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goals. (See Definitions, Page 18.) 
The annualized requirement for 
PUE was 1.06 or lower. The design 
also included an energy efficiency 
strategy to reuse waste heat from 
the HPCDC to provide heat to other 

The ESIF was built to serve three 
distinct functions: office, laboratory, 
and high performance computing 
data center (HPCDC), which has a 
1 MW energy, petaflop (quadrillion 
[thousand trillion] floating point 
operations per second operations-
per-second [FLOPS]) processing 
speed. Energy performance require-
ments were included in prominent 
parts of the RFP (and later in the 
contract). The RFP included spe-
cific, aggressive, and measurable 
“required” targets for each. 

Office. The RFP required the office 
space to achieve an annual energy use 
intensity (EUI) of 25 kBtu/ft2 or lower.

High Performance Computing 
Data Center. The RFP required the 
HPCDC to achieve specific power 
usage effectiveness (PUE) and 
energy reuse effectiveness (ERE) 

Energy-Goal Based 
Procurement
All new construction projects at NREL 
now use an energy-performance-
based design-build process. Instead 
of specifying technical standards 
such as building size, configura-
tion, conceptual drawings, and other 
attributes, NREL uses the request 
for proposals (RFP) to prioritize key 
performance parameters as “Mission 
Critical,” “Highly Desirable,” and 
“If Possible,” with energy criteria 
throughout. Competing design-build 
teams are judged, in part, based on 
their ability to incorporate and sup-
port as many of the objectives as pos-
sible within the overall fixed budget 
and schedule constraints. 

At NREL’s Energy Systems Integration Facility (ESIF) in Golden, Colo., scientists and engineers 
work to overcome challenges related to how the nation generates, delivers and uses energy 
by modernizing the interplay between energy sources, infrastructure, and data. Test facilities 
include a megawatt-scale ac electric grid, photovoltaic simulators and a load bank. Additionally, 
a high performance computing data center (HPCDC) is dedicated to advancing renewable 
energy and energy efficient technologies. A key design strategy is to use waste heat from the 
HPCDC to heat parts of the building. The ESIF boasts an annual EUI of 168.3 kBtu/ft2. This 
article describes the building’s procurement, design and first year of performance.

B U I L D I N G  AT  A  G L A N C E

Name  
Energy Systems Integration Facility

Location Golden, Colo.  
(24 miles west of Denver)

Owner U.S. Department of Energy 
and the National Renewable Energy 
Laboratory

Principal Use Office, data center, 
laboratory 

Employees/Occupants 200

Expected (Design) Occupancy 220  
 Percent Occupied 90%

Gross Square Footage 182,500 
 Conditioned Space 182,500

Distinctions/Awards 
LEED-NC Platinum, 2013;  
U.S. Department of Energy Secretary’s 
Achievement Award, 2014

Total Cost $135 million 
 Cost per Square Foot $740

Substantial Completion/Occupancy  
Nov. 2012 (offices, data center and 
mechanical room)

March 2013 (labs and areas external 
to the facility)
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E N E R G Y  S Y S T E M S  I N T E G R A T I O N  F A C I L I T Y  ( E S I F )

Opposite The main lobby of the ESIF is 
naturally daylit and has an open layout to 
encourage collaboration.

Below The ESIF as viewed from the east, 
which includes the office (front), high perfor-
mance computing data center (middle), and 
high bay laboratory (back) buildings. 
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parts of the building; the RFP 
required an energy reuse effective-
ness (ERE) of 0.9 or lower. 

This led to the following design 
strategies:
•  Water-side free cooling, cooling 
tower plant;

•  Low approach cooling towers and 
heat exchanger;

•  Low pressure-drop air delivery 
system; and

•  Low pressure-drop piping design.

Design Strategies
The building’s three major compo-
nents — high performance comput-
ing data center, offices and high 
bay laboratories — use distinct and 
complementary energy efficiency 
strategies, such as 95°F hot water 
loops that harvest waste heat from 
the data center, to increase the 

High-Bay Laboratories. The RFP 
required that the energy performance 
of non-data center space be at least 
30% better than ASHRAE/IESNA 
Standard-90.1-2007. 

This led to the following design 
strategies:
•  Active chilled beams on perimeter 
zones for cooling and heating; and

•  Data center waste heat to help off-
set the heating load.
It is important to note that the full 

data center build out will equal 10 
MW, making this a primary focus of 
the energy reduction efforts in the 
ESIF. While EUI requirement was 
used for the office area, the PUE and 
heat recovery (ERE) requirement for the 
data center were the most prominent 
strategies in the RFP energy language. 

