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Course Description

This course provides a comprehensive exploration of zoned HVAC (Heating, Ventilation,
and Air Conditioning) systems, emphasizing their operational principles, system
components, design strategies, and real-world applications in residential, commercial,
and institutional buildings. Zoned HVAC systems allow for tailored temperature and
airflow control across different zones of a structure, offering improved energy efficiency,
enhanced occupant comfort, and optimized equipment performance.

This course will examine zoning techniques, system configurations, control strategies,
integration with smart technologies, and challenges in implementation, providing
engineers with actionable knowledge to evaluate or design such systems.

Course Objectives
Upon completing this course, participants will be able to:
1. Understand the basic operating principles of zoned HVAC systems and how they
differ from traditional centralized systems.
2. ldentify key components and technologies used in zoned HVAC system
architecture.
3. Analyze the advantages and limitations of various zoning approaches in diverse
building types.
4. Apply design considerations for effective zoning based on occupancy patterns,
load demands, and control integration.
5. Evaluate energy efficiency impacts, equipment sizing, and code compliance
when deploying zoned system:s.
6. Explore smart zoning solutions and their role in sustainable building system:s.

Intended Audience

This course is intended for mechanical engineers, HYAC design professionals, energy
consultants, facility managers, and licensed professional engineers involved in building
systems design, retrofitting, or analysis. It applies broadly to disciplines engaged in
mechanical engineering, energy systems, building sciences, and facility operations and
maintenance.
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Chapter 1: Introduction to Zoned HVAC Systems

Zoned HVAC systems represent a pivotal innovation in climate control by allowing a
single HVAC system to independently regulate the temperature in different areas or
“zones” of a building. This zoning capability results in significant improvements in energy
efficiency, thermal comfort, and system longevity. Unlike traditional systems that
distribute conditioned air uniformly regardless of localized needs, zoned HVAC systems
recognize the variability in occupancy, usage patterns, solar exposure, and thermal
load across distinct building spaces.

The fundamental principle of zoning involves dividing a structure into separate thermal
areas, each managed by its own thermostat or control mechanism. These zones may
consist of individual rooms, groups of rooms, or entire floors, depending on the building'’s
size, architecture, and functional requirements. Zoning can be implemented in both
new constructions and existing structures through retrofitting, making it a versatile
solution for energy optimization and personalized comfort.

Zoned HVAC systems utilize a combination of air handling units, dampers, ductwork,
sensors, and digital controls to direct heating or cooling where it is needed, when it is
needed. Motorized dampers, for example, modulate airflow within ducts based on
commands from zone-specific thermostats, ensuring that each zone receives only the
required volume of conditioned air. This targeted approach reduces energy waste
caused by over-conditioning unoccupied or thermally stable areas.

While zoning is often associated with larger homes or commercial buildings, its
applicability spans a wide range of settings—from small residences with uneven heating
needs to sprawling office complexes requiring differentiated climate zones for different
departments or operational functions. Technological advances have further expanded
the accessibility and affordability of zoning, especially with the integration of smart
thermostats, wireless controls, and demand-based modulation systems.

Historically, HVAC systems were centralized with a single point of control, which failed to
account for the dynamic nature of internal building conditions. The inefficiencies
inherent in this one-size-fits-all model prompted engineers and system designers to seek
more granular control. Zoned HVYAC emerged in response to this demand, driven by
energy codes, green building standards, and rising expectations for comfort and
environmental performance.

In addition to enhancing occupant satisfaction, zoned HVAC systems contribute
significantly to sustainability goals by reducing energy consumption. Modern zoning
designs often work in tandem with other efficiency measures, such as high-
performance insulation, variable-speed blowers, and occupancy sensors. As energy
regulations continue to tighten and building automation technologies proliferate,
zoned HVAC systems have become not only a preferred choice but in many cases a
necessity in modern mechanical system design.



As this course progresses, the various components, configurations, and engineering
strategies behind zoned HVAC systems will be examined in detail. Readers will gain an
understanding of both foundational and advanced zoning concepts, enabling them to
make informed decisions in system selection, design, and evaluation.



Chapter 2: Benefits and Challenges of Zoning Approaches

Zoned HVAC systems offer numerous advantages that appeal to engineers, architects,
building owners, and facility managers alike. However, with these benefits come
specific design and implementation challenges that must be addressed to ensure
effective system operation. Understanding both sides of the zoning equation is essential
for making informed design decisions and delivering high-performing HVAC solutions.

Advantages of Zoned HVAC Systems

One of the most prominent benefits of zoned systems is enhanced energy efficiency. By
delivering heating or cooling only to the areas that need it, zoned systems minimize
wasted energy. Occupants are no longer forced to condition an entire structure when
only a portion is in use.

Over fime, this targeted conditioning translates to measurable reductions in utility costs
and environmental impact. Especially in buildings with varying occupancy schedules—
such as schools, offices, or medical facilities—zoning supports demand-driven operation
that aligns with real-time needs.

Another significant advantage is improved occupant comfort. Traditional systems often
result in uneven temperature distribution, with some rooms too hot while others remain
too cold. Zoned systems resolve this by enabling customized comfort levels for each
zone. For example, in a multi-occupant home, individuals can set their bedroom
temperatures according to personal preferences without affecting the rest of the
household. Similarly, commercial settings can accommodate diverse needs across
conference rooms, lobbies, and office areas.

Zoning also contributes to longer equipment life and reduced maintenance demands.
Since the HVAC system does not operate at full capacity continuously, it experiences
less wear and tear. Compressors, blowers, and heat exchangers benefit from reduced
cycling and lower operating strain, thereby extending the functional life of the system.
With fewer performance anomalies and better-controlled airflow, systems tend to
require less frequent servicing and part replacements.

Moreover, zoning facilitates design flexibility, particularly in buildings with irregular
layouts or additions. Rather than installing separate systems for each building wing or
floor, one cenftralized system can serve multiple zones, reducing capital investment and
mechanical complexity.

Challenges of Zoned HVAC Systems

Despite their advantages, zoned HVAC systems infroduce certain complexities that
must be carefully managed. One of the foremost challenges is system design and load
balancing. Improper zoning can result in airflow imbalances, leading to hot and cold
spots, reduced efficiency, or short cycling of the HVAC equipment.

Zoning must be planned with attention to architectural layout, insulation levels,
exposure to sunlight, occupancy behavior, and internal heat gains. Poor zoning



strategies can negate the benefits entirely and result in higher operating costs or
discomfort.

