
HAL Id: hal-01492664
https://hal.science/hal-01492664

Submitted on 27 Jun 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Systems Engineering applied to the development of a
Wave Energy Farm

Diana Bull, Jesse Roberts, Robert Malins, Aurélien Babarit, Jochem Weber,
Katherine Dykes, Kim Nielsen, Claudio Bittencourt-Ferreira, Ronan Costello,

Ben Kennedy

To cite this version:
Diana Bull, Jesse Roberts, Robert Malins, Aurélien Babarit, Jochem Weber, et al.. Systems Engineer-
ing applied to the development of a Wave Energy Farm. 2nd International Conference on Renewable
Energies Offshore, Oct 2016, Lisbonne, Portugal. �hal-01492664�

https://hal.science/hal-01492664
https://hal.archives-ouvertes.fr


1 MOTIVATION 
Wave energy converter (WEC) technology develop-
ment as a whole has not yet delivered the desired 
commercial maturity nor, and more importantly, the 
techno-economic performance. Both commercial 
readiness and economic viability are required for 
successful entry into and survival in the worldwide 
electricity markets.  The present day situation can be 
characterised with the following key points: 
 Widely diverse WEC technologies are still be-

ing considered today 
 No evidence of common convergence of tech-

nology implementation nor of underlying opera-
tional principles in key market segments (on-
shore, near-shore, off-shore) 

 Techno-economic performance still requires
considerable improvement for profitable eco-
nomical application even if the expected cost 
reductions associated with economies of scale 
and learning curves are taken into account 

 Current technology development has been rigid
with respect to conceptual ideas, expensive, 
slow, and high risk with multiple technical and 
corporate failures coinciding with setbacks in 
prototype tests due to the focus on demonstra-
tion at large scale.   

The ways in which WEC technologies have been and 
are being developed have been analyzed in more de-
tail in [1] and [2]. 
 Technology development progress, technology 
value, and technology funding have largely been as-
sociated with and driven by technology readiness, 
measured in Technology Readiness Levels (TRLs) 

[3,4]. Originating primarily from the Space and De-
fense industries, the TRLs focus on procedural im-
plementation of technology developments of large 
and complex engineering challenges where cost is 
neither mission critical nor a key design driver. 
Thus, appreciating lessons learned from WEC tech-
nology developments to date, it has become evident 
that there is a need for holistic, detailed and to the 
furthest extent possible, objective technology per-
formance assessment at all stages of development. 
 The Technology Performance Level (TPL) [1-2] 
assessments can be applied at all technology devel-
opment stages and associated TRLs. Even and par-
ticularly at low TRLs the TPL assessment is very ef-
fective as it considers a wide range of WEC 
attributes that define the techno-economic perfor-
mance potential when developed to higher TRL; and 
highlights potential showstoppers at the earliest pos-
sible stage of the WEC technology development.   

Systems Engineering (SE) is a disciplined ap-
proach to evaluating, holistically, the goals that must 
be achieved by a technology and the systems that en-
able achievement of the goals.  This formal process 
which involves analyzing customer and stakeholder 
needs through the discipline of Systems Engineering 
offers a method to not only refine the TPL, but to al-
so develop the requirements that will enable tech-
nical solutions that comprehensively address the 
needs of the stakeholders.  These two outcomes are 
key goals of the Structured Innovation (SI) Project 
sponsored by the US DOE and led by NREL and 
SNL.  The revised TPL assessment methodology and 
formulation of requirements will be used to identify  
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Figure 1:  The systems engineering process applied to a Wave Energy Farm.      

the necessary innovations that can yield high per-
forming Wave Energy Farm (WEF) solutions.   

