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Abstract | &

The energy systems in tall buildings are characterized by their high energy consumption and
complexity. By reviewing the whole building life cycle - design, control, commissioning, and
operation - this paper first introduces the challenges that we are facing in each stage of a
building life cycle, and then provides cutting-edge technical solutions. Decentralized HVAC
design, Hierarchical optimal control, PID auto-tuning, intelligent auto commissioning, and air
flow management are some recommendable technologies that could help make building energy
systems be simpler, more efficient, and more sustainable.
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BEERHIEERATE E USSR EFE NI AN E B 2RI EE R

BIEi—igits 54 Bt RIEE, WA TES MR IPTEIRIH A H B F12
HT RBLAREARRRT R, AR DESHRILES. PIDESET. &
BEB NN AR URARIEFEER AN HEFRIR AR, XERAREFRERATE L

B, FEN. BAFERTELH,

Kga: . = =R TE WERBN. KSR

Introduction

Cities, particularly in the developing world,
are expanding quickly due to increasing
populations. In the past decade, we have
witnessed cities growing vertically at a
dramatic pace, with the completed number of
supertall and megatall buildings breaking the
world record every year. With over 1.3 billion
citizens and a rapidly urbanizing population,
China constructs more skyscrapers than any
other country globally. However, high-rise
buildings, which are complex buildings, pose
particular design and operation challenges
for their systems, and the reality that they rely
intensively on mechanical systems provides
many challenges, among which energy and
complexity are two factors that raise several
concerns from the building industry.

Characterized by a large curtain wall facade,
multiple functions, as well as complex
mechanical systems, operators are mostly
plagued by the high energy consumption

of tall buildings, where HVAC becomes

the largest energy end use and accounts

for approximately 40 to 60 percent of

total building energy consumption versus
approximately 40 percent in small and middle
size buildings (Huang, 2012).

The performance of traditional HVAC systems
is sub-optimum in tall buildings because
system complexity increases with building size,
which leads to efficiency loss by, for instance,
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the long distance needed for cooling and
heating distribution, air and water imbalance,

insufficient functional tests and commissioning,

undetected equipment failures, turbulent
outdoor air flow, and more. Besides, indoor
environmental conditions maintained by
mechanical systems directly influence the
health and productivity of occupants. Many
studies (Fisk, 2000) (Piers MacNaughton,
2015) have indicated that an undesirable
indoor environment can significantly reduce
productivity; therefore, MEP engineers are
being pushed to provide system solutions
that are more efficient on both energy and
comfort, which in turn requires brave technical
breakthroughs on system design, control,
commissioning, and operation. Though
challenging, this provides opportunities to
introduce new technical solutions.

This article therefore addresses the question of
what technologies could help us, in five years,

10 years, or in even further in the future, in the

design and construction of more supertall and
medgatall buildings in a simpler, more efficient,

and more sustainable way.

Decentralized Air Conditioning Systems

Current data indicates that more than

99 percent of tall buildings in China use a
centralized chiller plant as the primary air-
conditioning source (Cunyang Fan, 2014). Most
tall buildings use a single energy center in
the basement (e.g. Tianjin 117 (Antony Wood,
2014)); while an alternative approach is to build
two energy centers in the basement as well
as in one of the upper floors, respectively (e.g.
Shanghai Tower (Antony Wood, 2014)). No
matter the location of the energy center, for

a traditional hydronic system, the increasing
pumping distance required for all the
mechanical equipment is important for tall
buildings’energy consumption. These large
distances require more pumping energy and,
more importantly, buildings of over 35 to 40
stories typically incur efficiency loss due to

a heat exchanger in pressure breaks, which
are necessary to divide the chilled water loop
into two or more separate loops at above 35
to 40 stories to avoid high pressures that can
compromise conventional fittings and valves
(Luke Leung, 2013). One pressure-breaking
heat exchanger relay increases the chilled
water supply temperature 1.5~2°C_ For a
megatall building, when two pressure breaks
are required, 3~4°C supply temperature is lost,
which in turn asks for the central chiller to
produce water at lower temperature and thus
decrease chiller efficiency significantly.
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Figure 1. Typical structure of a decentralized system (Source: Carrier)