Another concern is equipment compatibility and cost. Zoned systems typically require
additional components such as zone dampers, multiple thermostats, zone control
boards, and advanced wiring or communication protocols. These additions increase
the initial cost and design complexity, especially when retrofitting existing ductwork or
integrating with older systems. Budget constraints may limit the extent to which zoning
can be implemented, particularly in low-cost housing or simple commercial
applications.

Control integration also presents a challenge. Effective zoning relies on precise
communication between thermostats, sensors, and the central HVAC unit. In systems
without proper synchronization or in those relying on outdated controls, zones may
compete with each other, causing temperature swings or simultaneous heating and
cooling operations. This issue is especially prevalent in multi-stage or multi-source
systems (such as those combining heat pumps with auxiliary furnaces) where control
conflicts can reduce system performance.

Additionally, maintenance complexity increases. A malfunction in one zone may affect
others if the system is not properly isolated. Diagnosing issues becomes more
complicated, requiring technicians with expertise in zone conftroller logic, airflow
diagnostics, and sensor troubleshooting.

In climates with large seasonal variations or buildings with variable internal loads,
improperly designed zones may perform well under one set of conditions but fail under
another. For example, a zone that functions adequately in spring may experience
overheating during summer if solar gain is not considered. This issue can be mitigated
through dynamic controls and predictive scheduling but requires a higher level of
planning and engineering foresight.

Finally, code compliance and permitting requirements must be addressed, particularly
in commercial and institutional buildings. Zoned systems must meet energy code
requirements related to ventilation, zoning logic, economizers, and setback controls.
Documentation, commissioning, and verification become essential parts of the project
lifecycle.

Conclusion

In summary, the benefits of zoned HVAC systems are considerable, but so are the
engineering demands. With proper design, implementation, and control integration,
zoning can provide measurable returns on investment. However, without rigorous
planning and attention to system behavior, the effort may fall short of expectations.



Chapter 3: Components and Technologies in Zoned Systems

Zoned HVAC systems are defined not only by their function but also by the intricate
infegration of components that enable their zoned operation. Each component within
the system must be designed and selected to harmonize with others to deliver efficient
and responsive climate control.

The architecture of a zoned HVAC system includes both mechanical and electronic
elements, with a growing emphasis on intelligent technologies for precise monitoring
and confrol.

Thermostats and Zone Sensors

The cornerstone of any zoned system is the use of multiple thermostats or temperature
sensors, each assigned to a specific zone. These devices continuously monitor
temperature conditions and communicate with a central control panel or zone
controller to request heating or cooling as needed. Some systems incorporate humidity
sensors, occupancy sensors, and CO, monitors for more granular control.

Thermostats in modern zoned systems are often programmable or smart devices. They
can be networked wirelessly and configured to operate under schedules, adaptive
learning, or demand-response signals. Advanced thermostats can also integrate with
building management systems (BMS) and home automation platforms via Wi-Fi, Zigbee,
or Z-Wave protocols.

Zone Control Panels

A zone control panel serves as the system's command center, coordinating
communication between thermostats and the HVAC equipment. It interprets zone calls
for heating or cooling and regulates damper positions, blower speeds, and staging of
compressors or heat exchangers.

In more complex systems, the control panel also manages timing delays, damper
synchronization, and priority logic to prevent conflicting zone demands.

Some panels include diagnostic features, LED status indicators, and mobile app
interfaces that aid in system monitoring and troubleshooting. These panels may be
factory-configured for residential systems or custom-programmed for large commercial
installations.

Motorized Dampers

Motorized dampers are essential to airflow regulation in zoned duct systems. Positioned
within duct branches that serve individual zones, these dampers open and close
automatically based on thermostat input.

There are various types of dampers used in zoned systems:
o Blade dampers, which pivot like louvers
o Butterfly dampers, which rotate about a central axis



o Barometric bypass dampers, which help relieve excess duct pressure by
automatically opening when static pressure exceeds a certain threshold

Dampers are generally powered by low-voltage actuators and must be installed with
careful attention to airflow direction and pressure drops. In most systems, each zone
requires its own damper assembly.

Variable-Speed Air Handlers and Blowers

Zoned HVAC systems benefit significantly from variable-speed (ECM) blowers and
modulating compressors. Traditional single-speed units cannot modulate airflow to
match the variable load demands created by zoning. A variable-speed blower adjusts
its airflow in real-time, ensuring that active zones receive appropriate air volumes while
minimizing static pressure buildup.

When paired with a multi-stage or modulating heating/cooling source, such as a two-
stage gas furnace or inverter-driven heat pump, variable-speed equipment can
maintain comfort with superior efficiency and noise reduction.

Ductwork Design and Zoning Layout

Proper duct design is critical in zoned HVAC systems. Ducts must be sized to deliver
appropriate airflow to each zone while minimizing resistance and leakage. Poor
ductwork can lead to pressure imbalances, increased noise, and temperature
inconsistencies.

Designers must account for diversity factors, equivalent lengths, and static pressure
zones when planning the duct network. It is also common to include manual dampers
or balancing dampers during initial commissioning to fine-tune performance.

Bypass Solutions and Pressure Control
When only one or two zones are calling for conditioning, excess pressure can build up in
the ductwork. This pressure must be relieved to prevent noise and equipment damage.

There are two common approaches:
o Barometric bypass dampers, which divert airflow back to the return plenum
e Bypass ducts, which recirculate excess supply air

In advanced systems, bypassing is minimized or eliminated entirely through the use of
variable capacity equipment and pressure-responsive dampers that modulate in
coordination with blower speed.

Communication and Smart Integration

Zoned systems are increasingly incorporating digital communication protocols. Smart
HVAC zoning platforms use cloud-based services, predictive analytics, and occupancy
data to optimize system performance.

Examples include:
e Integration with building energy management systems (BEMS)
e Use of Al-based learning algorithms for adaptive scheduling



e Remote diagnostics and fault prediction via mobile apps
e Open protocols like BACnet or Modbus for interoperability in commercial
installations

Some residential systems leverage smart home hubs (e.g., Google Nest, Amazon Alexa,
Apple HomeKit) to integrate voice controls and user behavior into zoning operations.

Supplemental Heating and Cooling Devices
In some zoning scenarios, auxiliary devices are incorporated into specific zones to
provide localized heating or cooling without burdening the central system.