A B O U T  T H E  E N E R G Y 
S Y S T E M S  I N T E G R AT I O N 
FA C I L I T Y

The Energy Systems Integration 
Facility (ESIF), the newest building 
at the National Renewable Energy 
Laboratory, is a unique new national 
asset for energy systems integra-
tion research, development, testing, 
and analysis. The facility contains 
approximately 200 office and col-
laboration spaces, 15 state-of-the-art 
laboratories, and several outdoor test 
areas. The ESIF is uniquely equipped 
with megawatt-scale test capabilities; 
integrated electrical, thermal and fuel 
infrastructures; advanced data analysis 
and visualization capabilities; hardware-
in-the-loop simulation; and a high 
performance computing data center. It 
provides NREL with the transformative 
capabilities needed to advance the 
nation’s energy system into a cleaner, 
more intelligent infrastructure. 

The ESIF is designed to allow NREL’s 
world-renowned experts to work with a 
wide range of energy stakeholders to 
help develop, evaluate, and test their 
individual technologies before going to 
market, greatly reducing the risks asso-
ciated with early market penetration.

Above Cooling towers on the roof of the 
ESIF are used to cool the high performance 
computing data center without the use of 
mechanical cooling.

Below Engineers review velocity (blue) and 
turbulence (yellow) in a simulation of the 
Lillgrund Wind Farm in Denmark in the 
Visualization Lab. The researchers have 
written Open Source software that simu-
lates wind farm conditions. 

D E F I N I T I O N S

Power Usage Effectiveness (PUE)

PUE = Total Data Center Power  
÷ IT Equipment Power

Energy Reuse Effectiveness (ERE)

ERE = (Total Data Center Power –  
Reused Power) ÷ IT Equipment Power
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overall energy efficiency of the 
facility. As such, the systems used 
at this facility are focused on energy 
efficiency and recovery.

High Performance 
Computing Data Center
Planning for the new research 
facility and innovative data center 
focused on a holistic “computer 
chips to bricks” approach to energy 

Annual Water Use 3,628,800 gallons

W AT E R  AT  A  G L A N C E

E N E R G Y  AT  A  G L A N C E

Annual Energy Use Intensity (EUI) (Site) 
168.3 kBtu/ft2 
  Natural Gas (For Research)  

1.1 kBtu/ft2 
Electricity (From Grid) 138.6 kBtu/ft2 
District Heating and Cooling  
28.6 kBtu/ft2

Annual Source Energy 470 kBtu/ft2

Savings vs. Standard 90.1-2004 
Design Building  
 53% (excluding data center) 
 39% (including data center)

Heating Degree Days (Base 65˚F) 6,020

Cooling Degree Days (Base 65˚F) 679

Annual Hours Occupied 2,600

center heat output will exceed 
the heating needs of the ESIF. 
Mechanical systems and infrastruc-
ture are planned to allow for future 
export of this heat to other facilities 
on NREL’s campus.

efficiency to ensure that the high 
performance computing data center 
(HPCDC) would have a symbiotic 
relationship with the ESIF offices 
and laboratories, and to integrate the 
new facility into NREL’s campus.

Waste Heat Recovery. High per-
formance computing data centers 
consume large amounts of power and 
have correspondingly large amounts 
of heat rejection. An early project 
goal was to reuse data center heat 
for building temperature control. 
Computer and mechanical engineers 
wanted “Bits and BTUs”— meaning 
that they wanted to use the HPCDC 
to heat the building. As a result, the 
HPCDC manufacturer developed new 
liquid cooled hardware that uses 75°F 
inlet water. Outlet water at 95°F and 
up is used for space heating. 

The HPCDC is centrally located 
between the office and laboratory 
space for increased heat recovery effi-
ciency to both building spaces. Data 
center waste heat is also used to heat 
glycol loops located under an adjacent 
plaza and walkway, melting snow and 
making winter walks between build-
ings safer for laboratory staff. 

As the HPCDC system expands 
to meet computational needs, data 

The hydronic system features “smooth 
piping,” where a series of 45 degree 
angles replace 90 degree elbows wherever 
possible to reduce pipe pressure drops and 
save pump energy.

The office space has a narrow, 60 ft floor 
plate that allows daylight to penetrate 
throughout the space. 