1. AN HH=ERSIRMEE CRR: A=)

In the face of challenges on energy delivery,
alternative HVAC systems for tall buildings

are becoming hot topics in the engineering
and research field, where the concept of
decentralized HVAC systems is one of the most
promising technologies. Decentralized HVAC
systems, such as variable water flow (VWV)

or variable refrigerant flow (VRF), normally
consist of highly efficient modular heat
pumps (Outdoor Units), low-noise fan-coil
units (Indoor Units) and integrated system
controllers. The ODUs are usually centralized
on mechanical floors (for supertall or megatall
buildings) for every 20 floors or on the roof
(for low-rise or mid-rise buildings). The major
difference between VWV and VRF is that the
first system supplies chilled water while the
latter one provides refrigerant directly to
indoor units. However, the application of VRF
in tall buildings is primarily constrained by two
factors — the efficiency loss with the maximum
piping length and the potential leakage of
toxic refrigerant. Along with the increasing
attention on indoor air quality and safety,
VWV seems to be one of the most promising
system solutions.

Figure 1 shows a typical VWV system
structure. Instead of locating the chillers in

the central chiller plant, the decentralized
system distributes their compressors along

the building height, which breaks the chilled
water loop naturally without adding heat
exchangers and thus allows higher evaporation
temperature. This improves the efficiency

of the refrigeration cycle, which means the
system consumes less power when producing
the same cooling capacities.

Moreover, in the traditional system design
and construction approach, the HVAC

system design, control and equipment are
provided by different companies, so the
success of a project is heavily determined by
the collaborative level of the project teams;
however, it always happens that the cognitive
discrepancies among HVAC designers, building
automatic control suppliers and equipment
manufacturers give rise to the increasing
complexity of HVAC systems and the loss of
energy efficiency. As an integrated system
solution, the decentralized system allows
higher control efficiency and less on-site
installation and commissioning issues.

An hourly simulation program has been
developed to evaluate the energy performance
of typical HVAC systems in tall buildings.
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Figure 2. System energy performance for a megatall building in Shanghai (Source: United Technologies Research Center)

Ho X SBsREANAGEREIRE CBR: KERANEHL)

Instead of using generic performance data,
this study adopted the actual manufacturers
test data, including chillers, heat pumps, AHUs
and ODUs, so that it represents the state-of-
art equipment efficiency with ideal system
controls. A well-known supertall building
located in Shanghai was simulated and the
results shown in Figure 2 demonstrate that the
decentralized VWV system consumes the least
energy (about six percent), and uses 40 percent
less than FCU (Fan coil unit) and VAV (Variable
air volume) systems, respectively; while the
centralized ice storage system requires the
minimum energy bill, about 29 percent less
than VWV system.

Moreover, for decentralized systems, the
performance could be further improved by
optimizing the controls. Due to the small

size of the system, decentralized systems

are usually more flexible and responsive. A
smart controller could automatically adjust
the system operation based on occupancy
behavior, room load, CO2 concentrations,
humidity, and more. For example, this case
study of a tall building in Shanghai shows that
a load and humidity responsive control on
chilled water temperature will help reduce the
energy power by 15 percent (Figure 3).

Novel Control Approaches

Besides the advanced HVAC configurations,
advanced HVAC controls are another enabler
for the best-in-class performance of HVAC
systems. Performance of HVAC control can
be measured by several characteristics
including the operability, reliability, scalability,
commissioning effort and, most importantly,
comfort and energy efficiency.

A critical technology is an integrated
control architecture that is supported by
self-configuration, fault detection and
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Figure3. Energy reduction by chilled water smart control for a tall building in Shanghai (Source: United Technologies

Research Center)
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diagnostics, systems optimization, and data
analytics capabilities from supervisory to local
control levels.

At the supervisory control level, current
hierarchical rule-based controls are widely
used in real applications. It has apparent
advantages in terms of good operability,
reliability and scalability, ensuring easy
implementation in existing controller hardware,
though it provides limited optimality in
coordination between subsystems, such as,
building to air-side HVAC coordination and
air-side HVAC to water-side HVAC coordination.
Furthermore, comfort performance and energy
efficiency of the system highly relies on case-
by-case tuning during commissioning, which
requires large effort in terms of experienced
engineers'labor and a significant time tracking
of HVAC operation.