Examples include:
e Ductless mini-split units in sunrooms or garages
e Electric baseboard heaters in seldom-used rooms
e Radiant panels or fan coil units tied intfo the zoning control system

These supplemental options provide design flexibility and redundancy, particularly in
retrofit applications or challenging thermal zones.

Conclusion

The effectiveness of a zoned HVAC system hinges on the careful selection, placement,
and integration of these components. A systems-level understanding is necessary to
ensure responsive zone control, minimal interference among subsystems, and overall
operational efficiency.

In the next chapter, we will explore how these components are applied in the design of
zoned systems for residential buildings.



Chapter 4: Design Strategies for Residential Zoning

Designing zoned HVAC systems for residential buildings requires a nuanced approach
that balances occupant comfort, equipment compatibility, cost considerations, and
system efficiency. Unlike large-scale commercial zoning projects, residential zoning must
contend with smaller floor plans, budget constraints, architectural limitations, and
variability in usage patterns from room to room.

The goal of residential zoning is to improve thermal regulation across diverse spaces
while maintaining simplicity, reliability, and economic feasibility.

Understanding Residential Zoning Needs
Homes often experience uneven thermal conditions due to orientation, insulation
variability, occupancy levels, and internal heat gains from appliances or sunlight.

Common scenarios include:
e Upper floors becoming warmer than lower floors due to rising heat
e Basement areas remaining foo cool relative to the rest of the home
e Guest rooms or home offices needing conditioning at different times than main
living areas

Zoning allows for temperature differentiation in these areas, optimizing comfort while
reducing unnecessary energy consumption in unoccupied zones.

Zone Identification and Layout
The first step in residential zoning is to identify logical zones based on floor plans, usage
patterns, and thermal behavior.

While each home is unique, typical residential zoning configurations include:
e Two-zone systems: Dividing the home into an upstairs and downstairs zone
o Three-zone systems: Separating bedrooms, living areas, and basement or
additions
e Multi-zone systems: Incorporating individual zones for key rooms like master
suites, home offices, or sunrooms

Zoning should avoid fragmenting the home into too many small zones, as this can
complicate airflow control and increase cost without commensurate benefits.

Engineers must balance the number of zones with the ability of the HVAC system to
modulate output and conftrol static pressure.

Duct Design for Residential Zoning

Zoning requires strategic ductwork planning. Supply ducts must be routed through
motorized dampers to each zone, and return ducts must be properly sized and located
to ensure adequate pressure relief and air circulation. Poor return airflow is one of the
most common causes of discomfort and system inefficiency in zoned residential
installations.



Best practices include:
e Providing each zone with at least one dedicated return
e Minimizing long duct runs that can reduce airflow efficiency
e Avoiding shared return pathways that can cross-contaminate zones or cause
pressure imbalance
e Using balancing dampers in conjunction with zone dampers for fine-tuning

Thermostat Placement and Control Logic

Each zone should have its own thermostat, placed in a representative location away
from direct sunlight, vents, and exterior walls. Thermostats should be easily accessible
and set to provide consistent feedback based on typical occupant presence. In smart
homes, thermostats may be replaced or supplemented by wireless temperature sensors
for more flexible and discreet monitoring.

Control panels must be programmed to prioritize zones intelligently. For example, when
only one zone calls for heating or cooling, the system must adjust blower speed and
damper positions to serve that zone without short cycling or over-pressurizing the
ductwork. Systems with staging or variable capacity components are ideal for
managing this complexity.

Managing Pressure and System Sizing

One of the greatest challenges in residential zoning is managing excess pressure
caused by closing off dampers to inactive zones. Without pressure control, the blower
may experience increased resistance, leading to noise, system strain, or reduced air
delivery.

Strategies to address this include:
e Installing a bypass damper or duct to relieve pressure automatically
e Using variable-speed blowers that adjust output based on the number of active
zones
e Designing ducts with adequate flexibility to maintain airflow paths when zones
close

System sizing is also critical. Residential zoned systems must be matched to peak load
conditions while accommodating partial-load operation when only some zones are
active. Oversized equipment can lead to short cycling and poor humidity control, while
undersized systems may fail to meet peak demands.

Integration with Smart Home Systems

Homeowners increasingly expect their HVAC systems to infegrate with digital platforms.
Zoned residential systems can be tied into home automation systems for remote
access, voice control, and energy management.

Smart thermostats and zone conftrollers offer features such as:
e Adaptive learning of occupant schedules
o Geofencing to condition zones based on proximity
e Occupancy sensing to shut down inactive zones



e Integration with utility demand response programs

These technologies enhance user control and improve the efficiency of zoning by
reducing reliance on manual adjustments.

Retrofitting for Zoning in Existing Homes

Retrofitting an existing HVAC system with zoning can be challenging, especially if the
duct layout was not designed with zoning in mind. However, many homes can be
successfully zoned with careful evaluation.

Retrofit strategies include:

Dividing existing supply trunks into isolated branches for each zone
e Adding motorized dampers and separate thermostat circuits

e Upgrading to variable-speed equipment if feasible

e Utilizing wireless sensors and thermostats to minimize rewiring

In some cases, installing ductless mini-split systems for supplemental zoning may be
more cost-effective than modifying existing central ducts. These units provide precise
control for additions, garages, or rooms with poor airflow without interfering with the
main HVAC system.

Conclusion

Residential zoning is both an art and a science. Success depends on thoughtful layout,
pressure management, equipment selection, and control logic. When properly
designed, zoned residential systems offer exceptional comfort, lower utility bills, and
long-term performance benefits.



Chapter 5: Design Strategies for Commercial and
Institutional Zoning

Zoned HVAC systems in commercial and institutional buildings present unique design
opportunities and challenges compared to residential settings. These buildings tend to
be larger, more complex, and more diverse in occupancy and usage. Therefore,
zoning must be approached with a higher level of precision, scalability, and integration
info broader building management strategies.

Complexity of Commercial and Institutional Spaces

Unlike homes, where usage patterns tend to be relatively predictable and consistent,
commercial and institutional environments experience fluctuating occupancy levels,
diverse space functions, and varying thermal loads throughout the day.

For instance:
o Offices may have open floorplans with densely packed workstations adjacent to
private executive suites.
e Educational buildings often have classrooms, laboratories, libraries, and
auditoriums with differing HVAC demands.
e Hospitals and healthcare facilities require strict control of air quality, humidity,
and temperature in critical zones like surgical suites and patient room:s.

