number of systems installed 

hasKWcost $/kW Costs that scale based on PV system size 

hasTrainingCost  $ or 
$/employee  

Cost of training, conferences, etc. May be inferred from hasTime and 
hasWage. 

hasTime days Time incurred to complete a process or acquire a needed item, e.g., 
time needed for bid prep, inspection, system design 
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hasTimeDelay days Calculated based on difference from benchmark, goal, or class 
minimum 

 
After coding the soft cost corpus, a number of concepts emerged that impact soft costs, but that 
do not follow the isA relationship of the taxonomies. These concepts were considered for 
inclusion as datatype properties, resulting in the features of the installation site, solar PV system, 
and required components that impact soft costs, but whose impact may not be fully monetized. 
Table 4 below details the datatype properties included in the SSCO and the associated class or 
subclass. The property hasConversionRate is a particularly complex attribute, because it varies 
by the soft cost subclasses (e.g., finance, lead generation, marketing communication method) and 
customer segments, which are themselves defined differently by different entities and 
applications. Values for instances would likely take a matrix form with different conversion rates 
based on soft cost and market segment, but this specific implementation is beyond the scope of 
the current version of the SSCO ontology.  
 
Table 4. SSCO datatype properties for features of installation site, solar PV system, and required 
components that impact soft costs. Where no subclass is specified, all subclasses inherit the 
property.  

Class Subclass Property Name 

SolarSoftCost CustomerAcquistion 
Finance 

hasConversionRate, hasCustomerSegment 

SolarNetworkActor SolarOrganization hasAbsorptiveCapacity, hasExperience, hasFirmSize, 
hasFoundingDate, hasServiceArea 

SolarNetworkActor AuthorityHavingJurisdiction hasArea 

SolarNetworkActor SolarEmployee hasWage, hasTravelTime 

SolarPVSystem  hasTransactionPrice, hasUpfrontCost, hasLoanType, 
hasLoanFeature, hasMonthlyPayment, hasSystemSize, 
hasSystemType, hasCompletionTime 

SolarInstallationSite  hasInsolation, hasRoofType, hasRoofPitch, 
hasRoofCondition, hasConstructionType, 
hasPVReadyCircuit, hasLocation 

SolarSystemComponent  hasLeadTime, hasBankability, hasInstallationTime, 
hasPurchaseDate, hasCarryCost 

 
 
While there were few details related to supply chain soft costs, concepts such as length, 
complexity, flexibility, and adaptability were mentioned as issues related to increased costs and 
delays [79,80]. Ideally properties would capture these attributes of a supply chain, but the 
concepts are somewhat vague and difficult to characterize, thus determining the best 
implementation is beyond the information available in the corpus. We did, however, include 
related properties for SolarSystemComponent that are indicative of supply chain complexity 
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issues, including lead time, substitutability, and interoperability [3,65,81], with the latter two 
implemented as object properties (see Table 5). This allows the SSCO to serve as a knowledge 
base for attributes necessary to reducing costs, even where the specific details are not yet 
available in the literature. 
 
The SolarPVSystem itself can determine many aspects of soft costs, such as economies of scale 
related to the size of the system (hasSystemSize) and the cost and financing features, which can 
impact conversion rates. The level of customization will have different associated soft costs, 
particularly regarding engineering design and labor, as captured by hasSystemType, which 
includes types, such as plug-and-play and bespoke [71]. Many of the remaining features are 
object properties linking the system with SolarSystemComponent. Similarly, the 
SolarInstallationSite determines many of the soft costs based on construction conditions and 
location [64,78]. 
 