Model Predictive Control (MPC) considers the
optimal coordination between subsystems

by solving the optimization problem to
minimize the system total cost (energy or
dollar) based on modeling of all subsystems.
It has been effectively used in a variety of
industries. For example, Qin and Badgwell
(Qin, 2003) reported successful use in more
than 4,000 industrial applications and that in
modern processing plants. Recent life-critical
applications of MPC are adaptive cruise control
in cars and autonomous drones and cars. The
key challenge for MPC in buildings however, is
how to make it deployable and scalable (and
therefore affordable) given the complexity of
the building and systems inside.

Hierarchical Decentralized Optimal control
(HiDOpt) follows the same topology of current
HVAC system and their control architecture
(hierarchical and decentralized), ensuring good
scalability and easy implementation in existing
controller hardware (Figure 4). It is a self-
deploying, advanced fully coordinated building
air-side and water-side control, which is based
on online load estimation, online model
adaptation and decentralized optimization
from layer to layer. It eliminates the need for
manual model calibration and (re)tuning, with
near-to-zero commissioning effort required.

In one medium-sized building field demo of
HiDOpt, it showed seven percent AHU heating
energy reduction without compromising
comfort requirement when air-side HiDOpt
operation was implemented (Figure 5). Given
the system complexity and varying applications
in tall buildings, it's expected the HIDOpt may
show much better energy performance and
more commissioning time saving.

Figure 4. HiDOpt Architecture (Source: United Technologies Research Center)

El4. HIDOpt 1ZHIZ84 (R BXERAEHRL)

Figure 5. HiDOpt Demo Site: West Chester University, Swope School of Music Building and Performing Arts Center
with a LEED Silver Rating (Source: United Technologies Research Center )
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At a local control level (such as to control

valve positions or fan speeds), a majority of
controllers in HVAC are PID controllers, driven
by a need to keep a process variable within a
specified range. Nonlinear and time-varying
features of HVAC systems, due to load change,
equipment performance degradation, outdoor
weather variation, and more, require tuning
(during the commissioning stage) and retuning
(during the operation stage) of PID parameters
to maintain the designed control performance.
PID parameters are manually tuned in general,
and the performance highly relies on field
engineer experience. Poorly tuned PID loops
will result in equipment stability and safety
issues, comfort issues, and energy waste. It's
reported that a well-tuned PID controller could
reduce wear of actuator and raw material

cost by two to six percent ((EEBPP), 2004) and
reduce energy costs by five to 15 percent
(Kojic, 2011). More importantly, a successful
supervisory level control relies highly on the
well-tuned local controller, so as to make sure
the controlled variables are well maintained at
the optimized set-points, in particular, when
the design operation conditions are changed.

A PID auto-tuning algorithm based on online
model identification and global optimization
was developed. The algorithms will identify the
system dynamics pattern based on monitored
test data online and tune the PID parameters
automatically. The algorithm will be initiated
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Figure 6. PID auto-tuning field demo for AHU (Source: United Technologies Research Center)
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when the control performance doesn't meet
the requirements. With the optimally tuned
PID, it reduces control error by 50 to 70
percent. The algorithms can tune multiple PID
loops simultaneously, and coupling between
different PID loops is considered. It's expected
to reduce commissioning time and labor cost
by 20 to 50 percent. In tall buildings, there are
thousands (or even more) of PID controllers
for the whole system and significant saving of
commissioning time and labor cost could be
expected by applying this technology.

The PID auto-tuning algorithm was piloted in
the field. Figure 6 is one field demo of this PID
auto-tuning algorithm in a typical AHU valve
PID controller. With the old PID parameters
setting in the field (baseline), there were
significant valve opening oscillations that lead
to both reduced valve life and temperature
fluctuations in the room. After activating the
PID auto-tuning algorithm, the PID parameters
were automatically tuned and the operation
stability was significantly improved and control
error of AHU supply air temperature was
significantly reduced.