This spatial and functional diversity necessitates a zoning strategy that considers not
only thermal comfort but also regulatory compliance, air exchange requirements, noise
limitations, and specialized control sequences.

Zone Identification and Subdivision Strategies
In commercial and institutional applications, zoning typically follows architectural and
functional boundaries.

Common zoning divisions include:
e Floor-by-floor zoning in multi-story buildings
e Departmental zoning (e.g., separating administrative, technical, and public-
facing areas)
o Orientation-based zoning (e.g.. north vs. south facades with different solar
exposures)
e Schedule-based zoning (e.g., areas used during different shifts or time periods)

Zoning should also consider the thermal envelope, internal gains from equipment or
lighting, and proximity to external climate exposure. Detailed load calculations are
required to ensure each zone is appropriately served without oversizing or underserving
the system.

HVAC System Configuration and Control
Commercial zoning often utilizes variable air volume (VAV) systems, fan-powered
terminal units, or modular air handling units to provide localized control. Each zone is



typically served by a VAV terminal box, which modulates the supply airflow to maintain
the desired temperature.

Key technologies used in commercial zoning include:

e Central air handlers supplying multiple zones via VAV boxes

o Direct digital control (DDC) systems to manage thermostats, dampers, and zone
intferactions

o Building automation systems (BAS) for monitoring, scheduling, and performance
optimization

o Demand-controlled ventilation (DCV) to vary outdoor air intake based on
occupancy and air quality

The conftrol logic must prevent conflicts among zones, especially in systems with shared
equipment or simultaneous heating and cooling requirements. Sequences of operation
should be clearly defined and verified during commissioning.

Airflow Management and Return Strategies

Effective zoning in large buildings requires balanced supply and return airflow to
maintain comfort and pressure integrity. Unlike homes, commercial buildings often use
return air plenums or dedicated return ducts shared across zones.

Designers must ensure:
e Return paths do not create negative pressure in sealed zones
e Shared return systems avoid cross-contamination (particularly in healthcare and
laboratory environments)
e Exhaust air requirements are balanced to prevent building pressurization or
depressurization

In sensitive environments, separate return fans or dedicated exhaust systems may be
required for isolation.

System Redundancy and Load Flexibility
Mission-critical institutions such as data centers, hospitals, and universities often demand
HVAC zoning systems that provide redundancy and rapid response to changing loads.

This is achieved through:
e Dual-duct systems with independent hot and cold air supplies
e Hydronic zoning using variable-speed pumps and zone valves for precise
thermal delivery
o Zoned packaged rooftop units (RTUs) serving discrete building wings or floors
o Emergency backup equipment and failover logic

Such redundancy supports continuous operation even during maintenance, equipment
failure, or peak demand periods.

Integration with Energy Management and Sustainability Goals
Zoned HVAC in commercial buildings is a key component of sustainable building
design.



Zoning aligns with:
e LEED credits for thermal zoning and indoor environmental quality
o ASHRAE Standard 90.1 requirements for energy-efficient HVAC design
e Local building codes mandating separate temperature control zones based on
occupancy patterns

When paired with high-performance building envelopes, advanced lighting conftrols,
and renewable energy systems, zoning can significantly contribute to operational cost
savings and environmental compliance.

Smart zoning strategies also allow participation in utility demand response programs,
where zones can be selectively pre-cooled or set back in response to grid conditions.
Such strategies require advanced algorithms, cloud-based analytics, and seamless
occupant interface tools.

Commissioning and Maintenance in Institutional Applications

Given their complexity, zoned HVAC systems in commercial seftings must undergo
thorough commissioning to verify that control sequences, airflow rates, temperature
regulation, and interlocks function as designed. Commissioning agents often use data
loggers, airflow capture hoods, and trend analysis to diagnose performance anomalies
during startup and after occupancy.

Ongoing maintenance involves monitoring sensors, dampers, actuators, and control
software. Facility managers must be frained to interpret data from the BAS, adjust
setpoints, and respond to occupant complaints or alarms promptly.

Conclusion

Zoning strategies in commercial and institutional settings are critical to achieving
performance, comfort, and compliance. However, they demand careful planning,
engineering coordination, and system-level integration.

In the next chapter, we will examine the control systems and smart integration tools that
support effective zoning in both residential and commercial contexts.



Chapter 6: Control Systems and Smart Integration

The performance and functionality of zoned HVAC systems are ultimately governed by
the quality and sophistication of the control systems. As zoning strategies have evolved
from rudimentary mechanical dampers to intelligent, responsive, and networked
platforms, so too have the expectations for precision, adaptability, and integration with
smart building infrastructure.

This chapter explores the array of control fechnologies used in zoned HVAC system:s,
focusing on logic control, communication protocols, and emerging trends in
automation and intelligent zoning.

Fundamentals of Zoning Control Logic

At the heart of any zoned system lies a control algorithm that reconciles zone-specific
demands with the capabilities of a central HYAC unit. When a zone's thermostat or
sensor detects a deviation from the set temperature, it sends a signal to a zone
controller.

This controller evaluates:
e Whether the system is in heating or cooling mode
e Which zones are actively calling for conditioning
e Whether the HVAC system has capacity to serve additional zones simultaneously
e How to prioritize zone demands based on programmed logic or user preferences

The conftrol system then directs the opening or closing of motorized dampers, adjusts
blower speeds, and stages heating or cooling output accordingly. In simpler residential
systems, this may occur through hardwired logic boards. In commercial applications, it
often involves programmable controllers within a larger building automation framework.

Types of Control Platforms
There are several categories of control platforms used in zoned HVAC systems, each
suited to different scales and building types:
1. Standalone Zoning Panels
These are pre-packaged confrol boards designed for residential and light
commercial systems. They feature terminals for connecting thermostats,
dampers, and HVAC equipment, and often include dip switches or software-
based configuration tools for customizing behavior. They offer basic zoning
control without integration into broader building system:s.
2. Programmable Logic Controllers (PLCs)
Common in larger commercial systems, PLCs can be programmed to carry out
complex control sequences. They allow greater flexibility in responding to
dynamic zone behavior, integrating sensor data, and managing multi-zone load
balancing. These controllers require custom programming but are scalable and
highly robust.
3. Building Automation Systems (BAS)
BAS platforms such as Tridium Niagara, Honeywell EBI, Siemens Desigo, or
Johnson Controls Metasys allow for full integration of HVAC zoning with lighting,



security, fire protection, and energy monitoring. They use industry-standard
protocols like BACnet or Modbus and provide advanced diagnostics,
scheduling, and remote access capabilities.