4.2.2 Object properties 
Table 5 below documents the object properties, excepting learning processes, that relate different 
classes and subclasses, as well as the inverse properties where the ontology scope indicates 
usefulness of understanding both directions of a relationship. Relationships between behavioral 
constructs and policy and their respective impacts on solar soft costs are not detailed as the 
number of policies and the underpinning behavioral constructs are many. To reduce complexity 
of the SSCO, certain relationships are intermediated. Using the triple form (i.e., subject-
predicate-object), this looks like ‘SolarPVSystem hasSystemComponent 
SolarSystemComponent’ and ‘InstallationFirm installs SolarPVSystem’. Through this grouping, 
we do not directly relate the installation firm to the system components used, but rather can infer 
which installers use which components. Similarly, the triple ‘SolarInstallationSite hasSystem 
SolarPVSystem’ and the components used at a particular site would be inferred through the 
system installed on that site. This intermediary approach provides a way to look at both 
individual and organizational relationships to soft costs without introducing inconsistencies.  
 
Table 5. SSCO object properties, including domain, range, property, and inverse property, where 
applicable. The top-level class and lowest relevant subclasses are listed, but not the subclasses at 
levels in between in order to simplify the table while providing clarity on levels of inheritance. 
Domain Class Domain Subclass Property Range Class Range Subclass Inverse Property 

BehavioralConstruct  motivates SolarNetworkActor  isMotivatedBy  
 informsDesignOf Policy  isInformedBy 

Policy  impactsCostOf SolarSoftCost 
SolarSystemComponent   

SolarInstallationSite  isInAHJ SolarNetworkActor AHJ contains 
 hasSystem SolarPVSystem  hasSite 

SolarPVSystem 

 hasInstaller SolarNetworkActor 
InstallationFirm 
BuildingSectorFirm 
SolarCustomer 

installs 

 hasSystemComponent SolarSystemComponent   

 isOwnedBy SolarNetworkActor InstallationFirm 
SolarCustomer owns 

SolarSystemComp.  substituesFor SolarSystemComponent   
 interoperableWith SolarSystemComponent   

SolarNetworkActor 
 

 writesStandard SolarSoftCost  standardWrittenBy 
SolarCustomer usesOwnershipModel SolarSoftCost OwnershipModel  
SolarEmployee isEmployedBy SolarNetworkActor SolarOrganization employs 
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 completes SolarSoftCost  isCompletedBy 
usesSoftware SolarSoftCost SolarServicesSoftware  
usesSiteAssessment SolarSoftCost SiteAssessment  

InstallationFirm 
 

worksInAHJ SolarNetworkActor AHJ  
offersOwnershipModel SolarSoftCost OwnershipModel  
hasBusinessModel SolarSoftCost BusinessModel  
hasProfitMargin SolarSoftCost ProfitMargin  

AHJ 

requiresComponent SolarSystemComponent   
hasPolicy Policy   
requiresPII SolarSoftCost PII isRequiredBy 
issuesCode SolarSoftCost  isIssuedCodeBy 

ComplementaryFirm suppliesComponent SolarSystemComponent   

Facilitator supports SolarSoftCost 
SolarSystemComponent   

SolarSoftCost SupplyChain hasBottleNeck SolarSystemComponent   
 
Examining domains (subject) and ranges (objects) of the properties (predicates), as well as the 
datatype properties in section 4.1, provides insight as to how soft costs, components, actors, and 
physical conditions at the installation site ultimately influence solar PV system price. Using the 
triple form, e.g., ‘SolarEmployee completes SolarSoftCost’ and ‘InstallationFirm employs 
SolarEmployee,’ allows inference of which firms impact which soft costs through the activities 
of their employees. Likewise, usesSoftware and usesSiteAssessment can link which employees 
and installers use methods identified as best practices for streamlining processes and reducing 
soft costs. Through examining the properties associated with the different actors (domains), we 
can see which actors directly influence soft costs by writing standards, issuing codes, or setting 
product offerings and profit margins. The remaining piece of the solar soft cost ecosystem is to 
understand how information or knowledge regarding soft costs flows between actors, discussed 
in the learning process framework below.  
 