2 SYSTEMS ENGINEERING 

Systems Engineering is a rigorous application of 
processes and methods across a system’s life cycle in 
order to ensure the adequacy of a system.  The heart 
of systems engineering is a step-wise decomposition 
and flow down of stakeholder needs to each element 
of the system.  The decomposition, flow down, and 
tracing of allocations ensures that the requirements 
and specifications for each subsystem, assembly, and 
component fully reflect and address stakeholder 
needs and adequately contribute to overall system 
performance.  Systems engineering is most influen-
tial in the early stages when setting a mission and 
evaluating the stakeholders perspectives in the con-
text of the environment in which the system will op-
erate.  The analysis outcomes are used first to create 
a functional architecture for the system and to de-
compose the stakeholder needs while allocating 
them to the system functions as requirements that are 
independent of the technology. The systems engi-
neering work then continues through the develop-
ment process to decompose the function-level re-
quirements into specifications for each element of 
the physical design and to create the technical per-
formance measures used to verify the design and val-
idate the final system.  The systems engineering pro-
cess does continue through the rest of the system life 
cycle to provide the framework against which sys-
tems operations and maintenance are measured and 
candidate upgrades are evaluated.  Numerous exam-

ples of the success of the systems engineering ap-
proach can be found in the aerospace, defense, au-
tomotive, and oil and gas industries.  This program 
has followed guidance from ISO 15288 [5], as well 
as IEE 1233 [6] with some tailoring according to the 
process described in ISO 15288 Annex A.  

A wave energy farm is a complex system. The 
WEC, which itself is composed of multiple sub-sub-
systems like the power conversion, is just one sub-
system in the farm. The mooring and anchoring, the 
point at which power is aggregated, the control cen-
tere and monitoring capabilities, and the delivery of 
electricity are all additional sub-systems. There are 
competing goals for each of these sub-systems and 
hence determining an optimal solution can only oc-
cur through a systems level understanding of the 
farm. Thus it makes sense to apply Systems Engi-
neering to this problem. Surprisingly, there is no 
publically available reported work on the application 
of Systems Engineering to WEFs.
 The systems engineering process used in this pro-
ject is illustrated in Figure 1 and is a tailored version 
of the first steps of ISO 15288 (technical processes 
6.4.1 to 6.4.4) [5]. The first activity was to develop a 
concise mission statement for the system (i.e., the 
WEF).  This statement sets the framework for the 
development of the stakeholder needs and the func-
tions. Capabilities and functions are hierarchical 
structures (i.e. taxonomies).  In the case of capabili-
ties, the taxonomy embodies the list of characteris-
tics that are desired, from the perspective of the 
stakeholders, for the system to be successful. In 
terms of the functions, the hierarchy represents the 
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Figure 2:  Context diagram for the Wave Energy Farm defining the problem boundaries and its environment. 
 

solution agnostic (i.e. independent of specific design 
embodiments) elements that are needed to meet the 
stakeholder requirements. As indicated in Figure 1 
this is an iterative process.         

The entirety of the farm must be considered as the 
WEF dictates the success of the industry, not a sub-
system within the farm.  This project assumes a ma-
ture WEC technology industry with multiple com-
peting certified WEC technologies that can achieve a 
cost competitive WEF.  The requirements for a suc-
cessful WEC unit will follow from the requirements 
for a successful WEF.   

2.1 Mission Statement 
The mission statement defines the criteria by which 
to measure a successful WEF.  The entirety of the 
lifecycle must be considered within the mission 
statement.  Six main lifecycle stages have been con-
sidered: Engineering, Procurement, Construction, In-
stallation, Operations, and Disposal.  

The systems engineering will consider the follow-
ing as the mission of the WEF: 

 
The wave energy farm will convert ocean 
wave energy to electricity and deliver it to the 
continental grid market in a competitive and 
acceptable manner across the lifecycle. 

 
The precise language used in this mission statement 
allows for changing landscape whilst still specifying 
the application.  Continental grid market means a 

very large grid market rather than any specialized 
niche market.  While competitive sets a relative lev-
elized cost of energy (LCoE) that will be driven by 
local market conditions (investors’ appetite for risk, 
offering of feed-in tariffs, etc.).  Competitive en-
compasses concepts of cost, availability, investor at-
tractiveness, government incentives, and risk.  Final-
ly, acceptability incorporates the environment, 
regulation, insurability, safety, socio-economic, and 
social considerations.   

