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Model-based data center cooling controls comparative
co-design

MILICA GRAHOVAC1�, PAUL EHRLICH2, JIANJUN HU1 AND MICHAEL WETTER1

1Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA, USA
2Building Intelligence Group, Afton, MN, USA

This article presents a comparative simulation-based control logic design process. It uses the Control Description Language (CDL)
and the ASHRAE Guideline 36 high-performing building control sequences with the Modelica Buildings Library (MBL) to
demonstrate a comparative analysis of two control designs for a data center chilled water plant. Details include a description of the
closed-loop plant and control design methodology, including sizing and parameterization, base and alternative (Guideline 36) control
logic with software implementation structure, and outline of the simulation experimentation process. The selected control designs are
paired with comparable chilled water plant configurations. The models include a chiller, a water-side economizer, and an evaporative
cooling tower. The plant provides cooling at 27�C zone supply air temperature to a data center in Sacramento, CA. The comparative
simulation results examined the impacts of a selected control logic detail, and present an example model-based design application.
Overall, the simulation results showed a 25% annual and a 18% summer energy use reduction for alternative controls. This shows
that simulation-based control logic design performance evaluation can improve energy efficiency and resilience aspects of system
controls at large.

Introduction

Standardization of high-performing building control sequen-
ces enables implementation of control sequences in custom-
izable software packages. Coupled with existing software
libraries of system and component models, the emergence of
control sequence libraries opens up new and exciting space
in model-based load, plant, and controls co-design. The
OpenBuildingControl (OBC) project1 paved a way to
broader application of control software libraries, as it, among
other things, implemented the ASHRAE Guideline 36 (G36)
(ASHRAE 2021) high-performing sequences in the Modelica
Buildings Library (Wetter et al. 2014), defined the Control

Description Language (CDL) (Wetter, Grahovac, et al.
2018), and invented the digital controls delivery process
(Wetter et al. 2022). CDL is currently being standardized
through the ASHRAE Proposed Standard 231 P.2

OBC tools and processes, including the implementation of
CDL, were first demonstrated in a simulation case study
(Wetter, Grahovac, et al. 2018) that compared a G36-based sec-
ondary multizone variable air volume HVAC controller with an
alternative ASHRAE published control sequence from 2006. As
a load, the study used a floor of the Department of Energy
(DOE) prototypical large office building. The study produced
dynamic simulation models capable of detailed evaluation of the
controller implementations and the consequential comparative
energy use savings. Zhang et al. (2020) presented a comparative
model-based study that also evaluated the energy savings of
G36 controls of the air side of a single-zone variable air volume
system (secondary system). While both studies perform a com-
parative model-based control design, they are oriented toward
the secondary system, rather than toward the water side (primary
system). The OBC project introduced first practical forms of
control sequence functionality verification, as presented in
Wetter, Hu, et al. (2018). In the domain of sequence compari-
son, there exists a framework for benchmarking of building
HVAC control algorithms called BOPTEST (Building optimiza-
tion testing framework, described in Blum et al. [2021]).
BOPTEST is broader than our needs for this article, and it
focuses on buildings rather than data centers, in terms of both
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comparison metrics and models. Fan et al. (2021) provided
model-based comparative control designs for chiller plants with
a water-side economizer (WSE) in data centers, evaluating their
energy performance across multiple control scenarios. The
sequences are developed for an array of data center chiller plant
configurations that are implemented as open-source models in
Modelica and not in CDL.

ASHRAE Guideline 36 2021 specifies sequences for chiller
and boiler plants. Although the guideline does not address data
center cooling applications specifically, many of the control
sequences can be applied to such systems. We structured, modu-
larized, and generalized the software implementation of the con-
trol sequences in the Modelica Buildings Library (MBL). This
allows for practical sequence customizations beyond those expli-
citly outlined in the ASHRAE guideline.

As we were writing this article, we were not able to identify
any previously published work that utilizes or evaluates G36-
based chiller plant sequences implemented in CDL. To start
addressing the gap, this article describes the first comparative
model-based co-design and simulation performance evaluation
study for a G36-based controller implemented in CDL applied
on a data center chiller plant. The approach can further be uti-
lized to develop high-level-of-detail custom and innovative plant
and control co-designs, including further applications of the pri-
mary system G36-based controllers.

In this article, we introduce and describe, supported by an
example, a model-based comparative controls design process.
We demonstrate the application of the design process on a data
center chilled water plant including a water-side economizer
located in Sacramento, CA. The article provides detailed insight
and incorporates and builds upon the data center chiller plant
case study first presented in Grahovac et al. (2022). There we
compared the closed-loop system performance of two different
chiller plant controllers, one based on ASHRAE Guideline 36
and implemented in CDL and the other derived from the one
applied in Wetter et al. (2014). Compared to Grahovac et al.
(2022), this article expands on the following items:
� We describe the simulation-based comparative design

process.
� We detail the parameterization and sizing procedure, includ-

ing its software realization; introduce the structural layers
and hierarchy of the control sequence software library and
the controller implementations; and further elaborate on the
model and controls implementation.

� We expand the data center zone supply air temperature set-
point sensitivity analysis; present the sensitivity to a selected
small difference in control logic; and provide deeper
insights regarding the alternative and broader uses of close-
coupled simulation models as a design aid, in this case, to
identify conditions for chiller-less cooling plant design.

� We add comments on decentralized data center resili-
ence as an integral part of the future power grid.

In the example design study, we used two controller
designs—a base case and an alternative design. In the base
case model, we applied a controller similar to that presented
in Wetter et al. (2014), with a few upgrades introduced to
the condenser water-side hydronic configuration and control
implementation structure. The major aspects of the base case

controls are the chilled water reset and the utilization of
three smaller condenser water pumps in a custom hydronic
configuration to ensure minimal chiller lift. We designed the
alternative controller for this study primarily based on our
adaptation of certain control algorithms from ASHRAE
Guideline 36. In addition to the chilled water reset, the alter-
native controller applies the condenser water reset and relies
on the original and simpler condenser water-side hydronic
configuration from Wetter et al. (2014).

In our study of the simulation results, we saw that the water-
side economizer is nearly fully capable of satisfying the load,
without use of the chiller. This prompted us to investigate the
plant design’s ability to meet the load throughout the year in a
chiller-free operation. We introduced a novel simulation-based
configuration and sizing design method to help identify a set of
loading and climate conditions leading to chiller redundancy. In
the main set of design parameters, the system redundancy is
treated similarly in the two cases, with the chiller nominal power
being slightly lower than the nominal load, yet the chiller is
operated at high coefficients of performance (COP) due to the
relatively high supply air temperature set-point. Effectively, this
brings the designs close to an Nþ 1 redundancy of the cooling
source, contributing toward fulfilling the Tier II rating require-
ments, per data center Tier classification explained in
Velimirovic (2021). In real systems the Nþ 1 redundancy would
also include one redundant pump and fan for each one existing
in the system.

The article explores, through a detailed example, some of
the challenges of model-based design process for HVAC
applications. Future design automation tools have a complex
task of allowing for design customization while providing a
high level of automation in both system and building design.

