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1.0 Introduction 

1.1 Acknowledgments 

 I would like to thank Butler Healthcare Providers for allowing me to utilize their New Inpatient 

Tower at the Butler Memorial Hospital as the focus for my senior thesis.  I would also like to thank 

Turner Construction for their continued participation in actively sponsoring Architectural Engineering 

students and the thesis program.  Within Turner, I would especially like to extend my deepest gratitude 

towards Megan Corrie, who aided and helped drastically during the information gathering phase. 

 Next, I would like to thank the engineers at Hammel, Green, & Abrahamson for providing me 

with professional advice and design history of the New Inpatient Tower.  Mr. Tim Anderson and Mr. 

Michael Woodson who served as the lead mechanical and electrical project engineers, respectively, 

deserve much credit for providing me with necessary information and feedback  when performing my 

research.   I would also like to extend my thanks to David Miller of H.F. Lenz Company for assisting with 

the development of the Trane Trace energy model. 

 The design and selection of the chilled beam system and pinnacle unit could not have been done 

without the guidance and expertise of Semco Incorporated, including Matt Pemberton, Randy Phillips, 

and especially Thomas Kitchen.  Limbach Facility Services deserves much recognition as well.  They 

helped to clarify any issue that arose regarding the installation and pricing of mechanical equipment as 

well as providing a significant amount of information regarding the original design.  Without their help, 

especially that of Mr. John Hilf, a large portion of this report would not have been possible.    

 Finally, I would like to thank the faculty and my fellow students at Penn State.  The assistance 

and vast knowledge of my senior thesis advisor, Dr. William Bahnfleth, must be recognized for providing 

me with guidance and professional expertise both in and out of class.  Other faculty members who 

should be commended are Professor Kevin Parfitt and Professor Bob Holland.  These two individuals 

worked diligently all year to ensure that the senior thesis project progressed  smoothly and  in a timely 

manner.  Thanks to all of the people and companies mentioned above, this senior thesis project was 

completed as comprehensive and accurate as possible, which truly made it an enjoyable learning 

experience. 
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1.2 Executive Summary 

 The New Inpatient Tower at the Butler Memorial Hospital is a 209,000 square foot addition 

seated in Butler, Pennsylvania that was recently completed in July 2010.  The eight story tower was built 

to house state of the art operating and recovery rooms as well as intensive care units. 

 This document is an assemblage of research, documentation, and data collected from the New 

Inpatient Tower specifically targeted to analyze the implementation of a redesigned mechanical system.  

The goal of this thesis project was to design the HVAC system to make it more energy efficient thereby 

decreasing utility costs and lowering the carbon footprint as well as providing a comfortable 

environment for patients and staff.  It was also a primary goal to analyze the effects of the HVAC 

redesign on the life cycle cost and on other building components to evaluate the feasibility and the 

economic impact that the redesign would have on the building as a whole. 

 The original mechanical design was on a strict budget and performed well meeting the design 

criteria at minimal cost.  Originally the hospital was designed to operate as a variable air volume system 

with reheat.  The system was comprised of (2) 400 ton chillers and (2) 7,200 MBH boilers supplying 

chilled and heating water to (3) 62,000 CFM rooftop air handlers which make up a loop system 

delivering air to the entire hospital.    The operating rooms and their support space were served by an 

independent VAV system consisting of (1) 120 ton chiller feeding (2) 18,500 CFM air handlers. 

 The redesigned system was designed to be a dedicated outside air system with supplemental 

active chilled beams.  Due to a decreased amount of ventilation air, heat recovery via enthalpy wheels, 

and reduced heat from supply fans, the cooling and heating loads were reduced which allowed for the 

redesign of the central plant.  The redesigned system will not affect the mechanical design of the 

operating rooms and their support spaces; however, the remainder of the inpatient tower will be served 

by (1) 40,000 CFM DOAS Pinnacle air handler and 476 chilled beams of assorted sizes.  (3) 180 ton screw 

chillers will replace the original chillers: one supplying the rooftop air handler, one supplying the chilled 

beams, and the third acting as a redundant back-up capable of meeting either load.   

 A first cost comparison was done between the two systems and it was found that the 

redesigned system will save $277,000 in construction and equipment costs.  The redesigned system will 

also reduce annual operational costs by $33,800/year and energy consumption by 2,700 MMBtu/year. 

 In order to analyze the effects of the redesigned mechanical system on other building 

components, a structural and electrical breadth was instituted.  Due to the elimination of (2) 62,000 

CFM rooftop air handlers and a reduction to the third, the overall amount of structural steel in the roof 

decreased by 6.4 tons  and $18,000 in construction costs.  Because the redesigned system decreases the 

size and quantity of the mechanical equipment requiring electricity, the overall power demand of the 

HVAC equipment was reduced by 426 KVA. 

 It was found that the redesigned system will save money both in first costs and operational 

costs, lower annual energy consumption, decrease the carbon footprint, and provide patients and 

medical staff with a comfortable environment. 
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 2.0 Project Information 

2.1 Design Goals 

 The Butler Healthcare Providers developed the idea for a New Inpatient Tower to address an 

increased need for a state of the art operating facility and recovery area.  The 193,000 square foot 

addition was designed to be attached to the Northern end of the existing hospital and integrate nicely 

with the existing structure.  Medical procedures and operation within the space require very 

sophisticated equipment and strictly controlled environment to provide the maximum amount of 

comfort and cleanliness to patients and staff.  To meet these challenges, engineers implemented a 

strategy that put patient comfort and functionality first. 

2.2 Location 

 The New Inpatient Tower at the Butler Memorial 

Hospital is located in Butler, Pennsylvania, which is roughly 

30 miles north of Pittsburgh, PA.  One of the challenges 

designers faced was incorporating a contemporary building 

into a historic setting, as is the case in Butler.  The Butler 

Memorial Hospital site can be seen in the aerial view in 

Figure 1.  The white rooftop in the Northeast corner is the 

New Inpatient Tower which will be analyzed throughout 

this report. 

