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Abstract
Cross laminated timber (CLT) are mass timber plates
composed of layered boards arranged crosswise and
glued together. They enable faster construction times
than traditional building methods by taking advantage of
prefabrication. CLT is gaining in popularity for building
construction as building designers and stakeholders look
for ways to reduce the carbon footprint of construction
projects. However, there is little documentation on ac-
tual CLT building energy performance over a long period
of time. Thus, the objective of this study is to document
whole CLT building energy use to serve as a basis for
model validation.
This study details high fidelity monitoring of a CLT of-
fice building. The building is part of a larger study mon-
itoring four CLT buildings in the United States to docu-
ment CLT building performance and validate CLT build-
ing energy models. The CLT office is recording energy
use at multiple levels; from whole building energy at the
panels down to individual plug loads that will be used to
inform and validate an OpenStudio model.
Current analysis of the plug load data reveals that of-
fice equipment is responsible for 8.4% of the energy con-
sumed in the building and much of it remains active each
night. The plug loads make up about 20% of the over
all electric load for the 3 months of data collected so
far. Early work on calibrating the OS mode has demon-
strated the model can only capture general energy behav-
ior well without incorporating plug-load data. Incorpo-
rating high fidelity plug load data into the OS model will
allow for model calibration at sub-hourly intervals. The
CLT building model exhibits lower heating and cooling
energy when compared to a model using a steel frame
construction which matches trends observed in the liter-
ature.

Introduction
Cross laminated timber (CLT) are mass timber plates
composed of layered boards arranged crosswise and
glued together as shown in Figure 1. CLT is often used in

Figure 1: View from the Lobby of the analyzed CLT
Building

combination with other mass timber technologies, such
as glue laminated beams, to make up the structural ele-
ments of a building in place of reinforced concrete and
steel. CLT is gaining popularity for building construction
in the U.S. as they have fast construction times, a reduced
carbon footprint compared to concrete and steel, and
for the structure’s visual appeal (Laguarda Mallo et al.
2015). Design specifications for CLT buildings have
only recently been added to US building code, so they are
relatively new to the US market (American Wood Coun-
cil 2015).
Most research up to this point has focused on structural
performance (Kovacs et al. 2019), fire (Pei et al. 2016),
and hygrothermal performance (Zelinka et al. 2016).
CLT’s hygrothermal behavior has been characterized by
Kordziel et al. and a 1D model was validated in WUFI
based on the experimental data for a simple construction
(Kordziel et al. 2020). Setter et al. numerically investi-
gated CLT construction in single-family homes subjected
to variable electric rates to asses CLT’s viability for small
buildings (Setter et al. 2019). The study used BEopt, En-
ergyPlus, and WUFI to model the homes and compared
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the CLT models to traditional light weight constructions.
It found that the increased thermal mass compared to the
light weight constructions allowed for enhanced precool-
ing which saved money under the variable rate structure
especially in cooling dominated climates. Despite the
savings from the precooling, the higher material costs of
the CLT homes would likely outweigh the lifetime en-
ergy cost savings.
Wijesuriya et al. performed a parametric modeling
study that combined OpenStudio (OS) and WUFI look-
ing at building energy performance for the model un-
der three envelope insulation scenarios, two of which in-
clude CLT in the building envelope behind the insulation
(Wijesuriya et al. 2019). The CLT construction in their
model had CLT in both the floors/ceilings as well as the
exterior walls. The authors found a 42-46% reduction in
heating energy compared to an EICC baseline steel-stud
wall.
A study done by Dong et al. in 2019 looked at mod-
eling CLT buildings in several different climate zones
throughout China—the model design was based on struc-
tural building codes rather than an existing CLT build-
ing—and compared the results to an existing office build-
ing built with a concrete and steel structure (Dong et al.
2019). The study found possible challenges with CLT
structures in cooling dominated climates as the models
in their study had higher cooling energy predicted than
the reference concrete-steel based building.
While early results are promising, there is little docu-
mentation on actual CLT building energy performance
over a long period of time and no building energy sim-
ulation software have been fully validated for CLT con-
struction at present. These information gaps are barriers
to further use of CLT in the built environment. This pa-
per presents the ongoing efforts on the monitoring and
OS model development for a CLT office building lo-
cated in the Denver Metro Area, Colorado. It is part of a
larger study monitoring four CLT buildings in the United
States to document CLT building performance and val-
idate CLT building energy models. In particular, this
study focuses on the plug load data, early OS model cal-
ibration, and comparison of the CLT building model to
standard envelope construction.