The article has the following structure: “Simulation-based
comparative controls design process” outlines the comparative
controls design process. “System and controls design method-
ology” describes the system and control design methodology,
walks through the system configuration of chilled water plant
designs, details the base and alternative controllers, and presents
the sizing and the parameterization assumptions. “Software
implementation” presents the model implementation, the soft-
ware libraries of high-performing control sequences, the control-
ler hierarchy and parameterization, and the experimentation
environment. “Results” provides the comparative annual and
summer performance results, investigates the sensitivity to the
data center zone supply air temperature set-point, and presents a
generic method useful in weather-dependent co-design. Finally,
“Conclusion” discusses the findings.

Simulation-based comparative controls design
process

With the increase in complexity of building control sequen-
ces emerged the need for a simulation-based plant and con-
trol design process. Higher complexity arising from the
desire to conserve energy inherently increases the error prob-
ability. To mitigate some of the risks associated with the site
application of high-performing complex control algorithms,
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we conducted a comparative control co-design process that
can be embedded into any broader simulation-supported
design, testing, and verification framework, such as the OBC
project’s digital control delivery framework. The steps of the
plant and controls design process are:
1. Design the chiller plant system based on the cooling

load. To simplify the comparison, we assumed that the
plant needs to meet a constant cooling load.

2. Implement the base and the alternative control logic. The
choice of the base and the alternative control logic
design may depend on system complexity, climate, cost
constraints, energy standards, availability of standardized
control libraries, and so on.

3. Refine the chiller plant configuration based on the
chosen control systems. This step may be skipped if both
control designs can be applied on identical plant
configuration.

4. Implement the system model using Modelica libraries.
We created two model implementations, one for the base
and the other for the alternative system configuration.

5. Implement the base control logic using MBL packages
not limited to the use of CDL.

6. Implement the alternative control systems using the
ASHRAE G36-based control logic packages
implemented in CDL and located under MBL’s OBC
package. Ideally the user would choose both base and
alternative control designs from a library of standardized
sequences, depending on the availability.

7. Connect the control systems to the plant system and
configure them.

8. Perform simulation experiments to investigate the sizing,
the configuration, and the controls performance of the
design cases, for a chosen weather year and location. In
this step, the modeler or designer has the ability to
evaluate any aspect of the plant performance.

9. Utilize the annual simulation result time-series, to
discuss, compare, and present various aspects of the
controls performance.

System and controls design methodology

This section details the base and alternative chiller plant
configuration and their respective control system configura-
tions, and describes key assumptions regarding the plant
component sizing and controller parameterization.

Demonstrating how to use the model to design a robust
controller is beyond the scope of this work. However, we
refer interested readers to the following reports, which all
used a Modelica model to design a robust controller: Wetter
(2009) designed a PI (proportional-integral) controller with
gain scheduling in the frequency domain, Wetter and Hu
(2019) co-designed an HVAC hydronic configuration and
associated controls after demonstrating that the baseline con-
troller was unstable, and Bortoff et al. (2022) developed an
H-infinity loop shaped model predictive controller.

The base model leverages algorithms primarily developed
by Taylor Engineers3 as previously applied in the example

presented in Wetter et al. (2014). The alternative model
stems from sequences specified through ASHRAE Guideline
36 with, to the best of our knowledge, no prior applications
in system simulation.

Three fluid loops define the major pattern found in both
chilled water plant system configurations: the air loop, and
the hydronic loops: the chilled water (CHW) loop and the
condenser water (CW) loop. The sizing of main system com-
ponents in all three fluid loops remains either the same or,
in case of any configuration differences, comparable across
the two cases.

Both systems are, for simplicity, serving an identical and
constant data center cooling load. We model the data center
zone idealized by adding its emitted heat to the return air
(using a first-order delay).

Chilled water plant system configuration

In both configurations the chiller plant comprises a chiller
and a WSE, connected in series on the CHW side and in
parallel on the CW side, CHW and CW pumps, and a sin-
gle-cell cooling tower.

Each plant configuration is matched with a set of chiller
plant control sequences, called base and alternative control-
lers. The plants have different hydronic configurations on
the CW side and require a somewhat different set of
sensors.

Figures 1 and 2 present the schematics of the base and
the alternative plant and control models, respectively. The
figures lay out the main system components and the
hydronic configuration, including the controller instrumenta-
tion. Sections on the right side of each figure lay out the
control approach and provide most important details of the
control algorithm, such as state charts and control diagrams
for selected variables. The opaque–transparent color coding
utilized for set-points and instrumentation is such that any
opaque filled thermostat, flow meter, or set-point applies in
the alternative case, transparent filled applies to the base
case, and any half-opaque element is present in both config-
urations. This approach helps observe the differences
between the instrumentation requirements among the two
cases.

The plant configuration schematics show that the first
fluid loop, the air loop, remains the same in both configura-
tions: A supply air fan circulates air through a cooling coil
to supply cooling to the data center room. The control
objective is to maintain a constant zone supply air tempera-
ture Tz, s, as measured by a sensor located between the air
supply fan and the data center zone.

The hydronic configuration of the CHW loop is also iden-
tical among the two cases. It consists of a CHW pump that
circulates water from the cooling coil through the WSE. If
additional cooling capacity is required, the chiller is enabled
and valves open to allow for the chiller to receive water
from the WSE in series. In both designs we measure the
chilled water return temperature Tchw, r and its value down-
stream of WSE, Tchw, r, d: The alternative configuration places
additional two sensors in the CHW loop, to measure the
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chilled water supply temperature Tchw, s and its volume flow
_V chw, s: If the chiller is disabled while the plant operates, the
chiller bypass valve in both configurations closes to prevent
flow and therefore pressure drop through the evaporator.

Lastly, the hydronic configuration of the CW loop differs
between the two cases. The base case contains three smaller
CW pumps, one each for the chiller condenser, the WSE,
and cooling tower loops. The alternative case, however, uses
the same configuration as in Wetter et al. (2014), which has
a single CW pump with isolation valves for the chiller and
the WSE. Both cases require an outdoor air wet-bulb tem-
perature Toa,w sensor. The base case, in addition, requires a
CW supply temperature Tcw, s sensor, while the alternative
case uses a CW return temperature Tcw, r and a dry-bulb out-
door temperature Toa sensor. Both CW-loop configurations
guard the chiller from operating under low temperature lifts.

To summarize the instrumentation needs, the base config-
uration requires five temperature sensors, while the alterna-
tive requires a total of seven sensors. The modifications in
the alternative case include two sensors in the CHW loop to
allow for heat flow rate measurement, and different

placement of the CW-loop temperature sensor. We assumed
no additional instrumentation is needed to measure Toa in
addition to the wet-bulb temperature Toa,w, as the wet-bulb
sensors usually also report dry-bulb temperature and
humidity.

Base and alternative controllers

We set the supply air fan to operate at constant speed in
both configurations due to the constant cooling load.