4. Smart Home Controllers and loT Platforms
In residential and small commercial markets, smart home ecosystems such as
Google Nest, Ecobee, or Amazon Alexa-compatible thermostats provide intuitive
control over zoned systems. These platforms rely on cloud connectivity, mobile
apps, and adaptive learning to optimize comfort and efficiency based on
occupancy and behavior.

Sensor Integration and Input Devices
Modern zoning control systems often integrate multiple sensor types to inform HVAC
behavior.

These include:

o Temperature sensors for each zone, often embedded in thermostats or installed
remotely

e Humidity sensors fo maintain comfort and prevent mold growth in cooling
applications

e Occupancy sensors to deactivate zones during vacancy and conserve energy

e Air quality sensors (e.g., CO,, VOC) to trigger ventilation or recirculation

e Window and door sensors fo suspend conditioning when openings compromise
zone integrity

Sensor data can be aggregated by the control system and used to implement zone-
specific logic. For example, a zone may only be conditioned if it is both occupied and
outside of a predefined temperature band, reducing unnecessary runtime.

Communication and Networking
Communication between thermostats, dampers, and the central control system may
be facilitated through:
e Hardwired connections using low-voltage wiring for reliability and security
o Wireless protocols such as Zigbee, Z-Wave, or proprietary RF systems for flexible
retrofits
e IP-based communication using Wi-Fi or Ethernet to enable remote diagnostics,
updates, and integration with third-party applications

In commercial systems, the communication backbone often uses BACnet or Modbus to
interface with other building subsystems. These protocols support interoperability across
different manufacturers and simplify centralized data management.

Advanced Features and Optimization Tools
Smart control systems offer a wide array of advanced features that enhance the
operation of zoned HVAC system:s.

These include:
e Learning algorithms that adapt to occupant behavior and external weather
patterns



o Geofencing capabilities that activate or deactivate zones based on user
location

o Time-of-day scheduling to align conditioning with building use patterns

o Demand response readiness, allowing zones to be adjusted in response to ufility
grid events

o Data analytics and trend logging, which support long-term performance
monitoring and system tuning

These features not only improve occupant comfort but also contribute to achieving
sustainability and energy performance goals.

Remote Access and User Interfaces
Zoned systems increasingly rely on user interfaces that provide intuitive and secure
access to system settings and performance data.

These interfaces may include:
¢ Wall-mounted touchscreen panels for local control
e Mobile apps for remote monitoring and adjustment
e Web dashboards for facility managers and service providers
e Voice confrol integration through smart speakers

Users can view real-time temperature readings, zone statuses, and runtime logs, and
they can make adjustments with minimal training. This democratization of control
improves user satisfaction and promotes proactive energy management.

Security and Data Privacy Considerations

As zoning conftrols migrate to cloud-connected platforms, cybersecurity becomes an
important concern. Systems must be protected against unauthorized access and data
interception, particularly in government, financial, or healthcare buildings.

Best practices include:
e Encrypted communication protocols
o Multi-factor authentication for remote access
e Regular software and firmware updates
e Segmentation of building automation networks from general IT systems

Conclusion

Effective zoning relies as much on intelligent control as it does on mechanical design.
The selection and configuration of control systems must align with the building’s
complexity, the HVAC equipment’s capabilities, and the performance expectations of
stakeholders. In the next chapter, we will explore how energy efficiency and system
sizing are managed within the context of zoned HVAC design.



Chapter 7: Energy Efficiency Considerations and System
Sizing

Energy efficiency is one of the principal motivations behind implementing zoned HVAC
systems. When designed and managed correctly, zoning can lead to substantial
reductions in energy use by limiting conditioned air to only the spaces that require it.
However, these savings are only realized when zoning is supported by appropriate
system sizing, equipment selection, and control strategies. Misalignment between
zoning layout and HVAC system capacity can diminish efficiency and even infroduce
new operational problems.

Principles of Zoning and Energy Efficiency

Zoning reduces energy consumption by tailoring heating and cooling delivery to
specific areas based on occupancy, temperature variance, and time-of-day demand.
This localized conditioning helps avoid overcooling or overheating unoccupied or
naturally requlated zones.

For example:
e A two-story home may only require cooling on the upper floor during the night.
e A commercial office’s western wing may need more cooling in the afternoon
due to solar exposure.
e A school may deactivate HVAC services in unused classrooms after hours.

By directing energy only where and when it is needed, zoned systems optimize system
runtime and limit peak energy demand, which can lead to smaller utility bills and
reduced wear on mechanical components.

Right-Sizing Zoned HVAC Systems

Proper equipment sizing is critical to the success of a zoned HVAC strategy. Traditional
sizing methodologies—such as Manual J for residential systems or load calculations per
ASHRAE guidelines for commercial spaces—must be adapted to account for partial-
load conditions when only a portion of the system is active.

Oversized systems may cycle rapidly when serving a single zone, leading to poor
humidity control, increased wear, and inefficient performance. Undersized systems,
conversely, may struggle to satisfy simultaneous calls from multiple zones, especially
during peak outdoor temperature conditions.

To avoid these pitfalls:
e Systems should be sized for the full-load condition of the most demanding zones.
e Conftrol logic must support staged or modulating operation to match reduced
loads during partial zone activation.
e Load diversity factors should be applied to estimate the probability of concurrent
zone calls.



Variable-speed compressors and fans are particularly beneficial in zoned applications,
as they can modulate capacity in response to fluctuating zone demands.

Impact of Zoning on Duct Sizing and Static Pressure

Zoning infroduces dynamic airflow conditions due to opening and closing of dampers
across different duct branches. As zones close off, static pressure can rise sharply in the
remaining ductwork, potentially causing blower strain, noise, and inefficiencies.

To maintain airflow efficiency:

e Ducts should be sized conservatively to handle variable airflow without causing
excessive pressure drops.

o Static pressure sensors can be integrated to monitor and modulate blower
speeds.

e In fraditional systems, bypass dampers or ducts may be used to alleviate
pressure. In more advanced designs, pressure-dependent dampers and
variable-speed blowers eliminate the need for bypass systems entirely.