Methods
This study demonstrates current efforts to validate OS
accuracy for mass timber construction; specifically for
CLT envelopes. The methodology first describes the an-
alyzed CLT building and its modeling assumptions in
OS, sub-metering efforts to fully monitor all electrical
breakers and plug loads, and briefly compares CLT with

traditional construction. The long term goal is to use
the building operating data as the reference to validate
OS for CLT construction. Early validation efforts use
2019 utility data while high fidelity operation and load
data is being collected to assess how sub-monitoring can
reduce input uncertainty on internal loads. Data is be-
ing collected both from the building management system
(BMS), direct plug-load monitoring, and whole building
passive electric load monitoring at breaker boxes. A val-
idated model for a CLT building can then be compared
to alternate versions using different construction types to
compare the affect of a CLT construction on whole build-
ing energy consumption. The current work on these three
fronts are presented here.

Building Description

Figure 2: SE Corner of the actual CLT Office Building

The analyzed building, shown in Figure 2 is an east fac-
ing, three story, 51,000 ft2 (4,738 m2), office building
with predominantly open office spaces throughout. The
lobby which features its CLT structure is shown in Fig-
ure 1. The building is located in the Denver Metro area,
climate zone 5B. The building’s construction finished in
January 2019. The building’s HVAC system consists of
two rooftop units (RTU) run in parallel, ceiling fans over
the lobby space, and perimeter radiant floor heating con-
nected to high efficiency condensing boilers. The RTUs
are the primary heating and cooling system, but radi-
ant floors are operated as supplemental heating during
the winter. Each RTU has three stage evaporate cool-
ing, variable speed DX cooling with a 58 Ton (204 kW)
cooling capacity, and hot water coils connected to the
high efficiency boilers rated 712 MBH (209 kW) output.
The two boilers have a 96% efficiency, 1,200 MBH (352
kW) output, and a flow rate of 120 GPM (450 LPM).
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These boilers are run in parallel and supply heat to the
RTUs and the radiant flooring system. The lobby of the
building is open to all three floors and has significant sun
exposure; the ceiling fans are operated to reduce the tem-
perature gradient through out the space on hot days.
The building uses CLT in the ceilings and in some load
bearing walls such as the elevator shaft and stairwells.
The building structure utilizes a similar mass timber
product to CLT, glue laminate beans, for most verti-
cal load bearing. Figure 1 shows some of the exposed
mass timber in the structure, both the CLT and glue lam-
inate beams, as seen from the ground floor lobby of
the building. The exterior walls are frame construction
with a brick facade, followed by insulation, and then
air/moisture barriers.

OpenStudio Model Description

Figure 3: SE Corner of the CLT Office Building Model

Figure 4: NW Corner of the CLT Office Building Model

This study uses OS Application version 1.3.0 (OpenStu-
dio SDK 3.3.0). The model geometry, shown in Figure 3
and Figure 4, is based on the architectural drawings for
the building. The model includes sun shading features
which are seen as the purple surfaces on the exterior of
the building. These shading features are based on those
seen on the real building and match the shading angle
while simplifying the rounded shape to planes that match
the shading angle. Shading features on the west facing
windows are also included. The construction set in the
model is also based on the architectural drawings. Ta-