2.3 Project Team 

 Owner     Butler Healthcare Providers 

 Owner’s Representative  Ritter Construction Management 

 Construction Manager   Turner Construction Company 

 Mechanical Contractor   Limbach Facility Services 

 Architect    Design Group 

 MEP/Structural Engineers  Hammel, Green and Abrahamson 

 Civil Engineer    Pedersen & Pedersen   

 Technology Engineer   KJWW Engineering Consultants 

 Equipment Planner   Korbel Associates 

 Elevator Consultant   VDA 

 

  

Figure 1: Project Site 
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3.0 Building Overview & Existing Conditions 
 

3.1 Architecture 

 The overall architecture of the New Inpatient Tower of the Butler Memorial Hospital is 

integrated very nicely into the existing portions of the hospital as well as surrounding buildings scattered 

about downtown Butler.  Red brick veneer and 

tinted curtainwalls with aluminum trim 

comprise the majority of the exterior, which 

also happens to blend nicely with the existing 

red brick of the original hospital.  As seen in 

Figure 2 the North elevation is curved and also 

steps down with the contour of the existing 

hillside as it wraps around towards the west side 

of the building.  After making the turn west, the 

ground continues to slope which is highlighted 

by aluminum cladded columns which dot the 

North and West perimeter of the building.   

 

Upon entering the inpatient tower through the main entry of the north 

façade on the second floor, a grand atrium, Figure 3, two stories high is capped 

off by a full length triangular skylight in order to greet visitors with open arms.  

The remainder of the second floor is filled with public retail, convenience, and 

waiting areas, an auditorium, a chapel, several offices and conference rooms, 

as well as employee locker rooms.  The third floor is mainly dedicated to 

surgery, equipped with operating rooms, an anesthesia administration area, 

and immediate recovery rooms.  In order to match the existing hospital, the 

floor above the third floor is not the fourth, but instead the fifth floor which is 

primarily composed of critical care units.   

 

The upper floors, six and seven, are identical and 

devoted to long term surgery recovery rooms as shown in  

Figure 4.  Above the seventh floor is the penthouse, which 

houses the elevator machine room and is adjacent to the 

rooftop air handlers.  A second entrance at a lower 

elevation on the west façade allows maintenance 

personnel to enter directly on the ground floor with 

Figure 2: North Facade and Main Entrance 

Figure 3: Atrium 

Figure 4: Typical Patient Room 
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immediate access to the emergency generators and storage areas.  Between the ground floor and 

second floor, the first floor is home to the mechanical and electrical rooms.  The overall architecture of 

the hospital has a contemporary vibe equipped with flat screen televisions in every patient’s room, 

vibrant and lively color schemes, and architectural sculptures which help to create a positive feeling 

within the tower.   

3.2 Building Enclosure 

 The majority of the exterior façade is deep red 
face brick veneer shown in Figure 5.  Behind the brick 
is a 1” air cavity, followed by 2” rigid insulation, and 
5/8” gypsum wall board attached to 6” steel studs 
which are filled with batt insulation between 
studs.   The exterior glazing is primarily 1” tinted 
insulating glass comprised of ¼” tinted exterior lite 
equal to PPG Gray with low “E” coating matching 
Viracon VE3-2M with a ½” air space and then ¼” clear 
interior lite; and 1” insulating spandrel glass comprised 
of ¼” clear exterior light, ½” air space, and ¼” spandrel 
interior light with ceramic frit equal to Viracon Subdued 
Gray.  These two window types are used exclusively with 1/8” Aluminum panels to create a glazed 
aluminum curtainwall system.  Wire cloth screening, clear glass, laminate glass, and fretted glass are 
also used sparingly in order to make the façade more interesting.   

The roof of the new tower is comprised mainly of a mechanically fastened membrane 
system.  The system uses a white 60 mil thermoplastic polyolefin (TPO) membrane formed into flexible, 
uniform sheets and then mechanically fastened together.  Fully adhered EPDM single ply membrane is 
to be used to top of canopy roofs. 

3.3 Structural System 

 The hospital is supported by steel wide flange beams and columns which are carried by poured 
concrete caissons, ranging in diameter from 30” – 80”, and grade beams. The majority of the columns 
are W 14 with weights ranging from 43 – 176 lbs/ft. Although various wide flange beam sizes are used, 
the majority of the hospital is supported by either W16x26 or W18x40.  Resting on top of the wide 
flange beams is  a composite metal deck system with 5” shear studs and 3-1/2” of concrete topping for a 
total floor height of 6-1/2”.  Columns are laterally braced using K frame braces in both directions.  10” K 
frames are used on levels 1 – 3, and 8” K frames are used on the upper levels.   Typical exterior wall 
construction is face brick with 2” rigid insulation mounted on 6” steel studs with gypsum wall board on 
both sides.   

3.4 Electrical System 

   The hospital is serviced with 3 phase, 4 wire incoming service at 480/277V.  The main feed is 
from the existing hospital and enters the addition vie the first floor mechanical room.  Within the 
mechanical room a 2,500 kVA transformer reduces the voltage to that which is suitable for building 
distribution.  There are electrical rooms on every level capable of supplying 480/277V and 

Figure 5: North/West Facade 
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208/120V.  The high voltage is used primarily for running heavy equipment, motors, and fans as well as 
fluorescent lights.  The lower voltage is for general use throughout the hospital including incandescent 
lights, receptacles, and office equipment. There are also (2) emergency generators located on the 
ground floor directly under the main electrical room.  These will provide back-up power in the case of a 
power outage. 

3.5 Lighting System 

 Within a hospital, there is obviously a need for various kinds of light fixtures.  The Butler 

Memorial Hospital New Inpatient Tower is no exception.  There are over 85 different types of light bulbs 

which are all serving a specific function.  The lighting is all served by either 277V, which is used for all 

fluorescents, or 120V which is used for incandescent, and halogen luminaires.  These lights serve various 

functions from wall washing, to accent lighting in the chapel, to providing the highest quality of light for 

the operating rooms. 