Intelligent HYAC Commissioning and
Operation

The Commissioning Process is a quality-
focused process for enhancing the delivery of
a project. The process focuses upon evaluating
and documenting that all of the commissioned
systems and assemblies are planned, designed,

installed, tested, operated, and maintained to
meet the Owner’s Project Requirements (OPR)
(202-2013, 2013). For a building project, the
commissioning is a necessary procedure to
support the design, construction, and eventual
operation that meets the building owner’s
project requirements for energy, water, indoor
environmental quality, and durability. The
HVAC system to deliver indoor thermal comfort
which involves flow balance, fluid dynamics,
air flow management and equipment controls
and coordination; this system will become
more complex for supertall and megatall
buildings, especially the air-side terminals that
could expand up to 10,000 units per building.
Existing practice for the equipment and system
installation and commissioning are mainly
handled manually by the engineers, for such a
large volume of units repeated manual work, its
quality is highly dependent on the engineer’s
experience, so there is a need to verify the
installation and commissioning quality in a
highly automated fashion to warrant that

the equipment operates as designed at full
operating envelope during the commissioning
stage. Similarly, when the building is in
operation, there is a need to check the
equipment’s operational performance to
determine degradation level and to provide
decision support on maintenance scheduling.

Newly constructed supertall and megatall
buildings usually deploy an intelligent building
system that includes a building automation
system (BAS) to monitor and control the HVAC
equipment operation locally or remotely.
Overlaying the sophisticated BAS, an intelligent
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Figure 7. Intelligent commissioning and operation (Source: United Technologies Research Center)
H7. gl 557 CRR: BREERARTAHPL)

commissioning and operation tool was

developed (Figure 7).

For commissioning, first the equipment
functional tests were designed with flow
capacity constraint of air supplier (like the air
handling unit), then the equipment’s functional
test will be executed in group scenario
sequentially or simultaneously; this execution
engine is fully automated utilizing APl to BAS
web service for remote control. After tests are
completed, all equipment functional test data
will be applied to a data analytics engine to
cluster abnormal equipment according to fault
physics features, then potential root causes will
be recommended. The commissioning quality
can be viewed locally and remotely, online web

or offline standard report.
Figure 8. Functional test for variable air volume (VAV) (Source: United Technologies Research Center)

56 TRERFMEENE GOR BARATERL
For operation, historical data shall be cleaned REAAMBAENG (RF: RERATRPG)

based on physics before being applied to
the data analytics engine. The engine will
conduct same clustering and root causes
recommendation, and follow up with report
generation for facility maintenance guidance.
This historical data analytics can be triggered
periodically (such as monthly) for long-term
equipment health tracking and monitoring.

The functional test design and execution were
demonstrated in a 200,000-square-foot office
building with LEED-PlatinumTM certification

in India, and data analytics algorithms were
applied to the functional test data (Figure 8)
and the results are clustered with root causes
(Figure 9). Based on the clustering, over 35 pre-
existing faults were identified, and correction
actions were taken by the facility operation

team. After implementation the fault correction ) . ) _
Figure 9. Root cause-based clustering (Source: United Technologies Research Center)
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consumption demonstrated >20 percent
reduction (equivalent to 1,575 kW-hrs/month);
also the CO2 levels in the AHU return ducts
were decreased from previous 1500 ppm to
design set-point of 950 ppm, which resulting
significant elevation of the indoor air quality.

Air Flow Management

Temperature differences between indoors and
outdoors cause stack pressure differences that
drive airflows across the building envelope.
This phenomenon is called “stack effect”and is
quite typical in tall buildings. Tall buildings have
many different vertical shafts, like the elevator
hoistway, stairwell shafts, and mechanical wells.
The long shafts provide great opportunity to
form strong stack effect.

Problems caused by the stack effect include
poor thermal comfort at the entrance level,
extra HVAC energy consumption due to
leakage, and difficult door operation — either
elevator doors or the entrance door. These
impacts become more significant in tall
buildings. Stack effect has been seen as

one of the main issues in tall buildings. The
consequences caused by strong stack effect
could affect energy consumption, elevator
safety, and comfort level in buildings; therefore,
tall building design and corresponding
systems of operation have to understand
stack effect and consider strategies to
mitigate it. There are different ways to tackle
the problem:“Passive” strategies and “Active”
strategies (P. Weismantle, 2007).

Stack Effect Analysis

The NIST CONTAM (Walton, 2013) is a
well-recognized tool to study stack

effect. Better than simple equation-based
calculation, CONTAM simulation can consider
complex shafts diagram, like different elevator
diagram and stair shaft design; however,

the tool requires high airflow expertise for
parameter settings. In addition, a tall building
stack effect analysis using CONTAM would
need several days to create a simulation
model. Thus, an engineering stack effect
analysis requires reduction of the learning
curve and improvement on simulation
efficiency (Figure 10).