bles 1 and 2 highlight the key elements of the model wall
construction from outside to inside. Similarly, Tables 3
and 4 summarise the exterior roof assembly. The ther-
mal properties used for CLT are based on Spruce Pine Fir
from the material characterization study done on CLT by
Kordziel et al. (Kordziel et al. 2020). Note that interior
ceilings are 4 in (0.1 m) thick concrete pads on top of 4
in (0.1 m) CLT plates.
The OS model has hard-sized HVAC components based
on the building’s actual equipment sizes as described in
the mechanical drawings. The model simplifies the two
boilers and two RTUs by combining their capacities into
single units respectively as OS is not capable of model-
ing these as separate devices. Additionally the variable
speed DX cooling is approximated using the Two Speed
DX Coil model in OS. The real building is operated to
maintain 70 ◦F (21.1 ◦C) year round, however OS does
not allow for the cooling and heating set-points to be the
same temperature. As a model simplification, a ± 1 ◦F
(± 0.6 ◦C) is used around this set point. Thus the model
uses a cooling set point of 71 ◦F (21.7 ◦C) and heating
set point of 69 ◦F (20.6 ◦C).
There is still uncertainty around the nature of the loads
in the building, so the current version of the OS model
uses the operating and load schedules from the ”office
default” library built into OS based on ASHRAE stan-
dard 189.1-2009 for climate zone 5 as a starting point
for initial calibration. The load definitions used in the
CLT building model are the internal mass, people load,
and electric load definitions from the built in office loads.
The schedule sets used are the closed office, conference,
corridor, electrical/mechanical room, IT room, lobby,
open office, restroom, stair, storage, and vending which
have been applied to the spaces in the model based on
how they are labeled in the architectural drawings. The
schedules within the schedule set for number of people,
people activity, lighting, electric equipment, and infiltra-
tion remain unmodified from the default library. Ongo-
ing efforts are measuring most of these schedules to min-
imize input uncertainty.
Current calibration utilizes 2019 utility data from when
the building first opened and began operating. Subse-
quent year utility data reflects a mostly empty building
do to the ongoing COVID19 pandemic. The weather file
used in OS for the calibration is 2019 weather data from
the National Renewable Energy Laboratory in Golden,
CO which is located 14 miles from the CLT office build-
ing. Using 2019 data allows for inclusion of people loads
in the model. These schedules and loads will later be re-
placed by the measured loads and schedules from BMS
and plug-load data.
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Data Collection

Figure 5: The Smart Powerstrip used for desk load mon-
itoring
Source: Sapient Industries

Figure 6: The Smart Plug used for monitoring single out-
let devices such as TVs
Source: Sapient Industries

Figure 7: The Current Transformer Monitor used for
monitor at the breaker box loads such as lighting
Source: Sapient Industries

Data collection comes from two sources: the HVAC
BMS and sub-metering for most energy data points.
HVAC BMS collects thermostat set-points, indoor air
temperature and relative humidity, RTU air flow rates,
and equipment status. Sub-metering is done at the
breaker level and additionally we collect plug loads at

the device level to provide more granular data than a
the breaker level. Smart WiFi power-strips measure and
record individual plug loads while Sapient Industries
current transformer (CT) transducers measure energy at
breakers. Smart plugs and smart meters are all integrated
into Sapient’s backend for monitoring and control (Sapi-
ent Industries 2022). In total, this building has 31 CT
meters and 1458 plug load meters. Together, these de-
vices monitor real time whole building energy consump-
tion from panel level all the way to plug load. Figures 5
- 7 show examples of the monitoring devices.
Energy use from all devices plugged into outlets such
as computers, monitors, break room appliances, and au-
dio video equipment are monitored in this study. The
power strips report the average amps, volts, and watts
over the sample interval. The smart power strips also
allow the building operators to set up rules for turning
devices on or off at specified times should they want
to implement energy saving strategies but no rules have
been implemented by the building operators at the time
of writing. Whole building energy use, lighting, and
large equipment are metered at the electrical panels using
non-intrusive CT meters. These meters also report the
average amps, volts, and watts of the power lines every
minute. Data is averaged and recorded every 15 minutes.
Sub-metering began in late July 2021. Here we present
nearly three months of data: from August 1 through Oc-
tober 25, 2021. The data is categorized by end use type
such as computer monitor’s and refrigerators, the room
the device is located in, and the floor of the building. The
data presented here focuses on the end use device types.

Table 1: Model External Wall Assembly - Imperial Units
Layer Conductivity Thickness Resistance

(Btu-in/hr-
ft2-R)

(in) (ft2-hr-
R/Btu)

Brick 0.578 6
Air Gap 0.852
Insulation 8.75
Gypsum 1.11 5/8
Insulation 13
Gypsum 1.11 5/8

Comparison with Traditional Construction
Part of the objectives of this study is to compare and
quantify CLT benefits compare to other traditional con-
struction methods. This study compares the CLT Office
Building model to the same model where the only change
made is replacing the CLT model construction set with
the ”189.1-2009 - CZ5 - Office” construction set from
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Table 2: Model Exterior Roof Assembly - Metric units
Layer Conductivity Thickness Resistance