3.6 Fire Protection 

     The hospital is equipped with state of the art fire protection.  When designing the building, 
engineers took special care to install smoke partitions and dividers so that smoke cannot travel freely 
throughout the building.  A spray on fire-proofing has been applied to all steel structural members to 
ensure the integrity of the steel under fire conditions.  Lastly, there is an integrated sprinkler system 
which supplies every room within the hospital served by a Siamese connection at ground level for fire 
department hook-up. 

3.7 Pneumatic Tube Delivery 

 The hospital is equipped with a compressed air driven tube delivery system which allows nurses 
to transport tangible objects in a more expedient manner.  Hospital personnel are able to send 
documents, files, and even medications through the system.  The system was designed and developed 
by Swisslog, which uses a compressor manufactured by Amico.  By using the pneumatic system, it allows 
for less corridor traffic and busy work for staff, thereby increasing efficiency and the standard of care for 
patients. 

3.8 Construction Statistics 

 Dates of Construction:     September 2008 – July 2010 

 Costs:     93 Million (GMP) 

 Project Delivery Method:  Design Bid Build 
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4.0 Existing Mechanical System 

4.1 Introduction 

The New Inpatient Tower at the Butler Memorial Hospital serves as the newest attraction to the 

hospital, and at 209,000 square feet of space it houses much of the hospital’s activity.  The new tower 

includes many public spaces including a chapel, retail space, a café, waiting areas, and conference rooms 

on the main level.  Below the main level is mostly mechanical space and storage; however, the focal 

point of the tower lies on the floor above.  Eight state-of-the-art operating rooms are the main 

attraction of the entire addition.  The remainder of the tower is comprised of recovery rooms, critical 

care units, and patient rooms for those recovering from surgery.  

4.2 Design Criteria  

 When designing the New Inpatient Tower, engineers and architects took a very direct approach: 

build a patient tower that will be energy efficient, reliable, and comfortable for patients and families.  

When designing the HVAC systems, reliability and comfort were the two most important factors.  Any 

HVAC system looks to provide comfortable temperature and humidity levels, which this system easily 

accomplishes.  Every main piece of equipment within the mechanical system has inherent redundancy.  

Due to the loop system and other design specifications, the hospital can lose an air handler, cooling 

tower, primary pump, secondary pump, chiller, or boiler and is still able to meet the majority of loads 

under normal operating conditions.  It should be noted that there were no design influences based upon 

the site, rebates, or tax relief. 

 Due to the nature of the hospital, a great deal of the thermal and energy loads are a direct 

effect of lighting and hospital equipment operation.  Both of these areas are essential for the tower to 

function and are fairly constant loads.  Variable loads which occur are due to infiltration, conditioning of 

ventilation air, solar gain, and mechanical equipment loads.    

Designers oversized the outside air fraction to ensure proper indoor air quality providing 

patients and staff with high quality supply air.  The building is designed for every space to receive 33% 

outside air at design loads.  The minimum ventilation rates used by engineers also significantly exceeds 

ASHRAE Standard 62.1, reinforcing the fact that air quality within the tower is a large concern.   

Solar gain during the cooling season is not a large problem for the inpatient tower.   The hospital 

design is fairly conservative when it comes to fenestration, which will lower the effects of solar gain.  

Also, the majority of fenestration is located on the North and Northwest facades of the building with 

only a small portion of exterior glass occurring along the southern face.     

Mechanical equipment operation accounts for a large portion of the overall energy 

consumption.  The system could very well be sized down to become more efficient; however, design 

engineers were more focused on reliability and redundancy than efficiency.  This approach is 

understandable since there will be human lives in jeopardy every day, demanding certain environmental 

conditions for the best chance of survival.   
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An extremely important facet of the hospital design is linked to the (8) operating rooms on the 

third floor.  These operating rooms are served by two identical air handlers and are 100% redundant in 

the case that one air handler malfunctions.  The two air handlers are fed by a 120 ton scroll chiller 

supplying 34°F chilled water in order to keep the operating rooms at exactly 60°F year round.  The 

system is backed up by the (2) main chillers in an emergency case.  Hepa filters at the terminal boxes 

also ensure the highest quality air within the operating rooms. 

The mechanical system also had to be designed for the overhanging floor on the third level.   As 

a result of the third floor overhanging the second, extra thermal loads coming through the floor had to 

be accounted for.  The perimeter of the tower is also home to the majority of patient rooms and subject 

to extra heating loads at the perimeter and windows.  In order to give patients thermal control and to 

account for the additional envelope loads, designers implemented finned tube radiant coils along the 

perimeter of patient rooms and in the floor of the overhanging third level. 

4.3 Design Conditions 

The weather data and outdoor conditions were taken from the design data within ASHRAE 

Fundamentals 2009 and are shown below in Table 1.  Indoor design conditions were taken from the 

design documents basis of design.  The driftpoint was also specified. 

Outdoor Design Conditions 

Location  Butler, PA 

Summer Dry Bulb (°F)  89 

Summer Wet Bulb (°F)  73 

Winter Dry Bulb (°F)  2 

Carbon Dioxide Level  400 

Table 1: Outdoor Design Conditions 

 As depicted in Tables 2 &3 below, the thermostat setpoints for the hospital vary depending 

upon which space we are examining.  The bulk of the hospital attempts to keep the inside environment 

within the thermal comfort region specifying a set point 75°F in the summer and 72°F in the winter and 

50% relative humidity.  However, the operating 

rooms are under more stringent requirements and 

require that the environment is maintained year 

round at 60°F and 50% relative humidity to reduce 

the chance of infection and bacteria growth within 

the operating rooms. 