2.2 Context Diagram 
The context diagram is used to define the external 
systems that can directly influence the success of the 
WEF.  In turn the operation of the WEF exerts an in-
fluence over these external systems.  In some cases 
the external systems are stakeholders, but this is not 
necessary.  Figure 2 shows the context diagram.   

Surrounding the edge is a list of the overarching 
context in which the WEF operates.  This list identi-
fies the factors that are out of the control of the ex-
ternal systems and the WEF (political, social, and 
economic climate).  However the overarching con-
text can influence the external systems and the suc-
cess of the WEF.  

The WEF itself is composed of all the elements 
that are required to achieve the mission statement;  
further clarity on these elements can be found in 
Section 2.3.  
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Figure 3:  Identification of the 25 stakeholders, the lifecycle stage in which they are active, and the hierarchical tier they be-

long to.   

2.1 Stakeholders 

Using the lifecycle stages and the context diagram, 
all parties who would be involved in the WEF were 
identified.  Figure 3 identifies the 25 stakeholders 
and at which lifecycle stage they are active.  A total 
of 4 hierarchical groups are identified in Figure 3
through color.  Each successive group of stakehold-
ers puts constraints / requirements on the group be-
low it.  Hence this is a method of associating im-
portance with a stakeholder whilst also identifying 
the specificity of their role.  For instance, the inves-
tors will focus on the projected LCoE, not on the re-
quirements associated with the Marine Contractors.  
It is the project developer that will determine the re-
quirements for the Marine Contractors.   

2.2 Capabilities 

The capabilities capture the stakeholder needs and 
desires in a distilled manner prior to selecting tech-
nologies or design approaches.  The capabilities are 
independent of the solution or even the way in which 
a solution would be obtained.  

Figure 4 identifies the capabilities that were de-
rived by assessing all of the needs of all of the stake-
holders.  This condensed single list identifies what 
the system must be in order to ensure the WEF will 
achieve all the needs of all stakeholders.  The top 

seven capabilities broadly identify the attributes of a 
successful WEF.  

C1:  Have a market competitive cost of energy 

The electricity from the WEF may be sold on the 
day-ahead wholesale electricity market or through 
a Power Purchase Agreement (PPA). In both cases, 
the sale price of the electricity generated by the 
WEF shall be competitive with other energy 
sources. However, note that market price may vary 
among energy sources in some countries. There
may be Feed-In Tariffs (FIT) for wave energy or 
renewable energy sources or there may be Renew-
able Energy Certificates or Renewable Obliga-
tions.  

C2:  Provide a secure investment opportunity 

For investors and financiers, it is critical that 
WEF risks are well understood and manageable 
so that they know the financial risk, i.e. the risk 
that the farm will not deliver the expected finan-
cial return. The financial risk results from the 
analysis of the probabilities of the risks and of 
their financial consequences. Uncertainties on 
costs (CAPEX, OPEX) and revenues (energy 
production, availability, survivability) are the 
drivers. 
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Figure 4:  Taxonomy of the capabilities.  This capability taxonomy identifies 33 distinct stakeholder needs.   

C3.  Be reliable for grid operations 

Reliability for grid operations covers several as-
pects. The energy production from the WEF must 
be predictable sufficiently in advance to enter the 
day-ahead wholesale electricity market. Moreo-
ver, the increase of the share of intermittent re-
newable energy sources in the energy mix is 
challenging for grid operators with respect to 
(w.r.t) grid stability and load balancing.  It could 
limit the deployment potential of wave energy. 
Thus, energy production from the WEF needs to 
be sufficiently consistent (short term variability) 
and the WEF needs to have a high capacity fac-
tor. Moreover, a WEF shall provide useful ancil-
lary services to the grid. They include energy 
storage, automatic generation control (AGC), 
voltage and frequency control. 

C4:  Be beneficial to society 

A WEF needs to obtain buy-in and support from 
the local communities and the general public. In-
deed, as any industrial project, a WEF will have 
some negative impacts (higher cost of energy, 
disruption to other activities) that need to be 
largely overcome by benefits for society (low 
carbon emission energy source, local jobs crea-
tion, coastal protection).  Otherwise, public con-

cerns and actions against the project can serious-
ly delay the project or make it fail (even if per-
mits are granted). 