Energy-Saving Features in Zoned Systems
Numerous features contribute to enhanced energy performance in zoned HVAC
systems:
o Thermostatic setback schedules: Automatically reduce heating or cooling when
zones are unoccupied or during sleeping hours.
e Occupancy-based zoning: Utilizes motion or infrared sensors to condition spaces
only when people are present.
o Adaptive learning thermostats: Learn occupant behavior and adjust zone
schedules accordingly.
o Demand-controlled ventilation (DCV): Adjusts outdoor air intake based on actual
CO, levels or zone occupancy to avoid overventilation.
o Smart zoning analytics: Use performance history to optimize zone behavior,
identify inefficiencies, and improve predictive maintenance strategies.

These energy-saving mechanisms reduce both runtime and equipment cycling,
resulting in better seasonal energy efficiency ratios (SEER), heating seasonal
performance factors (HSPF), and annualized energy performance metrics.

Zoning and System Load Diversity

System load diversity is an important concept in zoned HVAC design. In a multi-zone
system, it is rare for all zones to simultaneously demand full heating or cooling. By
accounting for this diversity, engineers can right-size equipment more accurately and
avoid overdesign.

Examples of diversity include:
e Morning sun heating eastern zones while western zones remain shaded
e Evening cooling needs concentrated in kitchen and dining areas
o Staggered use of conference rooms or classrooms throughout the day



Zoning allows the central equipment to operate efficiently by targeting only the active
load, provided that the control system is designed to respond proportionally and does
not override diversity by forcing simultaneous conditioning.

Energy Codes and Zoning Compliance
Energy codes and standards increasingly require zoning in new commercial and
multifamily buildings. For instance:
o ASHRAE Standard 90.1 mandates separate temperature controls for different
occupied zones that operate on distinct schedules.
e International Energy Conservation Code (IECC) outlines criteria for conftrolling
HVAC zones based on usage, size, and function.
o Some state and local building codes specify zoning thresholds, setback
capabilities, and control integration for code compliance.

Proper documentation of system design, equipment specifications, control sequences,
and zone layouts is essential for permitting and inspection. Commissioning must confirm
that zoning achieves the expected energy performance.

Retrofitting and Efficiency Trade-Offs

When refrofitting existing HVAC systems with zoning, energy improvements are often
substantial but depend heavily on the duct system's condition and the existing
equipment's adaptability.

Retrofitting may require:
e Resealing or insulating ductwork
e Upgrading to variable-speed motors
e Replacing legacy thermostats with networked controls
e Balancing airflow with additional returns or relief paths

While retrofitting adds cost, the resulting energy savings—particularly in large or
iregularly used buildings—often justify the investment over fime.

Conclusion

Energy efficiency gains from zoning are achievable but not automatic. They require
precise system sizing, adaptive conftrol logic, and intelligent zone layout that aligns with
real-world usage patterns. Overdesign or poorly managed zoning can negate
expected savings or infroduce new operational issues. When done correctly, however,
zoned systems offer a compelling return on investment, particularly when integrated
with modern high-efficiency equipment and smart controls.



Chapter 8: Code Compliance, Maintenance, and Retrofit
Applications

As zoned HVAC systems become increasingly prevalent in both new and existing
buildings, attention to code compliance, long-term maintenance practices, and retrofit
feasibility has grown in importance. Engineers and contractors must ensure that zoning
solutions not only function efficiently but also meet regulatory standards and are
maintainable over the life of the system. Additionally, retrofitting older systems to
accommodate zoning infroduces unique challenges that require technical ingenuity
and planning.

Zoning Requirements and Code Compliance

Modern building codes and energy standards recognize the importance of zoning for
enhancing efficiency and confrolling indoor environmental quality. These codes vary
by jurisdiction but often reference national standards and industry best practices,
including:

o ASHRAE Standard 90.1 (Energy Standard for Buildings Except Low-Rise
Residential): This standard mandates that different HVAC zones be established
where spaces have differing occupancy schedules, internal loads, or solar
exposure. Each zone must be independently controlled to prevent over-
conditioning.

o International Energy Conservation Code (IECC): The IECC similarly requires zone-
level control for spaces with separate thermal characteristics or operational
hours. It also mandates setback capabilities and demand-responsive controls in
commercial buildings.

e Local Mechanical Codes: Municipal or state mechanical codes may impose
additional zoning-related criteria. These include the use of dampers with fail-safe
positions, manual override capabilities, specific duct construction standards, and
limits on pressure differential across zones.

e Accessibility and User Interface Requirements: In some jurisdictions, zoning
interfaces (such as thermostats or control panels) must be installed at accessible
heights or include tactile, visual, or audible features for ADA compliance.

o Fire and Smoke Control Codes: Zoned duct systems must incorporate fire-rated
dampers, smoke dampers, and emergency shut-off controls in buildings with fire
compartmentalization. These features must be tested and commissioned in
accordance with NFPA 90A and 105.

Proper documentation of zoning plans, damper locations, confrol sequences, and
wiring diagrams is essential for passing inspection and ensuring future serviceability.
Engineers should also confirm that zoning does not interfere with mandatory ventilation
rates or pressure relationships between zones (e.g., isolation rooms, kitchens, labs).

Maintenance Considerations for Zoned Systems
The long-term performance of a zoned HVAC system depends on consistent, proactive
maintenance. Unlike single-zone systems, zoned systems introduce a greater number of



mechanical and control components, each of which can affect performance when
misaligned or malfunctioning.

Key maintenance practices include:

o Periodic calibration of thermostats and sensors to ensure temperature accuracy

e Inspection of motorized dampers to verify proper opening and closing; stuck or
partially closed dampers can compromise airflow and system efficiency

o Airflow balancing checks, especially following duct cleaning, filter replacement,
or damper adjustments

e Control system diagnostics, including frmware updates and network integrity
tests for smart systems

e Cleaning of ducts and plenums to prevent dust accumulation, which can
interfere with airflow in partially closed branches

e Monitoring of static pressure o detect abnormal resistance or closed zones
causing system strain

Maintenance schedules should reflect the complexity of the system. In commercial
settings, service contracts with HVAC professionals or facilities management teams are
often required to maintain warranty compliance and system performance.

Failure Modes and Troubleshooting
Common failure points in zoned systems include:
e Thermostat miscommunication or battery failure
e Damper motor burnout or control board malfunction
o Conftrol panel logic errors following power outages
e Incompatibility between newly added smart controls and legacy HVAC
equipment

Troubleshooting requires familiarity with zoning-specific diagnostic tools, such as zone
status monitors, differential pressure gauges, and confrol system interface software.