Water Conservation 
Dual flush water closets
Low-flow urinals
Low-flow lavatories and showers
Native and adaptive landscaping
Drip irrigation
Irrigation controlled based on the time 

of year via an automatic controller

Recycled Materials 
27% recycled content for building  

materials (per LEED)

Daylighting 
80% of regularly occupied spaces  

daylit (per LEED)
Narrow floor plate (60 ft)
Lightshelves designed for daylighting  

in south facing daylight windows
Daylight controls

Individual Controls 
Operable windows
Underfloor ventilation air
Individual task lights
Occupant accessible lighting control

Other Major Sustainable Features
Natural ventilation and night purging
Radiant heating and cooling
No mechanical cooling used in high 

performance computing data center 
Data center waste heat is used to offset 

heating loads in the office and high 
bay laboratories

Office recycling/composting program

KEY SUSTAINABLE FEATURES
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Cooling. Complementing this 
approach, the HPCDC is cooled with-
out mechanical refrigeration. Indirect 
evaporative cooling takes advantage 
of NREL’s semi-arid climate with 
60°F design wet bulb temperature. 

The relatively warm 75°F water 
used for computer cooling allows 
the data center to use highly energy-
efficient evaporative cooling towers, 
eliminating the need for much more 
expensive and more energy-con-
suming mechanical chillers, saving 
capital and operating expenses. The 
hydronic system features “smooth 
piping,” where a series of 45 degree 
angles replace 90 degree elbows 
wherever possible to reduce pipe 
pressure drops and save pump energy. 

The cooling towers are paired 
with remote indoor sump tanks to 
eliminate the need for basin heat-
ers. Heat exchangers are sized 
for low pressure drop and close 
temperature approach.

Power Distribution. Racks are 
fed 480VAC rather than the typical 
208VAC electricity to reduce energy 
losses when converting grid power to 
chip voltage. 

Office
HVAC. In the ESIF office area, heat-
ing and cooling is decoupled from 
ventilation. Heat is designed to be 
provided entirely by waste heat from 
the HPCDC. 

Roof
Type
White Membrane Cover Board
6 in. polyisocyanurate
3 in. roof deck
Overall R-value 40

Walls
Type
High Bay Labs
 3 in. concrete-precast
 3 in. rigid insulation
 8 in. structural concrete
Office and Data Center
  Metal panel 2 in. rigid insulation air 

and weather barrier
  6 in. metal–stud with batt insulation
 Vapor barrier
 5/8 in. gypsum wall
Overall R-value
 High Bay Labs 20
 Office and Data Center 19

Basement/Foundation
Basement Wall Insulation R-value 10.5

Windows 
Effective U-factor for Assembly 0.31
Solar Heat Gain Coefficient (SHGC) 0.33
Visual Transmittance 62

Location
Latitude 39° 44’ 30.6861” N
Orientation East-west

B U I L D I N G  E N V E L O P E

Above The ESIF was strategically designed to 
meet crucial research objectives for integrat-
ing clean energy technologies into the grid in 
a way that is safe, efficient, cost-effective, and 
respectful to the surrounding environment.

Below The Smart Power Laboratory is 
designed for the development and integra-
tion of technologies, including distributed 
and renewable energy resources and smart 
energy management for building applications.
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Active convective heat transfer 
chilled beams provide both heat-
ing and cooling along the building 
perimeter. An underfloor displace-
ment air ventilation system uses an 
outside air economizer for interior 
cooling, and increased ventilation 
effectiveness. The office wing has a 
shallow 60 ft floor plate that allows 
for cross ventilation and deep light 
penetration into the space. 

A natural ventilation mode 
reduces the ventilation system load 
to a minimum by opening venti-
lation shafts high in the space. 
Occupants are notified via e-mail to 
open windows as needed for natu-
ral and cross ventilation modes. 
Natural ventilation mode is enabled 
by the building weather station and 
is based on outside air temperature 
and wind speed. 

Also, four two-story shafts skim heat 
loads from the two levels of office 
space while harvesting diffuse day-
light simultaneously. Solar powered 
exhaust fans assist the natural convec-
tive stack effect, reducing the overall 
load on the mechanical system.

Lighting. Daylighting and energy 
efficient lighting strategies are used 
to minimize lighting energy and the 
associated heat generated in the 
space. The office is aligned on an 

while blocking more than 50% of all 
solar exposure.

