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SUMMARY 
 
Mechanical systems are responsible for 70% of occupant complaints, 70% of the total 
energy systems life cycle operating, maintenance and energy costs, and for 70% of the 
deferred maintenance in buildings.  The bad news is that thanks to current best practices 
and green guidelines, mechanical system performance is getting worse. 
 
A paradigm shift is needed in the way mechanical systems are selected and sized.  A QA/QC 
program should be implemented where an expert mechanical system life cycle performance 
expert is employed to partner with the design team to ensure optimum system selection and 
sizing and provide a detailed analysis and documentation of the system performance. 
 
The largest life cycle monetary benefit will be the improvement in occupant performance, 
which can be worth up to 10 times the total energy and operating cost reduction.  Life cycle 
performance improvements will include drastically reduced energy and maintenance costs 
and eliminate installation and remodeling wasted costs. 
 
INTRODUCTION 
 
What do owners really want from their building mechanical systems?  If current metrics are 
any indication, owners appear to want systems that are more expensive to install, impossible 
to commission and maintain, provide poor ventilation and humidity control and consume 
20% more energy than predicted.  Owners must crave systems that require expensive 
upgrades every 10 years, rapidly decrease in efficiency, are expensive to modify, cause many 
occupant complaints and consume more energy as time goes by. 
 
Of course, if the current metrics only show what owners have, as opposed to what they 
would like, what would be at the top of their “wish lists”?  A QA/QC program interrogates the 
owner to determine their life cycle performance requirements.  What do Owners really want 
with regards to their mechanical systems? 
 

 
30Year Building Costs: 2% Initial Construction, 8% Operating, 90% Occupants 

 



The first requirement of Owners is usually for the system to provide excellent comfort and 
productivity with no complaints from occupants and no sick days or absenteeism caused by 
the system.  Note that this has been consistently elusive in the US because most mechanical 
systems are all-air systems.  All-air systems cannot provide excellent comfort because 
humans are 50% more sensitive to the radiant temperature and so require radiant thermal 
control to achieve good comfort conditions.  Their second requirement is often for low 
operating and maintenance costs combined with ease of maintenance. Third would be very 
low energy costs with no peak monthly costs in either the heating or cooling season.  The 
system must be easy to modify and alter to building churn or resale.  The system should 
work efficiently and effectively for over 60 years.  A minimum installation cost is always a 
high priority, but at the same time it is understood that this is a very small portion of the 
total costs, so if performance gains can be obtained with a payback of less than two years, it 
should be worth the investment. 
 
In short, owners want a long life, loose fit, high performing system for the least installation 
cost.  There is very little variation in the wish list from owners, some need less adaptability 
and expandability, some want greater efficiency, and the wisest want the optimum comfort 
for the highest productivity from the occupants. 
 
All these are readily achievable.  The only extra requirement from the owner is to invest a 
small amount of time and effort to detail their life cycle performance requirements and 
ensure a mechanical system life cycle performance expert is part of the design team to 
provide QA/QC and to assure these requirements are fulfilled. 
 
Comparing a long life, loose fit, high performance HVAC system to the current most popular 
HVAC system will help demonstrate how to achieve a phenomenal improvement in life cycle 
performance.  This white paper will demonstrate how to reduce the current popular system 
life cycle operating and maintenance costs by over 60% and reduce the energy costs by over 
70%.  These improvements can be achieved with no increase in installation cost while 
simultaneously improving the comfort significantly, which in reality will be the largest 
monetary gain for the owner.  Also, most importantly, the system can be designed so that it 
can easily be improved into a sustainable system in the future. 
 
Shortcomings and Limitations in Current Designs 
 
Walls, roofs and windows have tripled in efficiency while lighting sources and electronic 
systems have quadrupled in efficiency, yet buildings are not reflecting these changes with a 
corresponding savings in energy use.  This lack of improved life cycle performance is 
primarily due to the lack of integrative design and poor mechanical system performance. 
 
In 2006, the ubiquitous HVAC system selected for almost 90% of all applications and 
climates within the USA was the fan-assisted variable air volume (VAV) system.  