4.3 Learning process framework 
In order to map the flow of knowledge between actors and soft cost concepts, we must define the 
different learning processes (relationships) by which knowledge flows within and between firms. 
In identifying the learning processes, we did not use the same literature used for developing the 
SSCO, since the soft costs literature has very little discussion of learning processes and 
knowledge flows. There were no systematic search terms used for identifying the learning 
processes. Rather, we started from Figueiredo (2002) and used the literature and our expert 
judgement as a basis for clarifying definitions as relevant to the SSCO. Since the SSCO was 
developed as a building block to understand how knowledge spillovers can impact solar soft 
costs, we first identified the spillover processes of interest that would be included in the scope of 
the SSCO: 
 

1. an actor using a learning process to acquire knowledge about soft costs outside their 
firm (External Knowledge Acquisition), 

2. an actor using a learning process to produce knowledge about soft costs (Internal 
Knowledge Acquisition), 

3. an actor using a learning process to share knowledge about soft costs within the firm 
(Knowledge Socialization Knowledge Conversion), 

4. an actor codifying knowledge for the purpose of sharing (Codification Knowledge 
Conversion), and 
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5. the combination of steps above to map the process from knowledge acquisition to 
knowledge sharing to knowledge utilization. 

 
We start with a framework for learning processes outlined by Figueiredo (2002) [82] and specify 
additional subprocesses of interest as shown in Figure 10. The two primary categories are 
knowledge acquisition and knowledge conversion. Knowledge acquisition processes describe 
individual-level processes for acquiring knowledge; whereas, knowledge conversion processes 
are those processes that convert individual knowledge to organizational knowledge. Knowledge 
acquisition breaks down into two categories: external knowledge acquisition and internal 
knowledge acquisition. External knowledge acquisition includes “processes by which individuals 
acquire tacit and/or codified knowledge from outside the company.” [82] This process includes a 
number of learning subprocesses of which we will focus on learning by: interacting with 
suppliers or users [83], training, alliance, hiring, and imitating [84]. As properties, these 
subprocesses take the form learnsByInteracting, learnsByTraining, learnsByAlliance, 
learnsByHiring, and learnsByImitating, where the domain and range is the SolarIndividual 
subclass. This introduces a grammatically awkward triple in the form, for example, actor1 
learnsByInteracting actor2, when the more correct statement would be actor1 
learnsByInteracting with actor2. We have eliminated the prepositions, since the properties 
become cumbersome and the meaning of the shorter form conveys the actors and process 
involved. 
 
Internal knowledge acquisition in this framework is restricted to tacit knowledge acquisition by 
individuals within the firm. Figueiredo describes activities for internal knowledge acquisition 
that coincide with learning subprocesses: learning by doing, using, and searching [82,84,85], 
which is also consistent with Zahra et al.’s (1999) definition of experimental learning that 
distinguishes between acquisitive and experimental learning. In that dichotomy acquisitive 
combines the process of external knowledge acquisition and internalizing that knowledge; and 
experimental learning is internal to the firm and generates new knowledge. Thus, Zahra et al.’s 
definition of acquisitive learning is a less precise definition than Figueiredo, since it includes two 
processes (acquisition and internalization); whereas, experimental learning is consistent with 
Figueiredo’s definition of internal knowledge acquisition. Here the properties are 
learnsByDoing, learnsByUsing, and learnsBySearching; the domain is SolarIndividual; and the 
range is SolarSoftCost.  
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Figure 10. Learning process framework, where the learning process properties are the lowest 
level of the hierarchy, e.g., learnsByInteracting. 
 
