
46 • Nuclear News • June 2017 www.ans.org/nn

I&C and Human Factors Special Section

Human factors for main control 
room modernization

A novel approach to control room modernization design combines 
advanced human factors methods with unique laboratory facilities. 

By Kenneth D. Thomas, 
Ronald L. Boring, Jacques V. 
Hugo, and Bruce P. Hallbert

For the current light- water reactor 
operating fleet, control rooms con-
sist of an expansive set of control 

boards to accommodate the thousands of 
discrete controls and indications required 

by analog control technologies. The con-
trol rooms are also ringed with overhead 
alarm panels, consisting of hundreds of 
individual alarm windows, each dedicated 
to a particular alarm condition. The com-
plexity and sheer number of devices in the 
control room is formidable. Indeed, the 
legacy control systems present many chal-
lenges to the operators, who have admi-
rably overcome them through familiarity 

and intense training.
Moreover, nuclear utilities are dealing 

with reliability and obsolescence issues 
regarding these legacy control systems. 
They are expensive to maintain and even 
more expensive to change out when parts 
can no longer be obtained. These concerns 
will only grow larger over time.

Today, superior technology is available 
for nuclear power plant control rooms, 
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The Human Systems Simulation Laboratory 
at Idaho National Laboratory
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as evidenced in other power and pro-
cess plant applications. Control rooms 
in conventional power plants—coal, gas, 
and hydro—have been extensively up-
graded by these same utilities, and the 
process industry has largely gone to all 
digital control rooms. The new digital 
control room technologies have result-
ed in demonstrated benefits in operator 
performance, operational cost, and plant 
maintainability.

The Advanced Instrumentation, In-
formation, and Control (II&C) Systems 
Technologies Pathway of the U.S. De-
partment of Energy’s Light Water Reactor 
Sustainability (LWRS) Program has de-
veloped a novel approach to control room 
modernization design that combines 
advanced human factors methods with 
unique laboratory facilities, which en-
ables the integration of new digital tech-
nologies into the current design of a given 

nuclear power plant control room. Real-
istic, functional prototype mock- ups of 
new technologies are developed in a rapid 
prototyping manner. (Rapid prototyping 
entails developing software prototypes 
that look and act like upgraded digital 
systems but that have functionality lim-
ited to a range suitable for human factors 
evaluation.) These prototypes interface 
with the full- scope plant simulator known 
as the Human Systems Simulation Labo-
ratory (HSSL; see photo above) at Idaho 
National Laboratory (INL) (Boring et al., 
2012 and 2013) to allow realistic scenario 
walkthroughs with operators. Using an 
iterative process of design workshops and 
operator- in- the- loop studies results in 
the ability to optimize the control room 
design for enhanced human performance 
and operational efficiency prior to actual 
implementation. In this manner, system 
usability issues and potentially difficult or 

error- prone tasks (so- called error traps) 
are identified early in the design phase 
and prior to new technology deployment. 

Human factors process
The U.S. Nuclear Regulatory Com-

mission has published the Human Fac-
tors Engineering Program Review Model 
in NUREG- 0711, Rev. 3 (O’Hara et al., 
2012). The purpose of NUREG- 0711 is to 
detail the procedure by which regulatory 
staff review the effectiveness of human- 
system interfaces (HSI) related to new 
construction and license amendments. 
NUREG- 0711 is not written specifically as 
a road map for utilities. Thus, LWRS staff 
have worked with utilities to augment the 
guidance in NUREG- 0711 and develop a 
practicable framework to ensure that new 
HSIs introduced into the control room are 
usable, efficient, and safe. 