 
Fan-Assisted Variable Air Volume System, An Owners’ Nightmare 

 
Amory Lovins’ 1990 landmark report on HVAC systems in offices throughout the USA 
concluded that newer systems cost more to install and maintain, used more energy and were 
less comfortable than older systems.  This trend has continued up to today.  Most systems, 
including the latest fan-assisted VAV, are sold on their energy merits, which have yet to 
materialize after 40 years of failed promises. 
 
The current generation of VAV system is about the 10th generation, a new generation 
appearing every 7 years from various manufacturers to correct the faults and shortcomings 
of the previous system. None of the VAV systems have actually proved to be a high 
performance system over a whole life cycle.  In fact, VAV systems are the single largest 
cause of most mechanical system problems over the last 40 years: sick building syndrome; 
increased maintenance costs causing 70% of buildings to be in deferred maintenance; the 
remodeling costs increase and the increase in complaints of occupant comfort and health. 
 
Ask most designers if the VAV systems they designed 20 years ago worked well and they say 
that all the old problems will be corrected by the latest generation.  A cautionary note: 
tomorrow never comes. 
 
One major improvement has been achieved with VAV systems: ease of design.  Designers 
now have a single universal solution for any type of facility in any climate.  Moreover, the 
equipment manufacturers are able to produce system and equipment sizing calculations 
together with code compliance calculations and equipment specifications for the designer to 
include in his contract documents.  Often, the only task remaining for a designer is to 
connect up the dots for the ductwork drawings and layout the equipment rooms, assuming 
the units are not simply plopped on top of the roof, a common occurrence these days. 
 
Key Strategies for Life Cycle Performance Success 
 
The owner must select a design team that includes expert knowledge in life cycle 
performance evaluation and documentation.  A design challenge cannot happen 
without expert knowledge.  Selecting the design team determines the outcome of the 
building performance.  Charts and graphs of where the greatest influence occurs in building 
design do not include design team selection, the most important selection in the process. 



 
Expertise in use of the best design tools such as ESPr and EnergyPlus building performance 
evaluation is essential.  However, no current modeling program evaluates mechanical system 
life cycle performance, and even start-up performance is suspect due to the lack of full 
commissioning. 
 
The owner must insist the design team provide full documentation of the design process 
detailing the selection and sizing of the mechanical systems and equipment; this document is 
often referred to as the Detailed Design Intent (DDI).  The DDI removes the grey areas of 
the design process by providing transparency and clarity of the design process and allows all 
concerned with the design, construction and operation of the building to understand exactly 
how and why the systems and equipment were selected and sized. 
 
A building logbook is another essential document for high performance building validation. 
The Sustainable Building Logbook is a testament and diary that substantiates the 
performance of the building energy systems.  It is set up to assist in the realization of 
sustainable, high performance building energy systems in new construction or renovations of 
existing buildings.  It allows a clear understanding, by the building owner, facility manager, 
and everyone else, of the design and operation of the building to achieve and maintain 
sustainable, high performance building energy systems. Logbooks detail the building 
performance in maintenance, comfort and energy, as well as bridging the gap between 
design documents and operation and maintenance manuals.  The logbook is a valuable tool 
in the sale, resale or rental of properties as a provenance for the building energy systems 
performance. 
 
Defining Mechanical System Characteristics That Can Create Whole Life Cycle 
High Performance 
 
The Design Challenge looks at system selection and sizing in terms of how they meet 
owner’s detailed life cycle performance requirements.  From one of the original quality 
control methods dating back to the pyramids, measure twice, cut once, BSC uses the 
acronym MEASURE2 to describe the areas to be tested: 
Maintainability – without this, no other characteristic remains viable 
Effectiveness – this is a synonym for comfort and productivity 
Adaptability – able to use present and future renewable energy sources 
Size – having all equipment and components sized for the whole life cycle 
Utilities – size for the smallest, modular, adaptable generating plants 
Remodeling – plan for probable or possible remodeling scenarios 
Expandability – design and size infrastructure for possible life cycle expansion  
Efficient – plan to start efficient and be able to become even more efficient. 
 
Maintainability is at the top of the list in importance.  Only a preventative maintenance 
program on all equipment will allow the system to perform as required.  Over 70% of the 
current US building stock has deferred maintenance.  Facilities that have a deferred 
maintenance program in reality have a deferred maintenance problem or predicament 
because it doubles the cost of maintenance while also inevitably decreasing energy efficiency 
and reducing occupant comfort and productivity.  Maintainability must be a non-negotiable 
characteristic of the whole building. 