Knowledge conversion processes are those processes that convert individual knowledge to 
organizational knowledge. Knowledge conversion is further categorized into knowledge 
socialization and knowledge codification [86]. In knowledge socialization, individuals or groups 
within the organization share tacit knowledge, which can occur through a number of learning 
subprocesses including learning by training, interacting, and observing [82]. Since both internal 
knowledge acquisition and knowledge socialization are internal to the firm and restricted by 
definition to tacit knowledge, it is important to distinguish the difference. Internal knowledge 
acquisition learning processes link an actor and solar soft cost; whereas, knowledge socialization 
links two actors. From an ontological perspective the triple for internal knowledge acquisition 
looks like ‘SolarIndividual learnsBy(process) SolarSoftCost’, while knowledge socialization 
looks like ‘SolarIndividual learnsBy(process) SolarIndividual’. In both cases, the literal form 
should read ‘SolarNetworkActor learns about SolarSoftCost by(process), which does not readily 
map to triple form. For instance, ‘SolarEmployee learnsByDoing CustomerAcquistion: 
BidPreparation’ indicates that an employee improved the bid preparation process through 
learning by doing (i.e., experience), where the improvement could then be inferred from 
reductions in the hasTime property or increase in the hasConversionRate property. Learn by 
interacting and learn by training are learning processes for both external knowledge acquisition 
and knowledge socialization. Were instances added to the SSCO, these learning processes could 
be differentiated by examining the property isEmployedBy (see Table 5 Object Properties), 
where the same organization corresponds to knowledge socialization and a different organization 
to external knowledge acquisition. This distinction is important when comparing installation 
firms, since we might expect differences in prices and processes for firms based on their ability 
to acquire external knowledge or to better absorb internal knowledge. 
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Knowledge codification is the process of converting tacit knowledge to codified knowledge, i.e., 
making implicit knowledge explicit. The two learning subprocess of knowledge codification that 
we focus on are learning by standardizing and learning by writing [82]. The process of 
standardizing processes or procedures or complying with standards necessarily requires 
transitioning tacit knowledge to explicit knowledge. Similarly learning by writing, which 
includes creating documentation, presentations and training materials, requires the articulation of 
tacit knowledge to explicit knowledge. Similar to internal knowledge acquisition the properties 
take the form ‘SolarIndividual learnsBy(process) SolarSoftCost’. Here, ‘SolarEmployee 
learnsByStandardizing InstallationLabor’ describes a process whereby writing a manual or guide 
for other employees improves internal installation processes and consistency across the 
organization. This would be expected to manifest in lower installation costs and improved 
quality, which may show up indirectly as increased reliance on referrals for customer acquisition 
related to higher customer satisfaction. These indirect relationships would be much easier to infer 
in the ontological framework. 
 
This ontological approach requires precise definitions of these key concepts resulting in discrete 
and disjoint concepts. Zahra et al (1999) discuss “the necessity of nurturing the managerial 
processes used in developing, capturing, transferring, and utilizing this knowledge in achieving 
organizational success.” In the framework outlined here developing is accounted for by 
knowledge acquisition, capturing by knowledge codification, and transferring by knowledge 
socialization. Utilizing, or exploiting, the knowledge is another matter and best captured as a 
property of organizations identified in the Solar Network Actor taxonomy; we use 
hasAbsorptiveCapacity as the property to capture this aspect of knowledge utilization.  
 
 
5. Discussion  
 
Now that we have detailed the solar soft costs, network of actors, relationships between them, 
and learning processes that describe knowledge flows in the solar ecosystem, we illustrate use 
cases for the SSCO as a solar soft cost knowledge domain for three primary stakeholders: 
researchers, policymakers, and firms/industry.   
 
An overarching use case for all stakeholders is to provide a uniform benchmarking tool across 
soft cost studies. The hierarchical nature of the ontology enables instances at the project or study 
level to be entered at any level of detail. For instance, if one study includes customer acquisition 
in total, a second study includes lead generation and marketing communication as separate 
values, and a third includes a detailed breakdown of marketing communication by type, bid 
preparation, and lead generation, using the SSCO schema allows for inclusion of all of these 
studies with built-in caveats (e.g., the data architect does not need omit or flag data as 
incomplete, since the hierarchical point of entry provides the details of what the data represents). 
The user can then query the ontology at the customer acquisition level based on a tailored 
specification of completeness (e.g., only instances that include at least two subclasses) or can 
query for marketing communication costs and only receive data related specifically to marketing. 
One specific limitation of the ontology is that we chose to separate customer acquisition and 
system design; whereas, a number of studies (discussed in section 2.1) group these categories 
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together. While many residential installers group these tasks within the sales department, they 
are fundamentally different activities and skill sets; thus, we decided to separate them as 
discussed in section 4.1.1. Studies that have grouped them without disaggregation would not fit 
into the schema of the SSCO; however, summing costs associated with both categories would 
still allow comparison, as would modifying the SSCO to include the SystemDesign class as a 
subclass of CustomerAcquisition class.   
 