(w-m/K) (m) (m2-K/W)
Brick 0.0833 0.1524
Air Gap 0.15
Insulation 1.54
Gypsum 0.16 0.0159
Insulation 2.29
Gypsum 0.16 0.0159

Table 3: Model Exterior Roof Assembly - Imperial units
Layer Conductivity Thickness Resistance

(Btu-in/hr-
ft2-R)

(in) (ft2-hr-
R/Btu)

Membrane 1.11 0.374
Insulation 30
CLT 16.0 4

Table 4: Model Exterior Roof Assembly - Metric units
Layer Conductivity Thickness Resistance

(w-m/K) (m) (m2-K/W)
Membrane 0.16 0.0095
Insulation 5.28
CLT 0.101 0.102

the built in ”office default” library as a reference con-
struction. This construction is a steel-frame construction
based on ASHRAE 189.1-2009 for climate zone 5. The
geometry, HVAC system, loads, schedules, and weather
are all kept the same between the two model runs. This
allows one to see if an OS model based on a real CLT
building, rather than a conceptual one, demonstrates ex-
pected energy trends observed in other studies that have
been based on modeling alone.

Results
Plug Load Data
Figure 8 shows the plug load energy consumption from
August through October as a stacked bar chart to show
the distribution of device type energy consumption. We
select 9 categories that are combined from the original 21
devices that Sapient’s systems algorithms identifies and
collects for visualization purposes. The dominant plug
uses in the building are miscellaneous office equipment
(projectors, printers, shredders, personal devices, space
heaters, etc.) that represent about 42% of the plug load
data. This is followed by refrigerators, A/V equipment,

and the motorized standing desks. Interestingly, the 207
standing desk power consumption is around 12% of the
total plug load energy consumption or about a constant
1 kW load, resulting in an average energy use of 686
kWh/month for the three analyzed months or about 2%
of the total building energy consumption. Almost every
work station has one of these desks which are continu-
ously using 5W and are an example of passive loads that
could be eliminate with plug load controls.
Table 5 compares the total building electric energy con-
sumption as reported by the utility to just the electric en-
ergy from the plug loads. October’s plug load data is
slightly under reported because the available data does
not include the last 7 days of the month.

Figure 8: Disaggregated Monthly Plug Load Energy
Consumption for the analyzed 3 months

Figure 9 shows 15 minute intervals time series data for
October 3 - 6 2021; a Sunday to Wednesday time period.
During these three days, the occupancy increases with
respect to the first day. One can also see the A/V equip-
ment’s contribution to the base-load as it turns on in the
morning and cycles off at night. A primary driver of the
increase in power consumption on Monday, October 4,
is the additional energy use by computer monitors sug-
gesting increase occupancy in the building and demon-
strating the plug load meters can potentially be use for
occupancy metering.
Figure 10 shows normalized data for same dates as Fig-
ure 9. The increase in computer monitor use shows
up as an increase in the area made up by the computer
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Figure 9: Time-series Summary of Plug Load Energy
Consumption

monitor category throughout October 4. The high con-
stant power draw of the Miscellaneous Office Equipment
stands out here. The miscellaneous equipment makes up
42% (3.9kW) of the building’s load over all even at night.
Refrigeration devices make up the second largest group
and consistently make up 14% (1.2kW) of the load.

Figure 10: Normalized Time-series Summary of Plug
Load Energy Consumption

Table 5: Comparison of Plug Loads to Total Electric
Consumption

Month
Total
Electric
[kWh]

Plug
Loads
[kWh]

Plug Load
Proportion to total
building energy use

Aug 32640 6451 20%
Sept 30400 6071 20%
Oct 29120 5156 18%

Figure 11 shows the three months of electric energy use
from just the computer monitors in the building with pre-
dicted occupancy on the right axis and figure 12 shows a
subset of the data from October 4-6. There are 208 moni-
tors in the building that draw about 2 watts passively and
44 watts when turned on. The predicted occupancy axis
takes the power data and scales it based on idle and active
power of the monitors. The power consumed by com-
puter monitors in each zone are one way to track the oc-
cupancy of the building through out the study. A higher
occupancy can be seen throughout August, late Septem-
ber, and early October as the base power consumed by
the computers fully shifts for several days before return-
ing to the base power load.The building manager noted
that this shifts would have been the result of just a few
people coming to the office as a majority of employees
were still working from home at this time. In figure 12,
the rise in early October’s occupancy is seen to corre-
spond to about 20 people in the building. This data will
be used to predict occupancy in the building in future
iterations of the model.