Disclaimer: This work of authorship was prepared as an account of work sponsored by an agency of the United States Government. Neither the U.S. gov-
ernment, nor any agency thereof, nor any of their employees makes any warranty, express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately 
owned rights. Idaho National Laboratory is a multi-program laboratory operated by Battelle Energy Alliance LLC, for the U.S. Department of Energy under 
Contract DE-AC07-05ID14517. 
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One process LWRS has de-
veloped is the Guideline for 
Operational Nuclear Usabili-
ty and Knowledge Elicitation 
(GONUKE) (Boring et al., 
2015a) and is depicted in Fig. 
1. GONUKE mirrors stages 
of NUREG- 0711 and explains 
from a utility perspective the 
different data that can be col-
lected to build the safety case 
for the system being modern-
ized. The key idea featured 
here is that of the iterative de-
sign cycle—one in which HSIs 
are designed, prototyped, test-
ed, and improved in a cyclical 
fashion. Thus, verification 
and validation becomes an 
ongoing activity rather than 
a single terminating activity 
after the completion of the de-
sign. Feedback provided early 
in the design process ensures 
that error traps in the HSI are eliminated 
rather than ingrained in the design. 

The LWRS team has hosted a series of 
studies with reactor operators from part-
ner utilities. These studies have succes-
sively worked through more refined ver-
sions of the design of the system and have 
streamlined the data collection process 
using the concept of “as low as reasonable 
assessment” (a word play on “as low as rea-
sonably achievable,” or ALARA), which 
borrows techniques from discount usabil-
ity (Boring and Lau, 2015). 

Industry collaboration
The Advanced II&C Systems Technolo-

gies Pathway has recently partnered with 
Arizona Public Service Company to devel-
op an end- state control room concept for 
the Palo Verde nuclear generating station 
control room. This project is assisting this 
early- adopter nuclear power plant in ad-
dressing legacy analog technology issues 
of reliability and obsolescence, as well as 
enabling improved operator and plant 
performance. It is also demonstrating the 
feasibility and benefits of control room 

modernization to commercial nuclear 
utilities, suppliers, and the industry sup-
port community. This project is a major 
step in resolving the potential impacts of 
legacy control systems on the long- term 
sustainability of the operating nuclear 
fleet.

Palo Verde is currently upgrading a 
number of important instrumentation 
and control systems as part of its Stra-
tegic Modernization Program. Many of 
these systems are being incorporated into 
a common platform known as a distrib-
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Fig. 1. The GONUKE process as an example of the types of human factors evaluation data that may 
be obtained across design phases
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Fig. 2. Three-dimensional model of the Palo Verde end-state concept for a hybrid control room
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uted control system, which uses software 
and other digital technologies to replace 
hardware- based analog control devices. 
The Advanced II&C Systems Technologies 
Pathway is working with Palo Verde to de-
velop an optimum end- state concept for a 
hybrid analog- digital control room that 
maximizes the value of the distributed 
control system to improve control room 
operations.

The end- state concept
For development of the end- state con-

cept, the project team conducted walk-
downs of the current Palo Verde control 
room configuration (using the training 
simulator as a reference) to collect data 
on which of the control board devices will 
be removed through the planned control 
system upgrades and what control board 
space will be available for improved tech-
nology to be integrated into the control 
room. The observations and walkdowns 
included taking measurements and pho-
tographs in preparation for development 
of three- dimensional models of the cur-
rent control room.

Using these models, human factors 
engineering evaluations were conducted 
to ensure that the end- state concept con-
forms to human factors requirements, es-
pecially those described in NUREG- 0711. 
One such method of evaluation was to 
place 3- D operator manikins that are rep-

resentative of the typical U.S. population 
in the models to represent the range of hu-
man attributes, such as height, reach, and 
visual angle, that are of interest in validat-
ing the suitability of the modified oper-
ating environment. This allowed human 
factors engineers to verify, for example, 
that text sizes are adequate for viewing by 
the operators from a prescribed distance 
and that operators with given physical 
characteristics can reach touch screens 
from a standing or seated position.