C5:  Be acceptable for permitting and certifica-

tion 

Permits for occupying the sea space and connect-
ing to the grid must be obtained by the WEF de-
veloper before building the WEF (not having the 
permits is a critical risk for the farm developer, 
the investors and the financiers). Consequently, 
the WEF must fulfill all regulatory and permit-
ting requirements. The requirements usually con-
sist of assessing and addressing environmental 
impacts, impacts to other users of the area and 
impacts to the electrical grid. 

C6:  Be acceptable with respect to safety 

Safety is a key requirement for any structure at 
sea.  The WEF must be safe for manufacture, 
transport, construction, installation, commission-
ing, operations, and decommissioning in order to 
meet all other capabilities. 

C7:  Be globally deployable 

The ability to provide steady sales is another key 
requirement for sustainable business for the WEF 
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developer, construction company, and for the 
suppliers of the supply chain. It may also be an 
important requirement for the local-regional-
national development agencies, policy makers 
and general society w.r.t to the overall benefits. 
Thus, the WEF shall be deployable at many dif-
ferent sites, that represent a large global market 
share and be adaptable to variable site character-
istics (wave resource, geophysical conditions, 
distance to shore, local infrastructure, …). Global 
deployment is necessary for learning rates to take 
effect and to allow a WEF technical solution in-
troduced to the market at TPL7 to ultimately 
reach TPL9. 
 

The sub- and sub-sub-capabilities further specify 
the stakeholder needs that must be considered to ei-
ther implement the capability or the sub-capability.  
For instance, the sub-capability ‘C1.1 Have as low 
a CAPEX as possible’ is achieved by: being a low 
cost design (C1.1.1), being manufacturable at a low 
cost (C1.1.2), being inexpensive to transport 
(C1.1.3), and being inexpensive to install (C1.1.4).    

2.3 Functions 
The functions define the fundamental elements of 
the solution that must be provided in order to 
achieve the mission and deliver the capabilities.  
High-level functions are independent of the technol-
ogy or design used to implement the function.  How-
ever, detailed functions may begin to border on spe-
cific design choices.  Hence a strong effort has been 
made to maintain functions that are design agnostic.  
 Figure 5 identifies the technology agnostic func-
tions that were determined as necessary to achieve 
the capabilities.  The functions identify what the sys-
tem must do.  Like the capabilities presented in Fig-
ure 4, the top level functions (6 of them) conceptual-
ly identify what the WEF must do to meet its 
mission. 
 

F1: Generate and deliver electricity from wave 
power 
The farm shall intercept the incoming hydroki-
netic power in the ocean and convert it into elec-
tricity.  The aim of this function is to generate as 
much energy as possible. It directly relates to the 
capability “be able to generate large amount of 
electricity from wave power”. 
 
F2: Sustain Farm Operations / Maintain structural 
and operational integrity of WEF systems 
The farm shall support continual operations by 
controlling the position of the systems and by 
supplying energy.  Further, the structural and op-
erational integrity of the WEF and its systems’ 
must be maintained throughout all environmental 
conditions, hence protection from the marine en-

vironment and destructive responses shall be giv-
en.  End stops and snap loads are typical chal-
lenges for this function. Its implementation may 
require buffers, end-stop springs or appropriate 
control strategies. PTO and electrical equipment 
may also require a controlled and vibration free 
environment. Position must be controlled to 
avoid collision between WEC units. 
 
F3.  Provide integratable structural support  
The WEF system results of the integration of sev-
eral physical sub-systems that result themselves of 
the integration of physical sub-sub-systems and 
components.  The WEF shall integrate sub-systems 
and sub-sub-systems into a full and safe farm. 
 

F4:  Control Farm Operations 
The farm must be capable of continued 
knowledge and support of its systems’ and their 
states’.  The farm operator shall be able to deter-
mine the appropriate control decisions for the 
farm and its constituent sub-systems.  The neces-
sary instrumentation, telemetry, processing, syn-
thesis, and communication shall be present to in-
form the control actions and confirm successful 
implementation of control actions. In normal op-
erations, the control may be implemented by an 
automated farm control system.    
 