We sectioned each of the controllers into five control sec-
tions, as illustrated on the right-hand side of Figures 1 and
2. The control sections are, from the bottom to the top of
the images, plant enablers, CHW reset, chiller enablers and
staging logic, WSE enablers, and CW-loop control.

The plant on/off control section is identical in both design
cases. A trim and respond logic generates a number of
requests based on comparing the measured zone supply air
temperature Tz, s with its set-point. The logic can ignore a
user configurable number of requests, and once enough
requests are being generated, the plant is switched on. A real

Fig. 1. Base case data center chilled water plant and controls design, left to right: plant diagram, control diagrams, and control sections
with state charts.
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plant, unlike a simulated one, would likely have an add-
itional layer of manual override built into the hierarchy of
the logic.

The CHW reset is utilized in both cases. When the zone
requires more cooling, a control signal based on the number
of cooling requests uchw, pr acts in two ways. First it
increases the DP set-point of the CHW pump dpchw, set up to
its maximum. Further increase in cooling demand decreases
the CHW temperature set-point, Tchw, s, set: Effectively, the
control intent is to gain more cooling capacity through first
increasing the flow, followed by decreasing the temperature
difference in the CHW loop.

The following two sections discuss the logic used to
enable or disable the chiller and the WSE. The base case
handles the chiller enabling independently from the WSE
enabling logic, while the alternative controller uses the

ASHRAE G36 2021 staging logic, which integrates the
WSE as one of the plant stages and provides separate logic
to select the initial plant stage. In addition, the alternative
controller uses the ASHRAE G36-based WSE enabling
controller.

The chiller on/off algorithm of the base design is shown
in the dedicated state chart on Figure 1. The chiller is
enabled when the temperature measured downstream of
the WSE in the CHW-loop Tchw, r, d is sufficiently above the
chilled water supply temperature set-point Tchw, s, set: If the
chilled water return temperature downstream of WSE
Tchw, r, d drops to the chilled water supply temperature set-
point Tchw, s, set, the chiller is switched off. The plant, how-
ever, may still continue to operate in a WSE-only mode.
The decision to enable the WSE is made based on the out-
door air wet-bulb temperature Toa,w, design cooling tower

Fig. 2. Alternative case data center chilled water plant and controls design, left to right: plant diagram, control diagrams, and control
sections with state charts. Transparent background highlights the differences compared to the base case controller illustrated in
Figure 1.
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approach dTt, app, and a given temperature offset dTwse, on:
The WSE is disabled if the CHW return temperature Tchw, r
is below the CW supply temperature Tcw, s plus a dead-
band dTwse, off :

To operate the chiller, the alternative controller uses the
chiller staging logic. We used a generic n-chiller staging
controller, implemented based on ASHRAE G36, and para-
meterized it for one chiller and one WSE. The initial stage
selection logic makes use of the prediction of the tempera-
ture downstream of the WSE Tchw, r, d , to select whether the
plant initiates in the WSE-only or in the chiller-only mode.
The initialization state chart is provided in Figure 2 in the
staging section. After selecting the initial stage, the logic
continuously determines the chiller and the WSE status. A
WSE control state chart in Figure 2 shows that the WSE is
enabled if the WSE is expected to achieve a sufficient
decrease in the CHW temperature across the WSE. That is,
if the Tchw, r is sufficiently above the downstream tempera-
ture prediction Tchw, r, d, p, the WSE is enabled. The predicted
temperature Tchw, r, d, p is calculated using the outdoor air
wet-bulb temperature Toa,w, the CHW volume flow meas-
urement, and a plant-specific WSE self-tuning parameter.
The tuning parameter is learned, in real or simulated time,
based on the duration of the WSE states and the cooling
tower fan speed. Once enabled, the WSE gets disabled if the
temperature decrease across the WSE is below a threshold
for a predefined period of time.

Both base and alternative WSE enabling (WSE On/Off)
subcontrollers contain a status hold in each of the states for
a prescribed time period.

There is a significant difference between the two design
cases when it comes to the CW-loop control: namely, the
alternative design makes use of the CW reset, as illustrated
in the control chart on the top right in Figure 2. The main
differences can be summarized as:
� The base design CW-loop pumps and cooling tower

fans are operated at constant full speed. A three-way
mixing valve maintains minimum chiller lift as it helps
elevate the CW supply temperature at times when the
cooling tower capacity is high due to cold weather. The
modulation is performed using a PI controller to main-
tain the actual PLRch above its minimum PLRch, min:

� In the alternative case the ASHRAE G36-based head
pressure and tower fan subcontrollers provide tower
and/or pump speed modulation.

Figure 2 illustrates the CW reset control diagram. The
tower fan speed set-point rt, set is modulated between its min-
imum and maximum limits, using PI controllers that are spe-
cific for the operating mode: WSE-only, integrated, chiller-
only.

In the WSE-only mode, the control objective of the tower
fan speed set-point rt, set is to keep the Tchw, s at its set-point.
If the WSE is enabled, the maximum tower speed set-point
is set to its maximum value rt, set, max, the CW pump is com-
manded to operate at full speed rcwp, set ¼ 1, and the chiller
isolation valve modulates down linearly with the control sig-
nal ul, ch to reduce the flow through the chiller to maintain
the minimum lift. When the WSE is disabled, the CW reset

logic keeps the modulation valve ych, c,m fully open, while
the cooling capacity reduction is achieved through a reduc-
tion in the maximum allowable tower fan speed rt, set, max:
Should this not suffice, the pump flow rate would be
reduced through modulating the speed of the chilled water
pump rcwp, set:

In real applications there exist simpler versions of the
condenser water reset—for instance, a few discrete fan
speeds to assure safe chiller operation at low chiller lift. For
contrasting purposes, we chose to compare full speed in the
base case with the variable speed modulation in the alterna-
tive case.

The next section elaborates on the selection of physical
sizes and other parameters needed to complete the design
and do the software implementation.

Sizing and parameterization

In this section, we present the set of assumptions driving the
plant component sizing and controls parameterization deci-
sions, both on the demand and on the supply side. As the
article primarily aims to demonstrate the process, the tools,
and the techniques to evaluate control sequences and system
configurations, we defined a reasonable set of sizing parame-
ters in terms of thermal loading, component nominal capaci-
ties, and hydronic configurations.

We defined the sizing and parameterization assumptions
based on literature research and expert knowledge. We con-
figured the controllers with an intent to allow for a fair com-
parison between the cases.

Data center
For simplicity, we assume the data center room is adiabatic
and there is no humidity control. Furthermore, for overall
system sizing and evaluation purposes, we assume that data
center is constantly running at about 30% of the full cap-
acity, the same as in the example in Rasmussen (2007). As a
further reference, the average utilization rate for service pro-
vider servers reported in Shehabi et al. (2016) is 25%.