Technicians should be frained to diagnose zoning faults that may not manifest as
traditional HYAC problems but instead as airflow inconsistencies or occupant
discomfort in isolated zones.

Retrofit Applications and Challenges

Reftrofitting existing buildings with zoned HVAC systems can yield significant energy
savings and comfort improvements, but it often involves overcoming structural and
system limitations.

Key challenges include:
o Limited access to ductwork, especially in slab-on-grade homes, historic buildings,
or densely packed commercial spaces
e Incompatible HVAC equipment, such as single-stage furnaces or fixed-speed
blowers, which are not well-suited for variable zone loads
e Lack of return duct infrastructure in certain zones, leading to pressure imbalances
e Electrical limitations for running new control wiring to thermostats and dampers



Despite these obstacles, retfrofit zoning can be accomplished using several strategies:

o Wireless thermostats and control systems, which eliminate the need for invasive
rewiring

e Zoned mini-split systems, particularly for room additions, garages, or isolated
zones with persistent comfort issues

e Hydronic zoning overlays, where zone valves and thermostats control individual
fan coil units or radiant floor heating circuits

o Ductwork modifications with the installation of inline dampers and localized
returns

Retrofitting is most effective when combined with broader system upgrades, such as
converting to a variable-speed blower or replacing outdated ductwork. Engineers
should evaluate the building’s current energy performance and develop a phased
zoning reftrofit plan that aligns with budget and operational constraints.

Integration with Utility and Sustainability Goals
Zoned systems align well with green building certifications and energy rebate programs.
For example:
e LEED (Leadership in Energy and Environmental Design) credits are available for
thermal zoning and controllability of systems
o Utility companies may offer incentives for installing smart zoning systems that
reduce peak demand or support demand response events
e Zoning supports broader building decarbonization strategies by minimizing fossil
fuel consumption and improving heat pump performance

Conclusion

While zoning increases system complexity, it offers long-term rewards in the form of
greater efficiency, comfort, and adaptability. Success depends on code-aligned
design, diligent maintenance, and thoughtful retrofit strategies that respect the
limitations of the existing infrastructure.



Chapter 9: Case Studies and Performance Evaluation
Metrics

To illustrate the real-world benefits and considerations of zoned HVAC system:s, this
chapter presents selected case studies from residential, commercial, and instfitutional
projects, followed by an exploration of key performance evaluation meftrics used to
assess system effectiveness.

These examples and assessment tools highlight how zoning can deliver both qualitative
comfort improvements and quantifiable energy savings when correctly implemented.

Case Study 1: Residential Retrofit - Two-Zone System in a Split-Level Home

A 2,800-square-foot split-level home in the southeastern United States was experiencing
persistent comfort imbalances. The upper floor overheated during summer afternoons,
while the basement remained cold year-round. The existing single-zone HVAC system
was sized for the entire house but failed to manage the disparate thermal loads
effectively.

Retrofit Strategy

A zoning reftrofit was proposed using two motorized dampers to divide the supply
ductwork into two zones—one serving the upper level and the other serving the
basement and lower level. A variable-speed blower motor was installed to handle the
airflow fluctuations between zones. Smart thermostats with humidity and occupancy
sensors were added in each zone, and the return air system was rebalanced with a
supplemental return installed in the upper floor.

Results
e Improved occupant comfort and satisfaction in both zones
e Energy savings of approximately 16% over a 12-month period, based on utility bill
analysis
e Reduction in system short cycling and better humidity control during summer
e Maintenance logs showed no damper failures over a 24-month observation
period

Case Study 2: Commercial Office Building — Multi-Zone VAV System

A five-story office building with 80,000 square feet of floor space housed multiple
tenants with different operating hours and thermal preferences. The original HVAC
configuration included large rooftop units with limited internal zone controls. Complaints
from tenants regarding uneven temperatures and excessive energy bills prompted a
system redesign.

Upgrade Strategy

The building was subdivided into 18 zones, each controlled by variable air volume
(VAV) boxes with electronic damper actuators. A direct digital control (DDC) system
was installed, interfacing with a building automation platform that managed zone
scheduling, setback functions, and demand-controlled ventilation. Return air and



exhaust systems were rebalanced, and CO, sensors were installed in high-occupancy
areas.

Results
e Energy usage dropped by 21% over the first operational year
e Tenant complaints regarding thermal discomfort fell by over 60%
e Peak demand charges from the local utility were reduced due to staggered
zone control
e BAS data provided actionable insights for ongoing commissioning and
optimization

Case Study 3: Educational Facility - Zoned HVAC in a K-8 School

A newly constructed K-8 school in the Midwest was designed with sustainability and
long-term energy performance in mind. The mechanical engineering team proposed a
zoned HVAC strategy tailored to different instructional and support areas, including
classrooms, libraries, administrative offices, and gymnasiums.

Design Approach

Each classroom was equipped with a dedicated zone thermostat tied into a central
control system. Larger common areas like the gymnasium and cafeteria used variable
refrigerant flow (VRF) systems with zoning capability. The entire school was integrated
info a unified conftrol platform that allowed district-level access for monitoring and
remote adjustments.

Outcomes
e Improved student focus and performance attributed to better thermal comfort
e Annual energy cost savings exceeded $25,000 compared to regional school
benchmarks
e HVAC maintenance issues were quickly identified and resolved via tfrend analysis
e The school achieved ENERGY STAR certification and scored LEED Silver for
sustainable design

Performance Evaluation Metrics for Zoned Systems
Assessing the performance of a zoned HVAC system involves both operational data
and experiential feedback. The following metrics are commonly used to evaluate
effectiveness:
1. Energy Use Intensity (EUI)
EUI (measured in kBtu/sq ft/year) quantifies energy consumption relative to
building size. Zoning that successfully reduces unnecessary conditioning should
result in a lower EUL.
2. Runtime Distribution and Load Matching
Analysis of HVAC equipment runtime versus zone demands can indicate how
effectively the system scales its output. An optimal system should modulate
capacity based on partial zone loads without excessive cycling.
3. Zone Temperature Variance
This measures the deviation between setpoint temperatures and actual
temperatures within each zone. High variance may suggest control or damper
faults.



4. System Static Pressure Trends
Monitoring static pressure in ductwork helps evaluate damper coordination and
blower responsiveness. Excessive pressure indicates airflow restriction or
inappropriate zoning logic.