 

 

 

 

Operating Room Thermostat Parameter 

Cooling Dry Bulb (°F)  60 

Heating Dry Bulb (°F)  60 

Relative Humidity (%)  50 

Cooling Driftpoint (°F)  62 

Heating Driftpoint (°F)  58 

Table 2: Operating Room Parameters 

Typical Thermostat Parameter 

Cooling Dry Bulb (°F)  75 

Heating Dry Bulb (°F)  72 

Relative Humidity (%)  50 

Cooling Driftpoint (°F)  77 

Heating Driftpoint (°F)  70 

Table 3: Typical Thermostat Parameters 
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4.4 Ventilation Requirements  

After analyzing the entire ventilation system of the Butler Memorial Hospital, it has been 

determined that every space exceeds the required amount of ventilation air according to ASHRAE Std 

62.1.  As noted earlier, the bulk of the ventilation is done by AHU-1, 2, & 3 which comprise a loop sytem 

serving every area except for the operating rooms.   

 The total outside air intake Vot = (14,366)/0.9 = 15,962 CFM according to standard 62.1.  The 

design calls for 53,812 CFM of outside air, and 153,848 CFM of total supply air.  The “as designed” 

outdoor airflow rate is considerably higher, likely due to engineers using an outside airflow rate of 20 

CFM/person which is well above ASHRAE standards and designing the facility to meet AIA minimum air 

change rates.  Due to the fact that  AHU-1, 2, & 3 are each 62,000 CFM resulting in a total of 186,000 

CFM, the air handlers are more than capable of meeting the load.  The operating rooms require a 

minimum of 2,307 CFM of outside air according to Standard 62.1, but are designed for 9,682 CFM of 

outside air and 29,340 CFM of total supply air.  AHU-4 & 5 are both 18,500 CFM, resulting in a combined 

37,000 CFM which can easily meet the required load.   

 It is apparent that the designers oversized all the air handlers to ensure the best indoor air 

quality and to improve reliability.  They coupled AHU-1, 2, and 3 to improve redundancy in case one air 

handler fails.  They also designed the building to supply a great deal more outside air than required by 

ASHRAE to ensure patients  receive the finest air quality.  All spaces have an outside air fraction of 0.33. 

 

4.5 Mechanical Equipment Summary 

The primary heating, air conditioning, and ventilation is performed by a variable air volume 

system equipped with (3) 62,000 CFM rooftop air handlers.  These three air handlers comprise a loop 

system which serves every area of the hospital except for operating rooms and a few mechanical rooms.  

Due to the nature of the loop system, all 3 air handlers are coupled feeding every diffuser.  There is 

natural redundancy built into the mechanical system.  (2) 400 ton centrifugal chillers with variable speed 

drives provide AHU-1, 2, & 3 with cold water used for dehumidification and cooling via (2) constant 

volume primary chilled water pumps and (2) VSD secondary pumps.  A central rooftop cooling tower 

serves as the primary means of cooling the condenser water which exits the two centrifugal chillers. 

Rooftop air handling units 4 and 5 are located on a lower level roof (Floor 5) and provide the 

necessary heating, ventilating, and air-conditioning to the (8) operating rooms which are located on the 

3rd floor.  The operating room air handlers are serviced by an adjacent 119 ton air-cooled scroll chiller 

supplying 34°F water.  The lower temperature system is backed up by the primary chillers in case of 

emergency; 45°F primary water can still be supplied.  Air Handling Units 6, 7, & 8 are all smaller units 

which serve specific mechanical rooms with an extra need for cooling.  Figure 6 below shows the 

location of the air handlers.  It should be noted AHU-8 is not shown. 
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Figure 6: Original Air Handler Location 

  

 

 

 

On the heating side, (2) 215 BHP combustion gas/oil-fired hot water boilers supply all of the 

heating water for the entire building: this includes heating water to the air handling unit heating coils, 

unit heaters used for reheat within terminal boxes, duct heating coils, radiant ceiling panels around the 

perimeter of patient rooms, and finned tube radiation in the soffit/plenum area above the second floor 

to keep the cantilevered floor warm.  Two constant volume primary pumps and (2) VSD secondary 

pumps circulate the heating water.  Tables 4 – 10 break down the mechanical equipment used. 

 

AHU-1, 2, 3 Serving Ground – 7th Floor 

AHU- 4 & 5 Serving Operating Rooms 

AHU- 6 & 7 Serving Chiller & Electrical Rooms 
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Air Handler Schedule 
System 

# 
Area Served Type Supply CFM Cooling Coil 

(EWT) 
Heating Coil 

(EWT) 

AHU-1 7th through lower level VAV 62,000 44°F 180°F 

AHU-2 7th through lower level VAV 62,000 44°F 180°F 

AHU-3 7th through lower level VAV 62,000 44°F 180°F 

AHU-4 Operating Rooms VAV 18,500 34°F 180°F 

AHU-5 Operating Rooms VAV 18,500 34°F 180°F 

AHU-6 1st Floor Chiller Room CV 4,700 44°F 180°F 

AHU-7 1st Floor Electrical Room CV 4,000 44°F 180°F 

AHU-8 Elevator Penthouse CV 4,700 44°F 180°F 
Table 4: Original Air Handler Schedule 