Figure 11: Computer Monitor Power Consumption from
August through October
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Figure 12: Computer Monitor Power Consumption from
October 3 - 6 with Second Axis Approximating Occu-
pancy

Current OS Model Calibration

Figure 9 through Figure 11 show the current calibration
results for the monthly energy consumption from 2019
utility data compared to the OS model run with 2019
weather data. 2019 data is presented as the building was
still occupied and being operated normally for the whole
year before the COVID19 pandemic caused workers to
begin working from home in early 2020. This allows
for model calibration that can include people loads in
addition to base-loads when comparing to utility data.
The current OS model is using generalized operating
schedules and loads for the building based on the sched-
ules from the ”office default” library for ASHRAE stan-
dard 189.1-2009, climate zone 5. A model calibrated
on monthly data should have a coefficient of variance
of the root mean square error (RMSE) of 15% or lower
and a normalized mean bias error (NMBE) of 5% or less
according to ASHRAE guideline 14 for whole building
calibrated simulation (Lovvorn et al. 2002) for both elec-
tric and gas energy consumption.
Figure 13 shows the electric energy for the OS model
and 2019 utility data. The building began operating in
January 2019 which is why the total energy predicted
for January is further apart than the other months. The
electric energy calibration has a RMSE of 17.76% and a
NMBE of 10.22%.
Figure 14 shows the electric peak demand calibration
for 2019. The peak electric calibration has an RMSE
of 17.01% and NMBE of -3.28%. Peak prediction lines
up more closely in the winter months suggesting that the
difference in the summer months may be a result of using

Figure 13: Predicted and actual monthly 2019 electric
energy consumption

a 2 speed DX cooling coil model rather than a variable
speed DX cooling coil such as those found in the real
building. Eliminating plug load uncertainty will allow
for closer inspection of the effect this assumption has on
the model predictions.

Figure 14: Predicted and actual monthly 2019 peak elec-
tric demand

Figure 15 shows the gas 2019 monthly energy consump-
tion. OS has a RMSE of 65.05% and NMBE of 32.90%
due to several reasons. Gas energy appears low in the
month of January as the building first came online at the
end of the month. The high gas use reported by the util-
ity in summer 2019 did not repeat in 2020 or 2021 sug-
gesting it was related to the building coming online or
continued construction on the campus through out 2019.
Summer gas consumption is mostly for domestic hot wa-
ter purposes, which is not properly simulated in our OS
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model.

Figure 15: Predicted and actual monthly 2019 gas en-
ergy consumption

Model Construction Comparison
Figures 16 and 17 compare electric and gas energy
consumption between the CLT building model and the
same building, but with a traditional envelope (ASHRAE
189.1-2009 office construction). There is 0.63% to
2.23% lower electric energy consumption during cool-
ing dominated months, June through September, for the
CLT building model. The CLT building model exhibits a
decrease in gas energy consumption for all months, but
notably 7.79% to 10.72% lower gas consumption during
heating dominated months, October through May. There
is 0.34% to 0.59% higher electric energy consumption in
the CLT building model during the winter months sug-
gesting the model stays slightly warmer in the winter
and may be exhibiting overheating compared to the steel
frame construction model.

Discussion
The early work done thus far on the CLT building has be-
gun demonstrating the possible sustainable and operating
energy efficient benefits of this envelope type. However,
the envelope is only a part of the story when it comes
to sustainable building design and operation. Plug and
people loads are generally sources of high uncertainty in
building modeling, so by accounting for the exact plug
loads directly in our model and inferring occupancy from
the data, we will be able to eliminate this uncertainty in
characterising the influence of a CLT envelope on build-
ing performance. Having building models that use exact
plug loads opens up new optimization opportunities that
can capture the coupled relationship between the plug

Figure 16: Predicted monthly electric energy use for
CLT Construction and ASHRAE 189.1-2009 Construc-
tion