One approach to improve the process
involves defaulting parameter settings using
engineering conventions, like settings for
doors, leaks, and generating CONTAM project
file automatically. QuickContam developed by
UTRC is one tool that follows the approach. It

Figure 10. With NIST CONTAM as the simulation engine, the UTRC QuickContam tool can quickly set up a simulation
model to conduct stack effect analysis (Source: United Technologies Research Center )
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Figure 11. Enable sensitivity analysis and uncertainty quantification on stack effect analysis can help with effective

mitigation (Source: United Technologies Research Center )
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uses CONTAM as the simulation engine and
highly improves the simulation process. Also,

it enables the possibility to conduct sensitivity
analyses to rank influences from different
factors on stack effect, and to analyze how
frequent one occurrence caused by stack effect
can occur (Figure 11).

Passive Strategies

In order to reduce occurrence chance of strong
stack effect, the architecture design team

takes “passive” measures to plan additional
elements, or modify structure designs. These
measures can be characterized to three types:
"Augmentation,“Isolation,’and “Segmentation”
Stack effect can be mitigated through
improving the air tightness of building
elements that are potentially on airflow paths.
These augmented elements reduce air leakage,
thus minimizing the flow caused by stack
effect: reducing energy loss and pressure on
elevator door.
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Figure 12. A case study on Shanghai World Financial Center: Through optimizing entrance door system, the draft flow caused by stack effect could be reduced efficiently, also
improving comfort levels at the entrance lobby (Source: United Technologies Research Center)
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Another efficient way for stack effect
mitigation is the “isolation”— designing
additional layers or barriers to the passage

of air due to stack effect. Some example
designs include the provision of vestibules, air
locks, and revolving doors between areas of
differential pressure, as well as the double-
door system (Figure 12).

Since stack effect increases with long vertical
shafts, it will be effective to mitigate it if

the shafts can be split into short sections.
Segmentation measure breaks the normal
continuous element into shorter segments,
therefore reducing the height in the stack
effect equation. For instance, stair shafts in tall
buildings are typically separated at areas of
refuge floors. Optimizing elevator riser diagram
by using shorter shafts is also a solution to
avoid problems caused by stack effect.

Active Strategies

Besides above mentioned passive approach,
the stack effect can also be mitigated through
active designs. The “active” measures refer

to actions taken in the mechanical system
design. These measures are mainly focused
on the elevator hoistway itself: through
changing the pressure distribution in the
hoistway, pressure differences between the
hoistway and building open plan are reduced,
and the stack effect can be mitigated. Some
designs like air-conditioning or ventilating
the hoistway are typical active approaches to
mitigate stack effect.

There exists one way seen as active stack effect
mitigation approach is to close the outdoor

air dampers on lower floors during cold winter
days, so to potentially avoid cold temperature
in zone and reduce energy consumption. In
fact, lack of outdoor air supply from HVAC

ERIREIRURLAT S [ REAUSRZ NI N EE BB RE(R, XS RERE A RUEDRE )T RIEF SR

system cannot pressurize the building zone
sufficiently; thus, more uncontrolled outdoor
air flow would be driven into the building
caused by stack effect. Building openings,
entrances, and HVAC system design should all
take into account this unique phenomenon
seen in every high-rise building.

Summary

Energy efficiency and complexity are two
major factors that characterize the mechanical
systems in tall buildings. The technologies

in this article represent the cutting edge
technologies in the whole building life cycle -
design, control, commissioning and operation
— that are leading the buildings towards a more
efficient, simple and sustainable future.

Design

An alternative to traditional central plant
design - decentralized VWV system — has
proved its strong performances on energy
efficiency and control flexibility. With short
energy distribution distance, responsive
control logics, safe chilled water loop, VWV
tend to be one of the most promising system
solutions in tall buildings.

Control

Hierarchical Decentralized Optimal control
(HiDOpt) and PID auto-tuning represents

the best-in-class self-deploying control
technologies in system- and terminal-level
application, respectively. The development of
these advanced HVAC controls enables more
reliable and easier system operation.

Commissioning and Operation
Intelligent commissioning and operation
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technology allows the performance of

the HVAC equipment to be auto tested,
verified, and promptly documented, with
no personnel required on-site. On the other
hand, the air flow management technology
mitigates the stack effect in tall buildings.
Together, both of them drive the operation
of tall buildings towards the direction of
simplicity, health, and sustainability.
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