Air Handler Fan Schedule 
System  Area Served  Supply Fans Return Fans 

   Type CFM HP CFM HP 

AHU-1 7th through lower level VAV 62,000 125 52,000 50 

AHU-2 7th through lower level VAV 62,000 125 52,000 50 

AHU-3 7th through lower level VAV 62,000 125 52,000 50 

AHU-4 Operating Rooms VAV 18,500 30 16,500 15 

AHU-5 Operating Rooms VAV 18,500 30 16,500 15 

AHU-6 1st Floor Chiller Room CV 4,700 5 - - 

AHU-7 1st Floor Electrical Room CV 4,000 5 4,000 1 

AHU-8 Elevator Penthouse CV 4,700 5 - - 
Table 5: Original AHU Fan Schedule 

Exhaust Fan Schedule 
System # Area Served Type hp CFM 

E-1 7th Floor Roof CV 7.5 13,000 

E-2 7th Floor Roof CV 7.5 12,200 

E-3 7th Floor Roof (Iso Rooms) CV 10 7,000 

E-4 Chiller Room CV 1 4,700 

PV-1 Ground and 1st General CV 5 6,500 

PV-2 Ground Med Gas Storage CV .25 450 

PV-3 OR Suite Substerile CV .75 3,000 

PV-4 1st Central Sterile CV .25 250 
Table 6: Original Exhaust Fan Schedule 

Chiller Schedule 
System # Type Tons COP EWT LWT GPM 

CH-1 Centrifugal Chiller (AHU-1, 2, & 3) 400 5.93 54°F 42°F 800 

CH-2 Centrifugal Chiller (AHU-1, 2, & 3) 400 5.93 54°F 42°F 800 

CH-3 Air Cooled Scroll Chiller (AHU-4 & 5) 119 2.6 46.6°F 34°F 253 
Table 7: Original Chiller Schedule 
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Boiler Schedule 
System # Type Capacity (MBH) Eff. EWT LWT GPM 

B-1 Gas/Oil Fired Hot Water Boiler 7200 81% 160°F 180°F 720 

B-2 Gas/Oil Fired Hot Water Boiler 7200 81% 160°F 180°F 720 
Table 8: Original Boiler Schedule 

Cooling Tower Schedule 

System # Type hp EWT LWT GPM 

CT-1 VSD Axial Fan Cooling Tower 20 95°F 85°F 1200 

CT-2 VSD Axial Fan Cooling Tower 20 95°F 85°F 1200 
Table 9: Original Cooling Tower Schedule 

Pump Schedule 

System # Location System Type GPM Head VSD 

PCHWP-1 Mech. Room Chilled Water End-Suct. 800 30 N 

PCHWP-2 Mech. Room Chilled Water End-Suct. 800 30 N 

PCHWP-3 5th Flr Pent. Chilled Water End-Suct. 260 70 N 

SCHWP-1 Mech. Room Chilled Water End-Suct. 600 100 Y 

SCHWP-2 Mech. Room Chilled Water End-Suct. 600 100 Y 

CWP-1 Mech. Room Cond. Water End-Suct. 1200 65 N 

CWP-2 Mech. Room Cond. Water End-Suct. 1200 65 N 

PHWP-1 Mech. Room Hot Water End-Suct. 720 25 N 

PHWP-2 Mech. Room Hot Water End-Suct. 720 25 N 

SHWP-1 Mech. Room Hot Water End-Suct. 550 90 Y 

SHWP-2 Mech. Room Hot Water End-Suct. 550 90 Y 

HWP-1 AHU-1 Hot Water Inline 174 15 N 

HWP-2 AHU-2 Hot Water Inline 174 15 N 

HWP-3 AHU-3 Hot Water Inline 174 15 N 

HWP-4 AHU-4 Hot Water Inline 44 10 N 

HWP-5 AHU-4 Hot Water Inline 10 5 N 

HWP-6 AHU-5 Hot Water Inline 44 10 N 

HWP-7 AHU-5 Hot Water Inline 10 5 N 

HWP-8 AHU-6 Hot Water Inline 25 10 N 

HWP-9 AHU-7 Hot Water Inline 17 10 N 

HWP-10 AHU-8 Hot Water Inline 20 10 N 
Table 10: Original Pump Schedule 

4.6 Mechanical System 1st Costs 

 The following is a breakdown of first costs associated with the mechanical system equipment 

and installation costs. The HVAC installation estimate includes all VFD’s, ductwork, piping, miscellaneous 

pumps, valves, fuel oil system, and installation of equipment listed below.  From Table 11 it can be 

determined that the overall cost for the HVAC system is $12,223,053.00 or $62.10/sqft. 
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Table 11: Mechanical Costs 

4.7 Lost Usable Space 

The total usable building space lost due to the mechanical 

system is shown in Table 12.  The usable space occupied on the first 

floor is extremely high because the mechanical room, chiller room, and 

boiler room are all housed on this floor.  The 3rd – 7th floors are identical 

except for a few items.  The 3rd floor loses more usable space than the 

6th and 7th floor due to supply and return ducts entering the operating 

rooms.  The 5th floor also loses more usable space due to the large 

penthouse which sits outside, on the roof of the third level, and houses 

the air handlers for the operating rooms.   

4.8 Air Side Control 

 AHU-1, 2, and 3 are separate and independent air handling units which, when operated in 
parallel, provide building heating, ventilating, and air conditioning through a common duct system to all 
floors of the new addition. Each air handling unit includes a supply fan, inlet and outlet dampers, outside 
air / return air / relief air dampers, hot water heating coil, chilled water cooling coil, steam humidifiers, 
air filters, return /relief fan, and separate and independent controls.  With the VAV system, the supply 
fans are enabled anytime that the air handler is in use and must always be able to supply the minimum 
amount of outdoor air required.  The variable frequency drive in the supply fans modulate the amount 
of supply air to the zones according to duct static pressure set points read by sensors within the 
ductwork which is common to all AHUs.  In most cases the return fan is operating in unison with the 
supply fan always attempting to maintain a positive pressure within the building. 
 

Table 12: Lost Usable Space 
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 Typically supply fans 1, 2 and 3 will be operated continuously with the lower limit at 31,000 CFM 
and upper limit set at 62,000 CFM for each.  A high limit pressure control shall stop the supply fan if the 
static pressure at the discharge, between the fan outlet and outlet damper, reaches 4.0 inches of wg 
positive or if the mixed air plenum exceeds 2.0 inches of wg negative.   All three main supply fans shall 
also operate at the same speed and airflow to provide quality and efficient usage of the mechanical 
equipment.   
 