The properties of the ontology, once populated with instances, allows for inferring the potential 
of certain policies or technical solutions to reduce soft costs. For example, looking at 
hasTravelTime in conjunction with hasWage can indicate which processes benefit the most from 
1-day installs or streamlined inspections. The value of plug-and-play systems over bespoke 
systems could be inferred from the system design and PII classes, as well as other soft costs 
specifically identified as mitigated by the new design. 
 
5.1 Use cases for researchers  
Research design. The SSCO is the ground-level building block for a large, multiyear research 
endeavor, exploring soft cost drivers and the state of learning mechanisms that need to be 
addressed for soft costs to fall. As such, this first use case is taken from our own direct 
experience in developing an extensive collaborative survey instrument. In the context of research 
design, the ontology proved particularly useful for easily identifying how concepts should be 
grouped, eliminating redundancy (concepts that are synonyms or have a hierarchical 
relationship), focusing on central concepts, and ensuring exhaustive coverage of the knowledge 
domain (e.g., by mapping survey questions or hypotheses to the appropriate taxonomy), which is 
particularly valuable for nascent fields of study and collaborative research. As part of this work, 
our team of collaborators designed an extensive survey to capture aspects of individual and 
organizational learning, knowledge implementation practices, and networks of actors. While we 
could have used a traditional approach to developing research questions and a survey instrument, 
large collaborative projects introduce challenges to maintaining consistency and eliminating 
redundancy both in the questions and response choices provided. Working from an ontology, 
allowed quick identification and resolution of these challenges. Our specific methodology 
included the following steps: 1) collect research questions and their related survey questions 
from all collaborators, 2) develop a research objectives matrix with corresponding questions, 3) 
identify the SSCO classes or subclasses corresponding to each objective and question, and 4) 
remove redundancies and out of scope questions. Using the SSCO allowed the distributed 
research team to quickly create uniform and consistent questions and response choices for 
multiple research topics, enabling a more robust analysis. By rooting the survey instrument in an 
ontology, the results and what they can and cannot address, as well as the conclusions that can be 
validly drawn, are also clarified. 
 
Gap analysis. The machine-readable format of the ontology allows for consistent and automated 
search of the solar soft cost literature. Using the concepts of the SSCO to search and index the 
literature, a comprehensive body of knowledge related to soft costs can be warehoused and 
visualized. The hierarchy of terms provides a means to determine how in depth an article is in 
relation to the high-level soft costs topics. This could generate a comprehensive, searchable 
database of soft cost related research that is easy to keep up to date. Visualization could provide 
a view of which concepts and related concepts are most researched and where gaps still exist 
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based on the number of publications and depth of topics covered. Concepts and relationships 
between concepts with little research indicate areas where further research and collaboration 
could add the most value. For instance, we found that finance related soft costs in residential 
solar largely focuses on the TPO model, with some discussion of property assessed clean energy 
(PACE) and broad statements about access to financing. We did not encounter any studies on 
how small installers finance their operations or offer financing to their customers. Additionally, 
the supply chain soft cost category suffered similarly with detailed discussion related mostly to 
the module manufacturing and production supply chain [79]. Friedman et al. (2013) determine 
supply chain costs, but do not define what specifically they are or include [2]. The general lack 
of specificity and high attributed cost indicates a need for further study into what aspects of the 
supply chain, such as supply chain delays or access to distributors, may be the source of the 
costs.  
 