On the demand side we take as a design assumption a
data center with a total thermal output of 500 kW, including
sources outlined in Rasmussen (2007), such as information
technology (IT) loads, uninterruptible power supplies
(UPSs), lighting, power distribution, and personnel. We
assume that non-IT equipment other than the cooling system
makes up on average 20% of the data center zone load. We
were not aiming to represent a particular type or generation
of data centers; rather, we were looking for a reasonable
value to evaluate the benefits of energy savings achieved
through alternative cooling controls. We reduced the value
of 29% identified in the cited source to 20%, as the nominal
capacity of the data center from the source is twice smaller
than our assumed data center thermal load. Based on
Shehabi et al. (2016), a larger data center is generally more
efficient due to economies of scale.

The cooling system waste heat is not considered to be a
part of the thermal load, as the location of the cooling sys-
tem is assumed sufficiently outside of the data center zone.
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The non-IT loads including the total cooling energy make up
about 24% of the total facility energy.

The layout of the data center equipment is assumed to
follow ASHRAE best practices recommended in ASHRAE
(2015) and is, therefore, using a data center zone supply air
temperature set-point of 27�C for the “cold aisle.” The air
distribution is assumed directly into a cold aisle plenum,
after a short duct.

Chiller plant
The cooling system is sized to reliably meet the data cen-
ter’s cooling load at the given location. Based on the current
thermal tolerance of the IT equipment, we select a server
room air temperature set-point (cold aisle) Tz, s, set of 27�C in
the main analysis, as originally set for the plant in Wetter
et al. (2014) and also mentioned in ASHRAE (2015).

We selected a fixed speed chiller available in MBL, with
a nominal capacity of 471 kW. The effective cooling cap-
acity of the chiller depends on the outdoor air and loading
conditions. The effective capacity of the selected chiller suf-
fices due to the high zone supply air temperature set-point
Tz, s, set and the selected climate’s wet-bulb outdoor air tem-
perature Toa,w: The conditions allow a plant with a gener-
ously sized WSE and a chiller sized tightly to the load to
achieve a near Nþ 1 cooling capacity redundancy.

The nominal air and water mass flow assumptions are:
� The air flow rate in the supply air loop is 33 kg/s. It is

calculated assuming a temperature difference across the
coil of 15 K. With these parameters the supply air fan
achieves an airflow efficiency ratio (AER) of 0.11 W/
(m3/h), similar to the first example provided in Petschke
(2021).

� The water flow rate in the CHW loop is 12 kg/s. This is
selected as both a value with a design temperature dif-
ference of 10 K and one close to the selected chiller
model design condition. The chosen value also fits the
rule from Trane (2014).

� The water flow rate in the CW loop is 20 kg/s for each
chiller condenser and WSE. The value is near the chiller
model design condition and falls within the standard
industry range (AHRI 2020).

Nominal pressure drops through heat exchangers, pipes,
and fittings were assumed to be as follows:
� The chiller evaporator has a pressure drop of 19 kPa,

while for the chiller condenser we assumed 42 kPa. To
calculate the values we developed a scaling approach to
a chiller specification of Carrier Corporation (2014),
and corrected the values to fit our chiller’s nominal
cooling capacity, CW, and CHW flows. We assume that
the tubes of the shell-and-tube heat exchanger for a
comparably slightly smaller chiller, such as the one we
applied in the model, would be a bit narrower such that
at a cooling capacity proportionally adjusted nominal
flow they would cause the same pressure drop as speci-
fied in the source. Then we scaled the nominal pressure
drops from the data with the square of the ratio of the
model nominal flows and the adjusted flows. The square
relationship stems from the Bernoulli equation.

� The cooling tower pressure drop is primarily due to
overcoming the height difference based on BAC (2013).
Assuming a 1.5 m tall cooling tower, its pressure drop
is estimated at 15 kPa.

� Regarding the cooling coil, assuming discrepancies in
airflow and water flow are accounted for through plac-
ing coils similar to those provided in Trane (2019) in
parallel to each other, we adopted pressure drop values
close to values found in the source. On the air side we
assume the coil as the main flow-resisting element,
while any short ducts and plenum add about 5–10% to
obtain a total air-side pressure drop of 200 Pa. On the
CHW side we assume a pressure drop of 24 kPa.

� For the WSE we assume the same CW flow and thus
the same pressure drop as for the chiller condenser,
42 kPa, as suggested in Taylor (2014). We then scale
the CW WSE pressure drop according to the CHW-side
flow, to obtain the CHW-loop WSE pressure drop of
15 kPa.

� We assume pipe diameters of 6 inches (�15 cm) for
CW, and 5 inches (�13 cm) for CHW loop. The CHW
contains 30 m of piping for both base and alternative
case. The alternative controller is assumed to also have
30 m of pipes in the CW loop, while the base controller
has 10 m of pipes in each chiller condenser and WSE
CW-side loops, with another 20 m of piping in the cool-
ing tower loop. The piping pressure drops were selected
based on pressure drop tables from Advantage
Engineering (2021) and doubled to encompass both pip-
ing and simple fittings excluding modulated valves. The
resulting values are: 4.5 kPa in the CHW loop, and in
the CW loop, 4.3 kPa in the alternative and 5.7 kPa in
the base case; 6 kPa is added to account for any modu-
lating control valves (Belimo Aircontrols 2021).

The cooling tower approach is assumed at 4K, which is
slightly more conservative than in the examples from PG&E
(2012). Based on a sizing rule from AHRI (2020) that
relates the tower fan power to the chilling capacity, the
tower fan is sized at 6.5 kW.

Lastly, here we list some of the main controller parame-
ters set in both cases to ensure comparability:
� Chilled-water supply temperature set-point Tchw, s, set is

limited between 5.56 and 22�C.
� Chilled-water differential pressure set-point dpchw, set

ranges from 12,970 to 129,700 Pa.
� Temperature dead-band for the chiller enable hysteresis

switch equals 2.2 K.
The modeled configurations use typical values for the

minimum pump speeds and modulation valve positions,
among other technical requirements. For actual installations,
these would be determined and set at commissioning to
assure the minimum flow through the chiller evaporator and
condenser, and to meet the minimum lift.

The parameters presented in this section are summarized
in Table B1 in Appendix B. The list of parameters is not
exhaustive, as many parameters are set as default or calcu-
lated directly in the models. All controller parameters can be
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further explored in the open source models following the
first link provided in the “Conclusion” section.

Software implementation

We implemented all models using the Modelica4 modeling
language. The models, detailed sizing rules and assumptions,
and simulation result visualization capabilities are freely
available on the OBC project Github repository. The alterna-
tive controller is implemented in CDL. We utilized the
Python5 programming language to perform simulation data
analysis and to visualize the results. The “Conclusion” sec-
tion provides links to the software implementations and the
libraries.

In the simulation models, idealizations were made regard-
ing the devices’ proven on status. That is, when the device
is commanded on or off, we assume that the device’s proven
on or off status instantaneously equals it. Similarly, a differ-
ential pressure or speed set-point sent to a pump or a fan are
assumed to be reached instantaneously, so that the control
logic assumes, for instance, dpchw, set ¼ dpchw:

The following subsections describe the closed-loop
chilled water plant, elaborate on controls system model
development, and present the control logic implementations.