5. Occupant Comfort Surveys
Subjective surveys provide insight into perceived comfort, which may not be
captured in mechanical data alone. These surveys are particularly useful in
office, educational, and healthcare settings.

6. Demand Response Participation
If the zoned system is integrated into a utility demand response program, its
ability to shift or reduce load during peak hours can be quantified and
monetized.

7. Maintenance and Service Reports
Tracking the frequency and type of maintenance interventions provides insight
info the system’s reliability and long-term viability.

Conclusion

Real-world applications demonstrate that when zoning is thoughtfully implemented, the
returns in energy efficiency, comfort, and control far outweigh the complexities.
However, ongoing performance evaluation is critical to sustaining these benefits. The
next and final chapter will explore emerging technologies, tfrends, and future
innovations that will shape the evolution of zoned HVAC systems.



Chapter 10: Future Directions and Innovations in Zoned
HVAC Systems

As building technology continues to evolve, zoned HVAC systems are poised to
undergo significant fransformation driven by emerging technologies, sustainability
objectives, and occupant-centric design philosophies. The future of zoning lies not only
in improving energy efficiency and thermal comfort but also in aligning HVAC control
with adaptive, data-driven building environments.

This chapter explores forward-looking developments, including next-generation zoning
hardware, integration with artificial intelligence (Al), new energy sources, and
regulatory influences shaping the next generation of zoned HVAC systems.

Al and Predictive Zoning Algorithms

Artificial inteligence and machine learning are increasingly being deployed to optimize
HVAC system behavior. In zoned systems, Al algorithms can analyze historical data,
weather patterns, occupancy behavior, and internal heat gain trends to proactively
adjust zone settings. This predictive approach enhances comfort while minimizing
unnecessary conditioning.

Al-enabled zoning platforms may perform the following tasks:
e Forecast heating and cooling needs per zone based on time of day, season,
and recent usage patterns
e Learn individual occupant preferences and tailor conditioning accordingly
e Integrate with calendar systems or security access logs to infer occupancy
o Detect system anomalies or faults through behavioral pattern deviations

Such intelligent zoning systems rely on cloud computing, real-fime data analytics, and
advanced sensors, forming a responsive building environment that continuously self-
tunes.

Decentralized and Modular Zoning Units

Future zoning solutions are trending toward modularity and decenftralization, especially
in retrofit applications and buildings without central ductwork. Modular units, such as
packaged ceiling-mounted heat pump cassettes or underfloor air distribution modules,
allow each zone to act as an autonomous climate unit while still communicating with a
central control system.

This approach reduces dependence on extensive duct modifications and enhances
flexibility in reconfigurable spaces such as co-working offices, classrooms, or healthcare
examination suites.

loT Integration and Interoperability
The proliferation of Internet of Things (loT) devices has broadened the range of sensors
and conftrol inputs available for zoned system:s.



Interoperable platforms now integrate:
e Air quality monitors, including particulate matter and volatile organic compound
sensors
e Window position sensors and automated blinds for managing solar gain
e Occupant detection via infrared imaging or smartphone tracking
e HVAC control linkage with lighting, plug loads, and shading systems

Future zoning strategies will emphasize cross-disciplinary integration, turning HVAC
zoning into a component of a holistic environmental management strategy. Buildings
will increasingly rely on shared data environments and common protocol layers (e.g.,
BACnet/IP, MQTT, or Matter) to synchronize climate control with other smart systems.

Electrification and All-Electric Zoned Solutions

As part of building decarbonization efforts, zoning will increasingly be applied in all-
electric HVAC configurations using heat pump technology. Zoning can improve heat
pump performance by reducing the load on the system and allowing it to operate
within optimal tfemperature ranges.

Zoning is particularly beneficial in cold-climate heat pump installations, where heating
demands are uneven and auxiliary heat sources are limited.

Variable refrigerant flow (VRF) systems, a class of advanced heat pumps, already allow
multi-zone climate control with individual indoor units connected to a shared outdoor
condenser. Future VRF and inverter-driven split systems will likely offer even more
granular zoning, with better defrost cycles, thermal recovery modes, and integration
with renewable energy sources.

Renewable Integration and Grid Responsiveness

Zoned HVAC systems will play a vital role in grid-interactive efficient buildings (GEBs)—
structures that respond dynamically to electricity pricing, grid demand, and renewable
generation availability. Zoned systems can strategically shift heating or cooling loads
between zones to optimize demand profiles.

For example:
e Pre-cooling occupied zones when solar generation is high
e Temporarily reducing service to non-critical zones during peak demand
e Parficipating in load-shedding programs through automated zone setback

Control platforms will support bidirectional communication with utility demand
management systems and utilize battery storage or thermal mass to buffer energy
consumption changes.

Dynamic Zoning and Space Reconfiguration

Future commercial buildings are expected to adopt dynamic zoning, in which zones
are not permanently fixed but instead redefined based on occupant movement and
space usage.



This is enabled by:
o Flexible ductwork layouts with adjustable terminal units
o Portable or wireless thermostat devices
e Machine-vision-based occupancy tracking
e Reconfigurable partitions and furniture layouts with embedded sensors
Dynamic zoning supports agile work environments and allows buildings to “learn” usage
patterns, tailoring HVAC performance in real time rather than being constrained by
static zone boundaries.

Regulatory Influences and Building Code Evolution
As energy standards evolve to address global climate commitments, HVAC zoning will
be influenced by more stringent codes and rating systems.

Future building regulations are likely to include:
e Mandates for multi-zone control in new commercial buildings
e Incentives or requirements for demand-responsive and grid-infegrated HVAC
controls
e Zoning provisions embedded in net-zero energy building codes
e Revised ventilation standards that coordinate with zone control logic

In parallel, green certification programs such as LEED, WELL Building Standard, and
BREEAM will place greater emphasis on zoning as a means of enhancing occupant
wellness, acoustic performance, and air quality.

Conclusion

Zoned HVAC systems are entering a new era where they are not just systems of
mechanical control, but dynamic, intelligent, and responsive components of fully
integrated building environments. Emerging technologies and changing expectations
will fransform zoning from a static design decision to an adaptive, learning system that
evolves with user needs and environmental challenges. Engineers who embrace these
trends will not only deliver higher performing systems but also shape the sustainable,
occupant-focused buildings of tomorrow.
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