Figure 17: Predicted monthly gas energy use for CLT
Construction and ASHRAE 189.1-2009 Office Construc-
tion

load heat contribution and HVAC system. Future op-
timization of the model can include plug management
rules and produce optimal predictions for operation with
plug load management in mind.
The plug load data presented within this paper is repre-
sentative of a largely vacant building given that most em-
ployees were working from home. A unique take away
from looking at the early plug data is the high passive
load of equipment, particularly the motorized standing
desks and high energy consumption from miscellaneous
equipment in a largely unoccupied building. On a per-
device basis the power use of the desks is not significant,
but the high number of desks in the building shows that
even small loads can add up. This is a device type that

© 2022 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, 
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

403



the building operators have begun considering plug load
management for after seeing the plug load data results.
Miscellaneous equipment throughout the office is also
consuming significant amounts of power even at night.
There is opportunity for load reduction by eliminating
passive loads both at night and rarely used equipment
during the day for devices such as projectors or coffee
machines. Future research will integrate plug load data
directly into OS model. Plug load data can also be used
to imply occupancy on buildings. Directly implement-
ing the plug load data into the model should allow for
sub-hourly electric energy validation. The high resolu-
tion of the data will also enable us to more accurately
estimate the building’s occupancy throughout the year in
the model.
The 2019 calibration data shows that model can predict
over all trends for electric consumption, peak electric
use, and gas consumption, however the model does not
yet meet ASHRAE guidelines for whole building cali-
bration. Incorporating measured plug loads directly and
inferring occupancy from load data will greatly reduce
the sources of uncertainty in the model and improve
month to month energy predictions. Additionally, sub-
hourly validation for electric energy use becomes possi-
ble.

Conclusion
This study shows preliminary data to quantify and docu-
ment energy use in a CLT building in Denver, CO. This
study is part of a larger effort to validate CLT build-
ing energy models and fill knowledge gaps about CLT
building performance. The CLT office building has been
retrofitted with electric load monitoring offering unique
insights about the building’s operation and energy use.
Early plug load monitoring data shows high plug load
energy consumption for a mostly unoccupied building.
Miscellaneous office equipment makes up much of the
load and remains relatively constant even at night. Some
device types, such as motorized standing desks, are re-
vealed in the data to have an unexpectedly high pas-
sive load. The plug load data also offers an opportunity
to reduce occupancy uncertainty in the building model.
Computer monitor electric energy use can potentially be
used to quantify occupancy as plug loads are more vari-
able when people are present in the building. Incorporat-
ing plug load data directly in future work will eliminate
assumptions that are currently made in the model both
about plug loads and occupancy.
Having high resolution plug load and whole building
electric energy data will enable sub-hourly validation of
the OS model in development. Current calibration ef-

forts show promise at calibrating the OS model on a
month to month basis which suggests sub-hourly calibra-
tion should also be possible. The electric energy calibra-
tion is close to falling within the criteria set by ASHRAE
Guideline 14. The NMBE and RMSE electricity and
gas predictions are outside of Guideline 14 recommen-
dations likely due to continued construction on the build-
ing’s campus during its first year of operation and uncer-
tainty on the internal loads schedules. Additional inves-
tigation will be made to ensure all gas using equipment,
such as domestic hot water, is accounted for in future
versions of the model.
Preliminary results from the current OS CLT model show
similar energy behavior to that found in the literature.
Most energy modeling literature up to this point has fo-
cused on theoretical CLT building models and compared
them to alternative construction types such as steel frame
construction. These studies have generally found a de-
crease in both cooling and heating energy for the CLT
models (Setter et al. 2019), (Wijesuriya et al. 2019),
(Dong et al. 2019). This study also found a decrease
in both cooling and heating energy which is in line with
these existing studies. However, this study is based on a
real CLT building and uses a model construction based
on the architectural drawings for that building. This is
an exciting result when it comes to understanding the en-
ergy performance of CLT buildings.
Future work will see the plug load data loaded directly
into the OS model broken down by thermal zone. The
plug load data will also be used to inform the building
occupancy schedules in the model by looking at devices
like the computer equipment and appliances to estimate
how many people are in the building at a given time. The
sub-hourly calibration will be done at 15 minute intervals
for a full year of data. The cause of the high summer
time gas use will also be investigated to ensure that the
OS model is capturing all gas using equipment.
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