Chilled water plant coupled with deterministic controls

The case study models, including the base case subcontrol-
lers, and the ASHRAE G36-based chiller plant control mod-
els are composed into Modelica packages. Structurally, the
closed-loop system model implementations resemble the
design plant and control diagrams from Figures 1 and 2.
Each model consists of:
� A TMY3 weather data reader representing the local

environment.
� Model blocks that map to the control sections in Figure

1 for the base case and Figure 2 for the alternative case
control design.

� A chiller plant model including the CHW loop exchang-
ing heat with the air loop through the cooling coil, with
the CW loop through chiller or WSE, or both, and a
CW loop connected to the environment through the
cooling tower model.

� The data center cooling zone model placed in the air
loop, linked to the CHW loop by a cooling coil.

The hydronic and air loops are formed using connectors
between the appropriate ports provided in all equipment
model class instances (e.g., Tchw, r measuring thermostat
model is connected to the base design’s chiller on/off status
controller model and to the chiller/WSE staging controller
model in the alternative design case). Appendix A provides
the graphical model illustrations of the implemented closed-
loop system models.

High-performing control sequences: Implementation from
software libraries

The controllers were modularized into device-level subcon-
trollers, such as the cooling tower, the chiller staging, and
the water-side economizer controller.

In both design cases, we instantiated each of the device
controllers, further referred to as subcontrollers, parameter-
ized them, and connected them to sensors and actuators. The
subcontrollers follow a simple hierarchical structure, as illus-
trated in Figure 3 for the chiller/WSE staging controller
instantiation example, starting from the top level to sequence
layers, subsequence layers, and to elementary blocks.

The alternative controls use the CDL language, which
will in the future be in compliance with the proposed
ASHRAE Standard 231 P. The base case controller utilizes
blocks from both the MSL and the MBL.

The end-use modeler, as opposed to the control sequence
developer, does not need to know about the controller struc-
ture. The modeler is primarily exposed to the parameteriza-
tion panels of each controller. Figure 4 shows the example
parameterization panels and the input/output interfaces of the
chiller staging controller used in the alternative case.

Experimentation environment

To evaluate the system performance over the time period of
one year and one summer season for both configurations, we
conducted a number of simulation experiments with the
Dymola 2021 environment.6 We performed both main and
sensitivity analysis simulations using the Dassl solver with a
tolerance of 105.

Results

In the following subsections we present:
� Overall and device-level power usage effectiveness

(PUE) and energy use for the annual and summer sea-
son. We provided results for the main analysis scenario
with the zone supply air temperature set-point Tz, s, set of
27�C, as well as for the sensitivity analyses with the
Tz, s, set set to 25�C, to better understand the impacts of
lower zone supply air temperature set-point, and to
29�C, to evaluate the impacts of higher zone supply air
temperature set-point.

� A simulation-based engineering approach to determine
the designs’ viability of chiller-free operation in any
climate.

Comparative performance

Figure 5 shows annual and summer season energy use and
PUE for both design cases.

The alternative case is 25% more efficient annually, and
18% more efficient during summer. Because of the CW
reset, the tower fan energy use of the alternative design case
is annually about 88% lower than for the base case, and
67% lower in the summer. The CW reset reduces the
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Fig. 3. Controller model instantiation from the MBL control sequences package (1) and a walk through (2, 3, 4) the controller model
hierarchy for the example of the chiller staging controller. The staging controller consists of several control sequences, where each may
have additional underlying layers. Each model layer contains model information, here illustrated on the elementary CDL block
level (5).

Fig. 4. Input–output structure and parameterization panes of the chiller and WSE staging controller.
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average annual tower fan speed rt in the alternative case by
71%. This causes a rather significant, but less consequential,
increase in CHW pump power consumption: 157% in the
summer and 62% during the winter when compared to the
base design case. The CHW pump consumes less in the base
case, as the cooling tower always provides the maximum
capacity to the WSE. The reduction in tower fan speed in
the alternative case increases the WSE cooling water tem-
perature, thereby requiring a higher reset on the CHW side
that elevates the dpchw, s, set compared to the base case, with
the annual averages at 38 kPa in the alternative and 18 kPa
in the base design case. The supply air fan power consump-
tion is identical across the design cases.

The reduction in average tower fan speed rt is large
because in the base case the tower fan speed rt is constant.
If we were to compare the full modulation, as implemented
in the alternative case, with some simpler fan speed modula-
tion common in the field (e.g., two fan speeds), the resulting
energy savings would be lower.

Integrated operating mode occurs when both the chiller
and the WSE are enabled. The plants operate in the inte-
grated mode for only 0.3% of the year in the alternative, and
for 0.1% of the year in the base design case. As the WSE is
enabled all the time, the chiller energy use is negligible, and
more so in the base design case. The CW-side pump energy
in the base case is, effectively, representing only the energy

Fig. 5. Comparative power usage effectiveness (PUE), left, and energy use, right, annual and summer bar charts with a device-level
disaggregation. Note: CW pump legend entry represents the only CW-loop pump in the alternative and a dedicated chiller CW-loop
pump in the base case.
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use of the CT and the WSE pumps, while the dedicated
chiller condenser pump energy use is too small to be visible
on the graph. The total CW-loop pump energy use in the
base design case, consisting of the CT and WSE pump
energy use, approximately equals the energy use of a single
CW pump in the alternative design case. As the WSE is
enabled all year, the CW pump speed also remains constant
in the alternative case, allowing for such direct comparison.

A large fraction of the annual PUE is attributed to non-IT
loads (primarily power systems such as UPSs, transformers,
and PDUs) other than cooling. The small differences
between the cases’ PUE values are caused by the reduction
in tower fan power consumption in the alternative case.

In the next subsections we describe the data center load
sensitivity analyses and illuminate how a small excerpt of a
control sequence had a significant effect on the plant per-
formance and design under varying weather conditions.

Sensitivity to zone supply air temperature set-point
We performed sensitivity analyses to determine the impact
of a change in the data center zone supply air temperature
set-point Tz, s, set of 2 K. In each sensitivity analysis we main-
tained a 5�C difference between the maximum chilled water

supply temperature set-point Tchw, s, set, max, and the zone sup-
ply air temperature set-point Tz, s, set, to prevent low chiller
lift at startup.

Figure 6 provides the PUE and the energy use compari-
son among design cases and seasons, for the two sensitivity
analyses. When the zone supply air temperature set-point
Tz, s, set increases, the alternative controller incurs savings of
28% annually, and 26% in the summer. With the Tz, s, set
decrease of 2�C, the alternative controller saves 11% of the
energy used annually, but causes the base controller to out-
perform the alternative design by 23% during the summer
season. This phenomenon is mainly due to the control logic
difference in switching from the integrated into WSE-only
mode. The reason is as follows.

With the elevated zone supply air temperature set-point
Tz, s, set at 29�C, the chiller becomes fully redundant in both
the base and the alternative case in the given climate. Not
surprisingly, the decrease to 25�C results in some time spent
in the integrated economizer operation mode, 5% of the year
in the base and 15% in the alternative case.