5.2 Use cases for decision-makers: Policy and industry applications 
 
Targeted policy to reduce soft costs. The SSCO knowledge domain provides policy makers with 
an easily accessible and comprehensive view of solar soft costs and how they relate to each 
other. Combining this knowledge with their own knowledge of local resources can contribute to 
better allocated and directed resources. Specifically, the inclusion of network actors and how 
they create, share, and acquire knowledge of soft costs provides an effective means of tailoring 
interventions to those best positioned to use the resources being made available in the intended 
way. Additionally, the mapping of relationships between soft costs provides some visibility into 
knock-on effects, unintended consequences, or synergies that can be achieved through targeting 
certain soft costs or network actors.  
 
Identification of barriers to local industry. Once populated with instances, the relative 
contribution to total soft costs and the potential solutions to mitigate soft costs can be inferred 
from the ontology. The machine-readable format can streamline updating and reporting to 
support benchmarking of implementation of soft cost solutions. For example, with the inclusion 
of instance of specific projects, querying the hasTimeDelay property on specific PII soft cost 
categories can expose the longest delays, and thus the processes that will benefit most from 
streamlining. Policymakers can then evaluate progress toward best practices and competitiveness 
in the solar industry and craft policies to address particularly sticky barriers to soft cost 
reductions. 
 
Common vocabulary and translation layer for software solutions. Operational efficiency often 
hinges on software solutions that can manage and streamline business practices. Having a 
machine-readable common vocabulary facilitates the automated integration of data and processes 
between multiple software platforms and entities. For instance, a software package designed to 
streamline the PII process must integrate the required steps, applications, and submissions for 
each AHJ involved, requiring customization for each service area supported. A standardized 
vocabulary or translation layer could facilitate this process, allowing software providers to scale 
rapidly, because neither entity would have to change their internal processes, rather they would 
need only provide a mapping to the common vocabulary.   
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6. Conclusions  
 
We developed a solar soft cost ontology, SSCO, that organizes solar soft costs, identifies 
relevant network actors, shows relationships and attributes connecting them, and identifies key 
learning processes by which actors create, share, and acquire solar soft cost knowledge. Our 
initial goal to standardize the taxonomy of knowledge used by the network of solar actors 
(practitioners, policy makers, and researchers) is particularly challenging given the diversity 
between and within each stakeholder group, as well as the potential use cases of the different 
stakeholders. While a universally applicable ontology is likely impossible, we believe the 
approach of using a higher-level layer that allows for less division of concepts and costs and 
lower levels that can accommodate more complex business organizations provides the first step 
in creating a standard for conceptualizing soft costs. Since the SSCO was developed using an 
academic corpus, future work should focus on using case studies from solar installers and 
complementary solar firms to validate the ontology design from the practitioner perspective. 
Furthermore, instances based on the SSCO could be built from a database of solar installations 
and additional data (such as from installer surveys); such instances, in turn, could be used to 
verify the ontology and embed benchmarking of best practices. Those benchmarks could be used 
to infer best practices and solutions for soft cost reductions or identify AHJs where installers 
consistently outperform benchmarks, perhaps indicating policy exemplars.  
 
The sophistication of semantic ontology provides both an excellent tool for such a complex 
ecosystem of actors, as well as a technical challenge to widespread adoption. In order for 
widespread adoption to take place, we will need to reach consensus on a standard, and, thus, 
engage stakeholders in every category including key solar industry groups, national labs, and 
policy makers. Additionally, developing and integrating the supporting classes, i.e., 
BehavioralConstruct, Policy, SolarInstallationSite, SolarPVSystem, and SolarSystemComponent, 
will increase the value of the ontology to the broader solar community. Our goal is that by 
providing both a starting point for a standardized definition of soft costs in the form a systematic 
tool and use cases demonstrating the value of that tool that interested parties can use or modify 
the SSCO as needed. The SSCO code is open source and available at: 
http://sites.utexas.edu/raigroup/category/projects/ssco/ 
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