                    
Long-Term Costs of Maintenance 

 
Effectiveness is really the sole purpose of installing a mechanical system; to provide a safe 
and healthy, comfortable and productive environment for the occupants.  This characteristic 
should be closely defined as it represents over 90% of the owners total building operating 
cost, and all the revenues from a building.  Safety is usually covered by code requirement, as 
well as minimum health regulations.  The most misunderstood requirement is how to provide 
real thermal comfort to the occupants so that they are able to be more productive. 
 

 
Human Comfort Factors 

 
Instead of referring to detailed human requirements and their relative influence, designers 
prefer to use ASHRAE comfort requirements that basically call for a 75ºF air temperature and 
the humidity between 20% and 75%RH.  Note: a VAV system causes room humidity to rise 
to 80% with quite frequently occurring external conditions such as summer rain or 
thunderstorms when it is 70º to 80º outside.  Not explained to the owner is the fact that 
these “comfort” conditions also assume a 20% occupant dissatisfaction rate, with an even 
greater percentage uncomfortable.  This is not what a prudent owner wants for his 
employees.  Most business owners understand the huge rewards of increasing productivity 
by only a small percentage, say 3%, is worth more than the entire energy costs.  Many 
studies have concluded that optimizing the occupant environment can increase performance 
by up to 25%; sadly these findings are being almost totally ignored. While most of the 
productivity increases are derived from optimum daylighting, a full 5 to 10% can be gained 
from optimizing the thermal environment, which is worth more than the installation, 
maintenance and energy costs combined. 
 



  
Adding Radiant Thermal Control 

 
Adaptability, Remodeling and Expandability are being combined because they have a 
common main thread – infrastructure.  The system infrastructure, the piping and ducting 
systems, determine many aspects of these characteristics, and many aspects of the overall 
characteristic of the system.  The greatest opportunity for improving the life cycle 
performance of a mechanical system is optimizing the piping and ducting 
systems.  These systems are responsible for over 50% of the installation cost, use over 
50% of the total energy, all electric, and up to 75% of the remodeling costs.  Most designers 
automatically select a ductwork system as the primary infrastructure without any building 
science being applied.  Let us examine the fundamental characteristics of pipes and ducts. 
 

Pipe Vs Duct Thermal Transport Efficiency 
      1” Pipe = 12” Duct 
1 1/2” Pipe = 20” Duct  Pipes Require 12% of Duct Space 
2 1/2” Pipe = 40” Duct 

 
The above chart shows the relative space requirements for transporting thermal energy 
through pipes and ducts.  Also, pumps only require 12% of the electrical energy to transport 
the same amount of thermal energy as ductwork; piping is 8 times more efficient.  From 
these facts it would seem obvious to use piping rather than ducting to transport thermal 
energy, yet most systems proposed today are considered all-air systems.  The ventilation 
and humidity control requirements are better transported through an air or ducting system, 
but these requirements need only 10% to 20% of the current air volumes commonly used. 
 
By selecting the optimum combination of piping and ducting systems, the characteristics of 
will be greatly improved. 
 

          
Alternative Piping Systems 

 



The above is a classic example of poor vs. good system selection that in turn allows optimum 
equipment selection and sizing.  The reverse return system totally alters the operating 
characteristic of the building.  Correctly sized, the building becomes adaptable, with ultra-
long life, and is easy to remodel and expand.  The flow and return system, the automatic 
system selected by HVAC designers, has none of these characteristics.  Added to this is the 
80% energy use reduction and the selection process would seem a choice of one, yet the 
flow and return system is the de-facto system selected today.   
 
Sizing is an iterative process.  Refining the size of systems and equipment requires a good 
computer energy simulation program together with design calculations and significant input 
from the owner on year round conditions required.  Most important are the discussions with 
the owner to determine conditions that the building should not be expected to handle as well 
as predictions of future possible expansion, remodeling and reuse. 
           
Utilities.  Modular generating plants usually provide the optimum solution to plant sizing 
and standby capacity.  Utilizing condensing boilers will increase efficiency by up to 15%.  
Strategies should be developed to utilize the lowest temperatures for heating, allowing 
ground source temperatures to supply over 50% of the required heating during peak loads.  
Solar thermal can have less than a 5 year payback when utilized for heating, particularly 
when reducing peak loads in many areas is taken into account, because the lowest 
temperatures occur when there is abundant solar available.  When solar heat can be used for 
dehumidification in the cooling season, the payback is shortened to less than 2 years. 
 