Plug Loads. In a minimally code 
compliant office building, plug loads 
typically account for 25% of the total 
electrical load. In an ultra-efficient 
office building such as the ESIF’s 
office space, plug loads can account 
for more than 50% of the total elec-
trical load (see “Reducing Plug and 
Process Loads for a Large Scale, 
Low Energy Office Building: NREL’s 
Research Support Facility,” http://
tinyurl.com/lzwqpaz).

Plug loads in the ESIF have been 
largely reduced by implementing 
NREL’s low energy equipment stan-
dards. When occupants moved into 
the ESIF, they were supplied with 
equipment that consumes less than 
a total of 60 W, including an 18 W 
light emitting diode (LED) liquid 
crystal display (LCD) monitor, a 6 
W LED task light, a 30 W laptop 
computer, a 2 W voice over internet 
protocol (VoIP) phone, and a power 
management surge protector. The 
use of personal equipment (such 

east-west axis to maximize exposure 
to the southern sky, increasing the 
efficacy of the daylighting system. 
The ESIF is designed to have its T5 
dimmable fluorescent lights off from 
10 a.m. to 2 p.m. each day.

Internal parabolic lightshelves 
are installed between vision glazing 
and high clerestory glazing, “throw-
ing” light deep into the floor plates. 
These elements are designed to be 
removable as new products become 
available or when NREL wants to 
test products. 

The lightshelves are coupled with 
an acoustical baffle system that is sus-
pended from steel trusses. The acous-
tic baffles help with noise dampening 
in the space since all of the worksta-
tions have low-wall heights. Low wall 
height cubicles allow the daylight to 
penetrate all the way back into the 
floorplate of the offices, maximizing 
energy savings from reduced lighting 
loads. This double strategy allows the 
spaces to be acoustically designed 
while amplifying daylighting distribu-
tion and quality to the work surface.

While glazing configuration, siz-
ing, type, and locations balance 
solar gain, daylighting and views, 
numerous additional shading and 
daylighting elements supplement 
these passive strategies. Horizontal 
shading louvers block overhead 
southern sun, while perforated 
vertical fins block morning and 
afternoon exposure. On the eastern 
façades, stainless steel mesh “cur-
tains” are hung to allow for views 

Above Early in the project, the inte grated 
design team worked together to ensure that 
ductwork was designed around windows 
and skylights. In operation, this has effec-
tively reduced the lighting energy consump-
tion in the laboratories.
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Building Owner/Representative NREL

Architect Smith Group

General Contractor JE Dunn

Mechanical Engineer  
Mechanical Technologies Group

Electrical Engineer Encore Electric

Energy Modeler Integral Group

Structural Engineer  
Martin/Martin Consulting Engineers

Civil Engineer  
Martin/Martin Consulting Engineers

Landscape Architect Smith Group

BUILDING TEAM
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High-Bay Laboratories
In addition to using HPCDC waste 
heat to temper outside ventilation 
air, the high bay laboratories use 
evaporative cooling and optimized 
laboratory HVAC systems. The labora-
tory HVAC systems are variable air 
volume (VAV), minimizing the amount 
of exhaust and ventilation air required 
to maintain environmental conditions. 

as printers, copiers, fax machines, 
microwaves, refrigerators, and coffee 
pots) is not allowed in the building. 
This eliminated unneeded equipment 
and favored the use of shared multi-
function printers and other “best in 
class” equipment. 

The laboratory ventilation rate varies 
depending on occupancy and use. 

Wind tunnel testing was used to 
optimize exhaust stack heights and 
discharge velocities. These values 
were then calibrated to a weather sta-
tion on the building, allowing for a 
reduction of exhaust stack discharge 
velocity and exhaust fan energy based 
on wind speed and direction. 

Extensive daylighting combined 
with sophisticated lighting monitor-
ing and controls allows for additional 
reductions in lighting energy. 

The low wall height of workstations in the 
ESIF office space helps facilitate daylighting. 
Active chilled beams can be seen above the 
windows to the right. 
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L E S S O N S  L E A R N E D

Heat Recovery. The HPCDC design intent 
was for liquid cooling to remove 90% of 
computer rack heat directly from chips 
before it escaped into room air. Air coils 
with fan walls would provide space cooling 
for the remaining 10%. Recovered data 
center heat is used to warm the building 
supplemented by 160°F campus district 
hot water in cold weather (if needed). 

Careful attention must be paid to hydronic 
piping. In the ESIF, the rack cooling coils 
and air coils are currently piped in parallel, 
providing both with the coldest water. 