 Supply air temperature control is done with a temperature sensor located in the supply air 
plenum of each unit which shall modulate the outside air/ return air/ relief air dampers, the hot water 
heating coil, and the chilled water coil all in sequence.  Initial cooling setpoint will be at 53°F with the 
ability to drop as low as 45°F to provide dehumidification in response to return air humidity controls.  
When ambient temperature drops below 60°F the economizer mode begins to function; however, only 
after the outside temperature has reached 45°F does the economizer operate at 100%.  The heating coil 
control valve shall be proportionally controlled to maintain a leaving air temperature setpoint 2°F lower 
than the supply air setpoint.  The cooling coil control valve shall maintain the supply air at the setpoint 
specified.  In the case of winter heating, a steam humidifier in the supply air will be controlled by a 
relative humidity sensor in the return air in an effort to keep the relative humidity in the space at a 
minimum of 30%.  Reheat coils at the zone have the ability to alter the temperature of the air, prior to 
the supply air entering the zone. 
 
 Air handler units 4 and 5, which supply the operating rooms, function under almost identical 
conditions as AHU-1, 2, and 3 with the following exceptions:  Each supply fan can only supply a 
maximum of 18,500 CFM and minimum of 14,610 CFM with a minimum outside air setpoint of 2,925 
CFM if both fans are on or 3,700 CFM if only one fan is operating.  The supply air temperature setpoint 
will be modulated between 40°F and 60°F in an effort to keep the zone temperature at exactly 60°F.   It 
should be noted that the supply air temperature control can be overridden by dehumidification controls 
if necessary.   
 

4.9 Water Side Control 

4.9.1 Chilled Water System 

The primary chilled water system includes (2) centrifugal water chillers, (2) primary chiller 
circulating pumps, (2) distribution chilled water system pumps, and controls.  The chilled water system 
shall be controlled automatically through a local direct digital control panel, packaged chiller controls, 
and pump variable speed drives using PI and PID control methods.   

 
The packaged chiller controls shall cycle and modulate the chiller compressor to maintain the 

chilled water supply temperature at 42°F.  It should be noted that if the supply fan is stopped, flow 
through that cooling coil will also be eliminated.  After the chiller is enabled, the control panel will send 
a signal to start the condenser water and chilled water pumps.  Once there is proof of flow in the 
condenser and chilled water piping, the chillers will operate under their own control system.   

 
Referencing Figure 7 below, the primary chilled water pumps are in parallel and pump a 

constant volume of water through the chillers.  Because the pumps are in parallel, they provide inherent 
redundancy.  Once the primary flow enters the chiller, secondary variable speed drive chilled water 
pumps, also in parallel, distribute the necessary quantity of chilled water to the loads.  The secondary 
pumps are VSD so that they can match the load required at the zone.  A differential pressure sensor in 
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the chilled water supply and return will control the speed on the secondary pumps to maintain the 
appropriate setpoint.  If the load does not call for 100% of the primary flow, a fraction of the primary 
flow gets returned to the chiller via the bypass.  The first chiller is enabled when outside air temperature 
is 44°F or higher.   If only one chiller is being used, the second chiller will come on-line if flow through 
the bypass is reversed for longer than 15 minutes, indicating a shortage of capacity.  This is done using a 
flow sensor.  If both chillers are running, the second chiller will come off line when the excess primary 
flow is equal to the flow through the second chiller for longer than 15 minutes, indicating a surplus of 
capacity.  The first chiller is disabled when outside air temperature is below 43°F.  After the chilled water 
is pumped through the secondary pumps and the load, it is circulated back to the return where the 
primary pumps begin the cycle again.   

 
The operating room chilled water system is independent of the primary chilled water system 

and consist of (1) 119 ton air-cooled scroll chiller, (1) circulating pump, and controls.  The chiller controls 
will modulate chiller operation in order to maintain the desired chilled water leaving temperature 
setpoint of 34°F.  A proof of flow sensor in the primary loop will prevent the chiller from operating if 
there is a lack of chilled water flow.  The primary pump will operate continuously whenever the outside 
air temperature is above 40°F and shall be off when the outside air temperature is below 40°F, in which 
case the economizer will be utilized.  Once again referencing Figure 7, it can be shown that the 
operating room cooling coils (AHU-4 and 5) are backed up by the primary chilled water flow in the case 
that chilled water supply from the scroll chiller (CH-3) is interrupted.  It should be noted that although 
the primary chilled water system doesn’t supply 34°F water, it will still be able to meet the majority of 
the load.   
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Figure 7: Original Chilled Water System 
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4.9.2 Condenser Water System 

 The condenser water system control includes the cooling towers, manual control valves at the 
cooling tower sump, the condenser water pumps, the cooling tower water treatment system and 
controls. The cooling tower water system shall be controlled automatically through the BAS from local 
direct digital control panels, cooling tower fan variable speed drives, and cooling tower circulating 
pumps using PID control methods.  
 
 The cooling towers are one packaged double cell cooling tower that provides condenser water 
for CH-1 and CH-2, which can be seen in Figure 8.  The tower controls monitor the condenser water 
temperature entering the chiller and send a signal to the variable frequency drive radial fans to vary the 
speed or cycle the fans in order to maintain the setpoint.  Each tower has manual control valves on the 
condenser water inlet side and on the tower discharge, which are always open when the respective 
pump is in operation.  The cooling tower fan shall be operational whenever there is water flow through 
the chiller and not operational when there is no condenser water flow.  An equalizing line connects the 
basins of the two cells to ensure equal water levels within the basins. 
 
 

Figure 8: Original Condenser Water System 
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4.9.3 Heating Water System 

The integral boiler controls modulate burners, stage lead-lag boilers, or stage burner level to 
maintain primary heating water loop temperature set point of 195 degrees F. Primary heating water 
pumps circulate hot water around the primary loop, as referenced in Figure 9.  Primary heating water 
pump PHWP-1 runs whenever Boiler B-1 runs and will be off when B-1 is off. Pump PHWP-2 will run 
whenever Boiler B-2 runs and will be off when B-2 is off.  The boiler isolation valve shall open whenever 
the related boiler runs, and shall close whenever the related boiler is off. 