 
         

Modular Boiler Plant 
 
Refrigeration must be minimized and electrical refrigeration should be planned to be 
eliminated for comfort conditioning.  Refrigerant is a toxin and most refrigeration machines 
use electricity at the worst time of the year to be the main cause of peak electrical loads in 
the summer.  A strategy of using ground source temperatures for cooling should be 
developed.  Where the ground temperature is higher than 62˚F, solar heat can also be used 
to power absorption refrigeration machines to eliminate electrical refrigeration. 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

 
 

US Ground Temperatures 
 
Utilizing ground source temperatures along with an efficient humidity control system, a 
strategy can be developed to eliminate refrigeration requirements.    
 
Efficiency.  Energy efficiency is often the driving force behind an owner’s decision to invest 
in more expensive mechanical system solutions.  Ironically, poor system selection and sizing 
is often the result of a poor design attempt at an energy efficient solution.  Further irony is 
that the oil crises of the 1970’s have resulted in much worse systems development and 
selection. 
 
 
From all the characteristics above, it should now be apparent that over 30% of the thermal 
load should be handled by a radiant system for both warming and cooling, and that all-air 
systems should not be considered either efficient or high performance.   Beating ASHRAE 
90.1 energy use by 50% to 80% should be considered the norm rather than a difficult task. 

 
Removing the stigma and acceptance that systems become less efficient with time is a more 
challenging concept.  However, planning the systems to be able to accept renewable energy 
sources and develop into more efficient systems should be the mantra of sustainable building 
design. 

 
 

Radiant Warming and Cooling with a Small Air System 
 



The above system is an example of a time-tested system that can be developed to answer 
many of the requirements for a high performance HVAC system.  Note that the piping is 
being run to centralized equipment rooms to have the control valves placed in a maintainable 
position.  It is a reheat, recool or displacement system with significant ceiling and/or floor 
radiant heating and cooling.  The larger the areas of radiant thermal control, the higher the 
cooling fluid temperature and the lower the warming fluid temperature can be.  The air 
quantity will need to be only 0.1 to 0.5cfm/ft2, depending mostly on humidity control 
requirements.  The air system could be a displacement type, underfloor supply or high-level 
discharge system.  More air can be used instead of radiant, but the future sustainability 
factor will be reduced as the air is increased. The system can be steadily moved toward a 
more sustainable system with the prudent addition of humidity control, renewable heating 
and cooling sources, etc..  Comfort can be optimized, offering individual control of 
temperature from radiant systems and optimum humidity control year round. 
 
There is a 2030 challenge to move buildings to zero carbon emissions by the year 2030.  
This challenge also seeks a 50% reduced in building energy use by 2010.  The new ANSI 
Climate Neutral Building Standard, released in December 2006, which we assisted in writing, 
calls for 60% of the building stock to be zero carbon energy within 5 to 10 years.  It is also 
the first standard to call for life cycle performance analysis and documentation. 
 
Using all the strategies we have suggested, zero energy buildings are not as difficult or 
impossible as most people believe.  In fact, zero energy buildings will probably be passé in 
10 years time.  But in order to achieve these results, an expert is required as part of the 
design team to challenge the design to make certain these results will be achieved. 
 
CONCLUSION 
 
The solution to mechanical system poor life cycle performance is as old fashioned as can be: 
expertise and hard work.  The expertise, tools and equipment required to develop and build 
sustainable buildings that are both efficient and cost effective are all available today.  The 
shortest supply is the expertise available. Current design teams do not include true systems 
life cycle expertise, only simple design and code appliance expertise.  In order for systems to 
meet owner’s detailed life cycle performance requirements, the designs must be challenged 
by an expert in systems life cycle performance.   
 
Only now that Owners are beginning to realize that energy problems are never going away, 
but are only likely to increase; that deferred maintenance is doubling long-term maintenance 
costs and preventing energy efficiency, and the productivity of building occupants is being 
compromised by poor comfort conditions, will they start challenging the building team and 
demand whole life cycle high performing solutions.  