The result of this modeling effort was 
an end- state concept for the Palo Verde 
control room (see Fig. 2) that addressed 
the digital upgrades being undertaken by 
the station and introduced new operator 
display technologies that could potentially 
enhance operator performance. 

Static workshop
A workshop was held in March 2016 at 

the HSSL to examine modernization op-
tions for the Palo Verde control room and 
to inform development of the end- state 
concept. The workshop primarily focused 
on a detailed review of the functional, 
technical, and logistical requirements for 
the various phases of the upgrade project. 
Workshop participants included project 
team members from the Advanced II&C 
Systems Technologies Pathway, engineer-
ing and operations representatives of Palo 
Verde, and representatives of Westing-

house Electric Corporation and the Elec-
tric Power Research Institute (EPRI).

Photographic renditions of the existing 
control boards described above were used 
to create a static representation of the con-
trol room on the glass- top control board 
panels in the HSSL. The images were ar-
ranged to represent all control boards nec-
essary to review the systems targeted for 
upgrade. These representations were used 
in a walkthrough of plant operating pro-
cedures by Palo Verde operations and en-
gineering personnel to determine whether 
the proposed control board arrangements 
were optimally arranged and compliant 
with human factors principles. Westing-
house provided input on requirements for 
its control system upgrades with respect to 
the control board arrangements, and EPRI 
contributed insights based on its extensive 
research in control room human factors.

The static workshop confirmed accept-
ability from an operator’s point of view 
of the general arrangement of the new 
human system interface in the control 
room to complement the capabilities of 
an advanced distributed control system. 
The next step in the process was to devel-
op a dynamic simulation of a portion of 
the control room so that operators could 
directly experience what it would be like 
to control the nuclear station in a control 
room based on the end- state concept.

An operator workshop with dynamic simulation in the Human Systems Simulation Laboratory
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Dynamic workshop
Operator workshops with dynamic sim-

ulation were held over two successive weeks 
in August 2016 with different Palo Verde 
operations crews to evaluate the end- state 
concept with respect to the current con-
trol room configuration (see photo, page 
49). Data were collected from the operators 
through various means, including “think- 
aloud” narration by the operators as they 
worked the scenarios, direct observations 
by the human factors team, interviews, eye 
tracking, and surveys. Various objective 
and subjective performance measures were 
used to assess improvement. It is important 
to note that this was not a measurement of 
operator performance, for which high profi-
ciency was assumed during the evaluations, 
but rather to determine how the end- state 
concept could be improved to better match 
operator expectations and to enhance hu-
man performance and work efficiency.

Workshop results confirmed the value of 
new technologies in reducing the workload 
for operators in complex scenarios. Twenty- 
seven general design recommendations 
were derived from the specific feedback 
obtained from the operators performing 
these scenarios. Overall, operators clearly 
preferred the new digital technologies to 
the current control room configuration, 
validating the end- state concept. 

The workshop also confirmed the us-

ability of new control room technologies 
and other human factors principles. In 
addition, the workshops ensured that the 
final end- state concept reflects the needs 
and preferences of the operators.

Next steps
Work to date under the LWRS Program 

to support control room modernization 
has established a systematic process for 
upgrading control rooms, with a focus on 
applying human factors evaluations itera-
tively throughout the design cycle (Boring 
et al., 2015b; Boring and Lau, 2015). This 
process not only ensures that the regulato-
ry requirements of modifying the control 
room are met, but it also serves to establish 
crucial operator buy- in on upgrades. To 
date, this work has focused on upgrading 
legacy analog instrumentation and con-
trols with digital HSIs. The digital HSIs are 
representative of the types of technology 
that are currently being deployed in var-
ious process control industries, including 
nuclear power plants. Future evaluations 
will identify additional opportunities for 
improving the HSI, refining control board 
device arrangement to accommodate new 
operator displays, and improving efficien-
cy of control room operations and the op-
erations support interface. Future work 
will also highlight opportunities to design 
and evaluate advanced HSI technologies.
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