 
The secondary heating water pumps provide heating water distribution from the Boiler Room to 

the building heating systems. The pumps have variable speed motor drives to provide variable heating 
water flow based on system heating load.   A selected differential pressure sensor with its sensing 
elements in the heating water supply and return piping shall provide a signal to maintain the differential 
pressure at the setpoint by varying the pump(s) rotational speed, and by cycling the pump(s) on and off.  
The control setpoint at the sensor shall be the minimum differential pressure necessary to operate the 
most remote heating water coil or terminal unit. Actual setpoint shall be field determined, but the initial 
setpoint shall be 5 psig (between heating water supply and return piping). 

 
 When one operating pump is at 100% speed and the differential pressure setpoint cannot be 

satisfied, start the next pump. Ramp up the additional pump until the two pumps operate at equal 
speeds.  When two pumps are operating at 30% speed, one pump shall be shut down. On every start the 
heating pumps will be alternated so that the pump with the least run time becomes the lead. 
 
 The secondary heating water system modulates a three-way control valve to maintain 
secondary loop heating-water supply temperature. The heating-water supply temperature should be 
reset according to outside temperature with a straight line relationship for the following conditions: 
180°F heating water when outside temperature is minus 10°F or lower and 140°F heating water when 
outside temperature is 75 degrees F or warmer.  After the water enters the secondary loop, it is 
distributed to the loads via the secondary hot water pumps, which operate in parallel.  Inline hot water 
pumps are also integrated into the system and can be found at each heating coil.  Other than heating 
coils, the secondary hot water loop also provides terminal boxes, duct heaters, radiant ceiling panels, 
and finned tube coils with hot water.  Please refer to Figure 9 on the following page for a schematic 
diagram of the heating water system. 
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Figure 9: Original Heating Water System 

 

5.0 Existing Building Performance 
 

5.1 Thermal Loads 

The energy analysis which follows in this report is a direct result of a simulated model 

performed using Trane Trace 700H.  In order to model the simulation, a number of assumptions were 

made using available data within schedules, historic weather information, and best judgment. A number 

of design variables were given in the basis of design provided by HGA Engineers and certain values were 

used.  

The Trace model used for this report is a block model which will attempt to accurately depict all 

of the zones without doing a room by room comparison.   When analyzing a block zone, all the interior 

zones were considered and then the weighted averages were calculated when entering the “block” 
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data.   Building U-values shown in Figure 10 were taken directly from the basis of design performed by 

HGA Engineering and utilized for the purpose of the energy simulation.  Wall parameters entered in the 

Trane Trace program are shown in Figure 11. 

Construction Type 

Type Construction U-Value 

Slab 4" LW Concrete 0.2 

Roof Thermoplastic Membrane W/ Insulation 0.06 

Walls 6" Steel Stud W/ Insulation and Brick 0.1 

Glass Low e Tinted Glass (Shading Co = 0.28) 0.26 
Figure 10: Construction Materials 

Wall Heights 

Walls 9' 

Floor to Floor 14.75' 

Plenum 5.75' 

Figure 11: Wall Heights 

   

5.1.1 Energy Simulation Block Zones 

 The block load model used to project the energy consumption of the New Inpatient Tower was 

set to alleviate tedious configuration which is necessary if the analysis is performed on a room by room 

basis.  The block load approach has broken up the building into the seven different floors.  Within each 

floor there are core and perimeter zones.  The perimeter zones are further broken down into North, 

South, East, and West zones.  This is to account for solar gain due to windows facing in different 

directions.  It should be noted that AHU-6, 7, & 8 which all serve single rooms were excluded from the 

analysis due to their negligible impact. 

 The following figures identify each zone within the building:  
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Figure 12: Ground Floor Block Zones 

      =    Core Zone 
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Figure 13: First Floor Block Zones 

     =    Core Zone 
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Figure 14: Second Floor Block Zones 

   = Core Zone 

   = Perimeter North 

   = Perimeter South 

   = Perimeter East 

   = Perimeter West 
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Figure 15: Third Floor Block Zones 

   = Core Zone 

   = Perimeter North 

   = Perimeter South 

   = Perimeter East 

   = Perimeter West 

   = Core Operating Rooms 
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Figure 16: Typical Fifth, Sixth, & Seventh Floor Block Zones 

   = Core Zone 

   = Perimeter North 

   = Perimeter South 

   = Perimeter East 

   = Perimeter West 
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The individual rooms were broken down into block loads by using the room schedule.  Below is a 

sample schedule depicting how the second floor rooms were broken up into blocks.  Please note that all 

rooms and corresponding blocks were properly correlated and the results are displayed in Appendix B. 

 

 

Table 13: Example Zone Breakout from Room Schedule 

 Referencing Table 13 above, green highlighted cells correspond to core zones, yellow to north 

perimeter zones, and blue corresponds to west perimeter zones.  It should be noted that the colors are 

coordinated between the plan view of the room layouts (Figures 12 – 16) and the room schedule zone 

breakout shown in Table 13 and Appendix B.   

 Table 14 to the right is a list of all 

the different zones that were used 

within the Trane Trace model.  A list of 

rooms within each zone can be found in 

Appendix B, as previously mentioned. 