The device-specific bar plots on the right side of the
Figure 6 show that for annual operation, the main increase

Fig. 6. Sensitivity to data center air supply temperature set-point. Left to right: Power usage effectiveness (PUE) at 29�C and 25�C,
and energy use at 29�C and 25�C. Legend reflects categories illustrated from top to bottom.
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in energy use caused by the decrease in Tz, s, set stems from
the chiller, compared to the simulation with the increased
set-point, where the chiller does not get enabled at all.
Higher chiller energy use is showing across the control cases
and seasons, and it is most pronounced for the summer sea-
son in the alternative design case. As the CT fan speed mod-
ulates in the alternative case, the CT energy use also
significantly increases with the lowering of the Tz, s, set:

The change in PUE is barely noticeable with the increase in
Tz, s, set, while its decrease causes slightly higher summer season
and equal annual PUE for the alternative and base case designs.

Appendix C provides numerical values for energy use in
Table C1 and PUE in Table C2 for the three air supply tem-
perature set-points: the main analysis and the two
sensitivities.

Impact of staging into WSE-only operating mode logic
What appear to be small differences in the control logic may
have significant effects on the control performance. This sec-
tion serves to provide such an example.

The operating modes during annual simulation in
Sacramento for the given system are predominantly WSE-
only, with a negligible fraction of time spent in integrated
economizer operation. Consequently, we know that the WSE
operates during the entire year. To better understand the con-
ditions that led to integrated economizer operation instances
for each of the design cases, we show the plots on Figure 7.

The comparative box plots display the distribution of wet-
bulb temperatures Toa,w that occur during the annual oper-
ation, for the main zone supply air temperature set-point
Tz, s, set of 27�C and the sensitivity that assumes the set-point
is reduced to 25�C. Comparing the two set-point analyses,
the integrated economizer operation for the lower zone sup-
ply air temperature set-point Tz, s, set showed a lower range of
wet-bulb temperatures Toa,w compared to the 25�C set-point,
as expected. This occurred as the WSE-only operating mode
can be used at higher wet-bulb temperatures Toa,w if the
zone set-point Tz, s, set is higher.

Looking at the plots, we also observe an interesting dif-
ference between the two design cases, present in both the
main analysis and the decreased zone supply air temperature
set-point Tz, s, set sensitivity. While the range of outdoor air
wet-bulb temperatures Toa,w in the WSE-only operating
mode was similar to identical among the sensitivities and
design cases, in the integrated operation mode the chiller
remained enabled at significantly lower outdoor wet-bulb
temperatures Toa,w for the alternative compared to the base
design case. This difference, further illuminated in the next
couple of paragraphs, is caused by a small control logic dif-
ference in staging down conditions when stepping into the
WSE-only operating mode.

In Figure 8 we illustrated a detail of the control perform-
ance that drives the observed difference in outdoor air wet-
bulb temperatures during which the chiller remains enabled.
The figure shows 5 hours of summer plant operation of the
integrated economizer operating mode. The chiller enable/
disable status lasts for more than an hour longer in the alter-
native design case, as the staging controller logic is utilizing
a condition to enable the chiller that is different from the
condition to step back into WSE-only mode.

The upper plot shows the base case control behavior,
where the chiller is switched on when the temperature differ-
ence between the CHW temperature downstream of the
WSE Tchw, r, d and the CHW supply set-point temperature
Tchw, s, set crosses the hysteresis deadband. Once the tempera-
ture difference gets back to zero, the chiller is disabled.

In the alternative case, shown in the bottom plot, a simi-
lar chiller enable condition was activated at a similar
moment as for the base controller. Once the difference
between the chilled water supply Tchw, s and its set-point
Tchw, s, set reached the deadband, the chiller was enabled. The
chiller, however, remained enabled until the downstream of
the WSE temperature prediction Tchw, r, d was sufficiently
below the CHW supply set-point Tchw, s, set: Over the course
of the year, this difference in staging down condition is sig-
nificant to drive higher alternative design case summer
energy use for the low zone set-point sensitivity, as we dis-
cussed in the previous subsection and showed in Figure 6.
In real applications such an approach to chiller disable logic
may prove to be more reliable, for example, in reducing
chiller enable instances, even though it causes somewhat
longer cumulative chiller enable time.

For further reference we named the type of the chiller
enable/disable status hysteresis, as implemented and
explained for the alternative design case, asymmetrical.

Fig. 7. Distributions of air wet-bulb temperatures Toa,w occur-
ring during a year of simulated performance for each operating
mode and design case. Main analysis is illustrated on the left
with the zone supply air temperature set-point Tz, s, set at 27�C,
and the sensitivity analysis with Tz, s, set reduced to 25�C is on
the right. The boxes represent the interquartile range (between
the 25th and the 75th percentile) and the whiskers are at the 5th
and the 95th percentile.
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Example application as configuration and sizing design aid

In the preceding, we saw that the asymmetrical hysteresis
effect caused prolonged chiller enable time and increased the
energy use when the zone supply air temperature set-point
Tz, s, set was decreased. This claim is also illustrated through
the large range overlap between the integrated economizer
operation and that of the upper quartile of the WSE-only
operation we saw in Figure 7.

This raises a question on how high a wet-bulb tempera-
ture Toa,w for how long causes the chiller to switch on. The
knowledge would help determine whether a chilled water
plant can operate without a chiller, and it allows one to pre-
dict the operating modes in any climate. Knowing the oper-
ating mode timing, duration, and frequency can be used for
planning purposes, for example, for plant maintenance,
redundancy, power purchasing, risk mitigation, and so on.

The plant is parameterized such that the highest CHW
supply temperature set-point Tchw, s, set, max is 22�C.
Consequently, we know that the outdoor air wet-bulb tem-
perature Toa,w continuously at or above 22�C would eventu-
ally cause the chiller to switch on. How quickly and at

which wet-bulb temperature value depend on the system
dynamic and parameters, for example, the value of Tz, s, set
and thermal inertia of the system.

Here we introduce and apply a system-specific and cli-
mate-agnostic simulation-based design method that does not
require explicit knowledge about the plant and control mod-
els to determine the second law of thermodynamics Toa,w
governed limit for WSE-only operating mode, valid in any
climate for a given sized and parameterized system. For
such simulations we use the outdoor air wet-bulb tempera-
ture Toa,w ramp signal, slow compared to the given system
thermal inertia with delays introduced by controls, as illus-
trated by green lines in Figure 9. In the upper row the plots
provide the results where the black dotted line representing
the chiller enable signal crosses the green line indicating the
wet-bulb temperature Toa,w ramp. The Toa,w limit is read off
where the chiller enable signal crosses the temperature ramp,
yielding almost 22�C in both cases, reflecting the
Tchw, s, set, max of 22�C, well designed controls, and efficient
heat exchangers. This means that for any climate where the
wet-bulb temperature does not ever exceed 22�C, the chiller-
free plant design can be considered. For the sensitivity

Fig. 8. Comparative time-series plots of the chiller enable/disable behavior. Top: base case. Bottom: alternative case.

406 Science and Technology for the Built Environment



analysis with the zone supply air temperature set-point
Tz, s, set at 25�C and the Tchw, s, set, max at 20�C, the limit is at
nearly 20�C, as anticipated.