F5:  Enable safe operations 
The farm and its constituent sub-systems shall 
employ internal and external mechanisms and 
measures that achieve safe surroundings during 
all operational modes:  installation, operation, 
and maintenance and repair.  Particular attention 
should be applied to maintenance events when 
personnel must interact directly with the farm.  
These mechanisms and measures will meet or 
exceed the requirements specified in the obtained 
permits.   
 
F6:  Provide synergistic benefits 
The farm can provide positive environmental, so-
cial, or grid services. 

3 CAPABILITY – FUNCTION MATRIX  
The capabilities and the functions are united; the 
functions identify what the system must do in or-
der to achieve what be system must be, i.e. the 
capabilities. As such, there are measures that can 
be identified at the intersection of functions that 
actually impact or implement a given capability. 
These measures are concrete and they form both 
the basis of the drivers for the TPL assessment as 
well as the requirements for the farm.  Figure 6 
illustrates a generalized version of this concept.  
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Figure 5:  Taxonomy of the functions. The function taxonomy identifies 67 elements needed to achieve the WEF mission.  

3.1  Technology Performance Levels (TPLs) 

The TPL is designed to be an assessment of the suit-
ability of the technical solution for the customers’ 
needs. The TPL groups and attributes, originally de-
veloped through experience [1], are now recognized 
as the capabilities. By compressing all of the 
measures that have been identified across all of the 
functions, i.e. by collapsing all columns into one, the 
measures by which to evaluate the capability can be 
determined and prioritized.  

Tradeoffs in the overall design manifest them-
selves in the competing capabilities.  The specific 
technical solutions chosen for a design are rated 
against the specific measures for each capability.  
This identifies which tradeoffs a technology has cho-
sen.  For instance, in order to be a low cost design a 
device should not require a lot of material.  Howev-
er, in order to be able to generate a large amount of 
electricity the device should be large.  Hence as the 
TPL is assessed on a holistic level, if you choose to 

favor small amounts of material you will receive a 
high score for this assessment criteria, but it may be 
balanced by a low score in generation.   

The application of this Systems Engineering ap-
proach to the TPLs is almost complete.  It is ex-
pected that a revised version of the TPL assessment 
methodology will be publically released soon.   

3.2 Requirements 

The functions presented in Section 2.3 set the con-
ceptual requirements, i.e. the farm must be able to 
generate and deliver electricity from wave power.  
Setting these conceptual expectations is necessary in 
order to develop the measures by which the func-
tions can be evaluated.  Hence, by compressing all of 
the measures that have been identified across all of 
the capabilities, i.e. by collapsing all rows into one, 
the farm requirements can be determined from anal-
ysis of all of the measures.  These requirements are 
much more specific and may be matched with quan-
titative expectations.      
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Figure 6:  Generalized capabilities – functions mapping 
matrix.   

 
The development of the requirements and the refine-

ment of the functions is ongoing work within the pro-
gram.  Each requirement should possess the following 
properties: 

a. Abstract. Each requirement should be implemen-
tation independent. 

b. Unambiguous. Stated so that it can be interpreted 
in only one way. 

c. Traceable. Each requirement should be traceable 
to a specific documented customer need. 

d. Validatable. Need to check if a pro-
posed/completed system satisfies the require-
ments. 

4 CONCLUSIONS 
This paper has presented the initial results obtained 
from the application of Systems Engineering to a 
Wave Energy Farm system.  A mission statement 
has indicated that this work is interested in achieving 
a market-competitive and acceptable WEF.  Twenty-
five stakeholders were identified as active through-
out the lifecycle of this WEF.   

The stakeholder needs were condensed into a list 
of 33 capabilities—i.e. what the WEF must be in or-
der to be successful for all of the stakeholders identi-
fied.  In turn these capabilities will be the basis of 
the revised TPL assessment.   

In conjunction with identifying what the WEF 
must be, what the WEF must do was also identified 
through 67 functions.  These functions and the con-
crete measures that link the capabilities to the func-
tions will be used to develop requirements for a suc-
cessful WEF.  
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