Once the system was operational it was 
observed that cooler return water from 
air coils was diluting warmer water from 
racks. This was caused by more computer 
rack heat being removed by air coils than 
expected. Air coil temperatures needed to 
be lower than intended to adequately cool 
computer equipment. Also, return air tem-
peratures are lower than expected. 

The result is that while the computer 
racks are adequately cooled, the combined 
return water temperature is lower than 
anticipated due to mixing of warm and 
cool streams. The data center can heat 
the rest of the building only when outside 
air temperature is above 48°F. Much more 
supplemental campus district heat has 
been necessary than planned. 

The remedy is to re-pipe the computer 
cooling hydronic system so that air cooling 
coils can be operated in series with rack 

cooling. Air coil leaving water temperature 
will be low enough to send to racks, where 
it will be warmed to 105°F. This will be suf-
ficient to provide base-load heating for the 
building much of the year with only minimal 
supplemental hot water from the district 
heat system. 

An additional 500 kW of new computer 
racks is planned in the near term. The new 
liquid cooled racks will be specified to emit 
less heat to room air. More heat at higher 
water temperature is expected to reduce 
the need for supplemental campus hot 
water to only the coldest times of the year. 

It is important to plan for low-temp heat 
recovery systems to need fine tuning and 
ongoing commissioning. The waste heat 
recovery system in the ESIF is innovative and 
new, with performance risks. The potential 
energy savings are significant so it was impor-
tant for a national lab to demonstrate leader-
ship in this first of its kind low-temp heat 
recovery technology. The energy efficiency 
strategies in the ESIF garnered utility rebates 
that will be used to make sure that the neces-
sary commissioning, performance verification, 
and system improvements happen. 

Daylighting in Laboratories. Early in the proj-
ect, the integrated design team worked to-
gether to ensure that ductwork was designed 
around windows and skylights. In operation, 
this has effectively reduced the lighting en-
ergy consumption in the laboratories.

F IGURE 1  
RECOVERED AND D ISTRICT 
HEATING ENERGY
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Building Performance
In its first year of operation, the 
ESIF achieved an EUI of 168.3 
kBtu/ft2. Electricity consump-
tion accounted for 138.6 kBtu/ft2, 
and district heating and cooling 
accounted for 28.6 kBtu/ft2, while 
natural gas consumption for process 
heat accounted for 1.1 kBtu/ft2. The 
breakdown of energy consumption 
in the ESIF during its first year of 
operation is detailed in Figure 2.

Note that over 40% of district heat 
on NREL’s campus comes from a 
wood chip fueled boiler in NREL’s 

Renewable Fuel Heat Plant. Also, the 
natural gas consumption in the ESIF 
only goes to support process loads in 
the high bay laboratories, not to heat 
the building.

As previously mentioned, waste 
heat energy recovery is a key energy 
reduction strategy in the ESIF. 
Figure 1 shows the measured per-
formance of the ESIF heating system 
during its first year of operation 
compared to the energy model pre-
dictions. The overall heating energy 
consumption from the model to the 
measured performance is very close. 

However, the waste heat recov-
ery performed below expectations 
(output was 84% lower than mod-
eled from October 2013 through 
February 2014). With control 
improvements made in March of 
2014, which included heat recovery 
during 40°F – 60°F outdoor air tem-
peratures, performance improved. 

The HPCDC successfully achieved 
its goal of a PUE of 1.06 or less since 
it became fully operational in April of 
2014. This is dramatically lower than 
the data center industry average PUE 
of 1.8. Figure 3 shows the monthly 
average PUE from April through 

December of 2014. The average PUE 
during this time span was exactly 1.06. 

Achieving such a low PUE without 
the use of mechanical cooling is a 
major success of the ESIF.

Conclusions
NREL’s ESIF is successfully pursu-
ing its objective of meet the nation’s 
crucial research objectives for inte-
grating clean and sustainable energy 
technologies into the grid, but it is 
doing so in an energy-efficient and 
sustainable manner. 

The building was procured using 
an energy-performance-based 
design-build process. As a result, 
the building achieved an EUI of 
168.3 kBtu/ft2 and a PUE of 1.06 in 
its first year of operation while sup-
porting energy-intensive, megawatt-
scale research activities.•
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F IGURE 3  HPCDC PUE
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F IGURE 2  
MONTHLY ENERGY 
CONSUMPTION OF  THE ES IF
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Daylighting in the new high bay laboratories 
minimizes lighting loads through the use of 
effective daylighting strategies.