Using the same simulation setup, we can identify a
slightly lower temperature that we may declare, upon verifi-
cation by simulation, the upper Toa,w limit for sufficiently
long duration of the WSE-only operating mode, as shown in
the lower row of the subplots in Figure 9. A duration of
10 h suffices for the analysis, as this is long enough to repre-
sent the duration of continuous peak heat on a summer day,
and as this is much faster than the system dynamics. The
testing is performed with the upper ramp limit placed at the
estimated Toa,w limit for WSE-only operation; in the plots,
that is 22�C for the base and 21.5�C for the alternative case.

The presented nearly stationary wet-bulb temperature
ramp method is useful as it allows for systematic determin-
ation of the highest wet-bulb temperature under which the
cooling system would still operate using the WSE only and

without a chiller. Ideally, one would automate the redesign
iterations until the climate-specific wet-bulb temperature
WSE-only test would pass. As the temperature data are
known, once performed the test for a given load would
always apply. Given a list of design wet-bulb temperatures
per location and a set of interesting loads, one could use
simulation to create engineering recommendation databases
for chiller-less cooling plant design.

Conclusion

We presented and illustrated the model-based comparative
co-design process that allows performance of design evalu-
ation of the simulation performance of two data center
chilled water plants and control sequences.

Due to the complexity of the high-performing control
algorithms, simulation is well suited to compare their

Fig. 9. Determining design-specific WSE-only operating mode wet-bulb temperature limit. Upper row: Simulation to determine the
minimum chiller enable Toa,w limit for base case (left) and alternative case (right). Lower row: Verification of maximum Toa,w limit
that ensures WSE-only operating mode. Zone supply air temperature set-point is 27�C.
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performance. Having access to open source control sequence
libraries significantly reduces the effort involved in setting
up such simulation models. Engineering design of data cen-
ter cooling systems involves making a large number of deci-
sions. The number of viable designs is a consequence of the
interplay between the hydronic configuration, controls, cli-
mate, component sizing from selecting WSE and chiller cap-
acity to sizing the pipes, and estimated future use of the data
center. Evaluation of options can easily turn into a costly
exercise. We showed that even small differences in the con-
trol logic can have significant impact on plant performance.
The impact of such differences may heavily depend on the
climate conditions, strengthening the case for annual simula-
tion base performance comparison. Furthermore, the design
of control sequences themselves may benefit from the ability
to perform simulation-based testing and performance
comparison.

We also touched upon the possibility of chiller-free
design solutions. For the future we may envision distributed
data center resources that rely heavily on chiller-free oper-
ation. Traditionally, the chiller plant resilience was linked to
locally available redundancy. In the era of cloud computing,
it may be possible for the users to switch to a currently
chiller-free operating data center, depending on the match
between the computation demand and weather conditions.
Such distributed redundancy may allow for a lower on-site
redundancy requirement.

If such a distributed network of data centers were built
robustly and tied with weather and power generation predic-
tions, the first cost associated with the chiller and any
related equipment (e.g., pumps, fittings) could be reduced.
The data center network would ideally be in varied time and
climate zones, to offset effects of extreme weather occur-
rences at any one location. Higher and more expensive data
center redundancy levels would remain reserved for those
rare services that truly need to be up all the time. Notably,
there may be an increase in cooling tower water use for the
chiller-free systems—a trade-off worth additional resource
adequacy analysis.

The work showed three dimensions of model-based
design: We used a controls design process that leverages
high-performing standardized control sequences, we demon-
strated it by analyzing the performance of data center chilled
water plant designs, and we identified further engineering,
planning, and design applications of the simulation models.

Software availability

The case-study models and analytical capabilities are avail-
able on the OBC project Github repository.7 The models
rely on MSL 3.2.38 and the MBL.9 The alternative controller
packages are available on the MBL Github repository.10 The
CDL package11 is implemented in MBL. The postprocessing
algorithms and visualizations utilizing open source Python
libraries are available in a Jupyter Notebook.12,13

We use the following nomenclature:

Nomenclature

CHW, CW,
and CT

¼ chilled water, condenser water, and
cooling tower.

DP ¼ differential pressure.
IT ¼ information technology.

MBL, MSL ¼ Modelica Buildings Library and Modelica
Standard Library.

PI ¼ proportional-integral feedback controller.
PLR ¼ part load ratio.
PUE ¼ power usage effectiveness.
TMY ¼ typical meteorological year.
T&R ¼ trim and respond feedback controller.
WSE ¼ water-side economizer.

ch, c, wse, p ¼ device subscripts, respectively: chiller,
condenser, WSE, any pump (CHW pump,
CW pump, WSE cooling pump, and CT
pump).

sx ¼ on/off status for device x.
_V x ¼ volume flow rate for device x.

Xy, set ¼ set-point for variable Xy.
Xy, min ¼ minimum limit for variable Xy.

Toa, Toa,w,
and Toa, l

¼ outdoor air dry and wet-bulb temperature,
and lower outdoor air temperature limit
for plant enable.

Tcw, r and Tcw, s ¼ CW return and supply temperaturesCW
supply flows from the CT to the
condenser.

Tchw, s,Tchw, r,
Tchw, r, d ,

and Tchw, r, d, p

¼ CHW supply, CW return, CW return
downstream of WSE temperature, and its
predicted value.

dpchw ¼ CHW loop DP.
Tz, s ¼ zone supply air temperature.

rt and rcwp ¼ CT fan speed and CW pump fan speed.
PLRch ¼ chiller operating PLR.
uchw, pr ¼ CHW plant reset control signal (maintains

Tz, s at set-point).
ul, ch ¼ head pressure control loop signal that

aims to maintain the difference between
the Tchw, s and Tcw, r above a design
minimum chiller lift.

ych, c,m ¼ CW flow modulating valve position.
rt ¼ CT fan speed.

rcwp ¼ CW pump speed.
PLRwse ¼ WSE heat exchanger flow rate PLR with

respect to nominal.
dTt, app ¼ CT approach (minimum resulting heat

exchange temperature difference).
dTwse, dTwse, on,

dTwse, off ,
and dTch, on

¼ temperature differences used in enabling
and disabling chiller and WSE.

Units and additional abbreviations are provided directly in
the text where needed.
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NOTES

1. https://obc.lbl.gov
2. https://www.ashrae.org/technical-resources/standards-

and-guidelines/titles-purposes-and-scopes
3. https://taylorengineers.com
4. https://modelica.org
5. https://www.python.org
6. https://www.3ds.com/products-services/catia/products/

dymola
7. https://github.com/lbl-srg/obc/commit/6458d9a621
8. https://github.com/modelica/ModelicaStandardLibrary/

tree/maint/3.2.3
9. https://simulationresearch.lbl.gov/modelica
10. https://github.com/lbl-srg/modelica-buildings/commit/

5f32171b19
11. https://github.com/lbl-srg/modelica-buildings/tree/

master/Buildings/Controls/OBC/CDL
12. https://github.com/lbl-srg/obc/blob/issue40_caseStudy_

dataCenter/examples/case_study_2/post_process.ipynb,
commit2af6c56

13. https://jupyter.org
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Appendix A. Closed-loop system models

Fig. A1. Data center chiller plant graphical model with base controls. Left, connected with yellow dashed lines: weather data reader
block. Middle, connected with dashed (sensor to controller signals), dash-dotted (controller to controller signals), and dotted (controller
to actuator signals) lines: controller blocks. Right: chiller plant and data center zone blocks, from the bottom to the top: air loop includ-
ing the data center zone, the cooling coil heat exchanger, the supply air fan, and the zone supply air temperature Tz, s sensor; the CHW
loop including the cooling coil heat exchanger, the CHW pump, the WSE heat exchanger, the chiller evaporator, bypass and isolation
valves, and CHW return temperature sensors upstream and downstream of WSE, Tchw, r and Tchw, r, d , respectively; and the CW loop
including the chiller condenser, the outdoor side of the WSE heat exchanger, the CT, three CW-side pumps (serving the WSE, the
chiller condenser, and the CT loops), the CW supply temperature Tcw, s sensor, and the outdoor air wet-bulb temperature Toa,w sensor.
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Fig. A2. Data center chiller plant graphical model with alternative controls based on ASHRAE Guideline 36. Left, connected with yel-
low dashed lines: weather data reader block. Middle, connected with dashed (sensor to controller signals), dash-dotted (controller to
controller signals), and dotted (controller to actuator signals) lines: controller blocks. Right: chiller plant and data center zone blocks,
from the bottom to the top: the air loop including the data center zone, the cooling coil heat exchanger, the supply air fan, and the zone
supply air temperature Tz, s sensor; the CHW loop including the cooling coil heat exchanger, the CHW pump, the WSE heat exchanger,
the chiller evaporator, bypass and isolation valves, the CHW volume flow _V chw, s sensor, the CHW return temperature sensors upstream
and downstream of WSE, Tchw, r and Tchw, r, d , respectively, and the supply Tchw, s temperature sensor; and the CW loop including the
chiller condenser, the outdoor side of the WSE heat exchanger, the CT, the CW pump, the CW return temperature Tcw, r sensor, and the
outdoor air temperature Toa sensor including the wet-bulb temperature Toa,w sensor.
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Appendix B. Sizing parameters

Table B1. Selected sizing parameters.

Device Parameter Value and unit

Data center cooled zone Total thermal output (IT loads and non-IT load apart from cooling) 500 kW
Cold aisle supply air temperature set-point 27�C
Cold aisle supply air temperature set-point low 25�C
Cold aisle supply air temperature set-point high 29�C

Cooling coil Air flow rate 33 kg/s
Nominal temperature difference 15K
Pressure drop, air side 200 Pa
Pressure drop, water side 24 kPa

Chiller Nominal capacity 471 kW
Temperature dead-band to enable 2.2K

Chiller condenser Pressure drop 42 kPa
Chiller evaporator Pressure drop 19 kPa
CHW loop Nominal temperature difference 10K

Temperature set-point limits 5.56− 22�C
Water flow rate 12 kg/s
Differential pressure set-point limits 12,970− 129,700 Pa

CW loop Water flow rate 20 kg/s
Cooling tower Height 1.5m

Pressure drop 15 kPa
Approach temperature difference 4 K

Cooling tower fan Nominal capacity 6.5 kW
Modulating control valve Pressure drop 6 kPa
Pipes, CHW Diameter 5 inches

Total length 30m
Pressure dropa 4.5 kPa

Pipes, CW Diameter 6 inches
Pipes, CW, alternative case Total length 30m
Pipes, CW, alternative case Pressure dropa 4.3 kPa
Pipes, CW, base case Total length 40m
Pipes, CW, base case Pressure dropa 5.7 kPa
WSE Pressure drop, CW side 42 kPa

Pressure drop, CHW side 15 kPa
aAny modulation valve pressure drop is additional.
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Appendix C. Energy use and PUE

Table C1. Per device and total annual and summer energy use for the base and the alternative case controllers.

Season Controller Device

Energy use in kWh at Tz, s, set :

27�C 29�C 25�C

Annual
Base case Supply fan 99,021 99,021 99,021

Cooling tower fan 56,938 56,938 56,938
CHW pump 2,760 2,022 3,965
CT pump 1,333 1,320 1,757
WSE pump 15,382 15,382 15,378
Total 175,615 174,682 183,488

Alternative case Supply fan 99,021 99,021 99,021
Cooling tower fan 6,878 2,631 10,338
CHW pump 7,582 7,346 8,169
CW pump 17,211 17,070 24,095
Total 131,115 126,068 163,834

Summer
Base case Supply fan 25,773 25,773 25,773

Cooling tower fan 14,820 14,820 14,820
Chiller 156 0 5,598
CHW pump 1,269 773 1,904
CT pump 357 344 777
WSE pump 4,003 4,003 3,999
CW pump 26 1 796
Total 46,404 45,713 53,666

Alternative case Supply fan 25,773 25,773 25,773
Cooling tower fan 4,834 1,886 5,438
Chiller 424 1 21,146
CHW pump 2,151 1,926 2,570
CW pump 4,584 4,443 11,110
Total 37,766 34,028 66,036

Table C2. Per device and total annual and summer PUE for the base and the alternative case controllers. Per device PUE represents
the participation of the device energy use in the data center PUE value. The device PUE divided by the data center PUE equals the
device energy use divided by the total non-IT energy use including the cooling system.

Season Controller Device

PUE at Tz, s, set :

27�C 29�C 25�C

Annual
Base case Supply fan 0.12 0.12 0.12

Cooling tower fan 0.07 0.07 0.07
CHW pump 0.00 0.00 0.00
CT pump 0.00 0.00 0.00
WSE pump 0.02 0.02 0.02
Non-IT heat load 1.08 1.08 1.08
Total 1.30 1.30 1.30

Alternative case Supply fan 0.13 0.13 0.12
Cooling tower fan 0.01 0.00 0.01
CHW pump 0.01 0.01 0.01
CW pump 0.02 0.02 0.03
Non-IT heat load 1.12 1.12 1.09
Total 1.29 1.29 1.30

(Continued)
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Table C2. (Continued).

Season Controller Device

PUE at Tz, s, set :

27�C 29�C 25�C

Summer
Base case Supply fan 0.12 0.12 0.12

Cooling tower fan 0.07 0.07 0.07
CHW pump 0.01 0.00 0.01
CT pump 0.00 0.00 0.00
WSE pump 0.02 0.02 0.02
CW pump 0.00 0.00 0.00
Non-IT heat load 1.08 1.08 1.06
Total 1.30 1.30 1.31

Alternative case Supply fan 0.13 0.13 0.12
Cooling tower fan 0.02 0.01 0.02
Chiller 0.00 0.00 0.10
CHW pump 0.01 0.01 0.01
CW pump 0.02 0.02 0.05
Non-IT heat load 1.11 1.12 1.03
Total 1.29 1.29 1.32
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