 

 

 

 

 
Table 14: Summary of Block Zones 
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When performing block load calculations, it is imperative that each room within the block is 

accounted for to ensure that any critical loads are not overlooked.  To ensure that each zone is well 

representative of their rooms within, a weighted average of every room and their respective loads has 

been calculated.  The weighted average of all the rooms within the zone was used in the final zone 

calculation.  An example of how this procedure was performed is shown below: 

 

Table 15: Example Calculation of Weighted Zone Calculation Method 

 In the above example, the following values were placed into the model for the Second Floor-

Core. Referencing Table 15 above, the number of people in the zone was entered as 174, lighting load 

entered as 1.57 W/sqft, and equipment load entered as 1.31 W/sqft.  The overall size of the zone is also 

shown and was entered as 27,433 sqft.  All values were calculated for each zone and are shown in 

Appendix M.  

 Similarly, each perimeter zone within the building has an exterior wall and glazing, which needs 

to be taken into account for the envelope loads when doing the thermal load model.  In order to 

determine the exterior wall and glazing area of each perimeter zone, a calculation was performed 

combining all the rooms within each zone.  A sample calculation for the Second Floor - Perimeter zones 

are shown in Table 16.  A compilation of all exterior walls for various zones can be found in Appendix M. 

 

Table 16: Example Calculation of Window and Wall Areas 
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5.1.2 Energy Simulation Results 

After analyzing the Trace model, it was found that the thermal loads predicted by Trace are 

much lower than the thermal loads that design engineers predicted.  The reason for such discrepancy is 

due to the fact that engineers designed the thermal loads for 100% outside air.  Why this was done is 

not clear since the design calls for supply air consisting of 33% outside air and 67% return air. Table 17  

clearly shows the original thermal load calculations from the Trane Trace model. The results of the 

energy model peak loads can be seen in Table 18 below. 

 

 

 

 
 

 

 

 

Table 18: Original Design Loads 

   

 

 

 

Table 17: Original Thermal Loads 
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5.2 Energy Consumption 

After developing and fine tuning a Trane Trace model to develop heating and cooling loads 

within the New Inpatient Tower, Trace was then utilized to account for total building energy 

consumption and operating costs.  The bulk of the energy consumption is due to lighting and receptacle 

loads.  Since this is a hospital which requires extensive amounts of medical equipment and proper 

lighting twenty four hours a day seven days a week, it is appropriate to assume these values are fairly 

accurate. 

The utility company rates used in Table 19 reflects those of Allegheny Power and Columbia Gas, 

both of which are large utility providers in the Butler, PA area.   

 

Table 19: Utility Rates 

 

 A further breakdown of the actual amount of energy used for each process on a yearly square 

foot basis is depicted in Table 20 below.   Besides the lighting and receptacle loads, the largest 

contributors to energy use are the supply fans and cooling processes.  Both of these issues will be 

addressed later on in the report.  Table 21 on the following page breaks down the energy costs by utility 

and shows that the overall energy cost of for the New Inpatient Tower is approximately $305,000 per 

year. 

 

Table 20: Breakdown of Energy Consumption 
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Table 21: Breakdown of Energy Costs by Utility 

 

An energy analysis was not done on the New Inpatient Tower when the building was designed.  

The reason that an energy analysis was not done is due to the fact that the addition is not a LEED 

certified building, and to perform an energy analysis adds extra costs which the owners and engineers 

did not desire to support.  Actual utility bills could not be compared to the model accurately due to the 

fact that the actual bills included the entire hospital, not just the new inpatient tower.  However, when 

compared on a square foot basis the actual costs and modeled costs were within 8% of one another. 
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6.0 Proposed Redesign Overview 

 6.1 Introduction 

The hospital has overdesigned the entire mechanical system and presents multiple avenues to 

explore when re-designing the mechanical system.  Due to the fact that the current system is variable air 

volume with many of the components and designed airflows well above baseline requirements, a 

number of ideas have been researched and scrutinized to make the hospital more energy efficient, 

reliable, and easier to maintain.  It should be noted that due to the critical nature of the mechanical 

system supplying the operating rooms, only the (3) primary air handlers will be altered.  Air handlers 4 

and 5, which independently serve the operating rooms, will not be altered. 

The first implementation will be to eliminate the variable air volume system including the (3) 

main air handlers and all of the associated terminal boxes.  In lieu of using a VAV system with 33% 

outside air, a dedicated outdoor air system will be instituted providing the hospital with 100% fresh, 

clean outdoor air to all spaces within the hospital. 

Dedicated outdoor air systems work under the principle of conditioning the minimum 

requirement of ventilation air and supplying it directly to the space.  Because the DOAS air handler can 

only remove the latent and some sensible heat from the entering outside air, a parallel system will need 

to be implemented to account for sensible loads within the space.  The use of chilled beams will be 

researched and discussed to account for the extra sensible load created within the space.  

Inherently, a hospital exhausts a great deal of the air due to restrooms, both public and in 

patient rooms, as well as janitor closets, and specialty medical equipment rooms.  The current design 

simply discharges this air into the environment.  The redesign will attempt to transfer the enthalpy from 

the conditioned exhaust air to that of the incoming outdoor air. 

Another potential savings of a dedicated outside air system with chilled beams can be achieved 

by the use of water-side free cooling.  Water-side free cooling works extremely well with chilled beams.  

Water-side free cooling works as an economizer during mild or cold temperatures allowing the chiller to 

turn off thereby saving mechanical energy.   

6.2 Dedicated Outdoor Air System 

 After analyzing the Trane Trace energy model, it is clear that a great majority of the heating and 

cooling load within the hospital is a result of conditioning the ventilation air.  The amount of ventilation 

air being introduced into the hospital is well above the minimum requirements set forth by AIA 

guidelines.    As designed, the hospital supplies 53,812 CFM of outside air; however, the minimum 

requirements set forth by AIA, & IMC requires only 38,500 CFM of outside air be supplied for ventilation.  

Therefore, the overall amount of ventilation air can be reduced by almost one third, which will also 

greatly reduce the load imposed on the cooling and heating systems.   
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 The hospital is currently transporting roughly 154,000 CFM of supply air through the duct work.  

By switching to a dedicated outdoor air system, only 38,500 CFM of outdoor air will need to be supplied 

therefore  reducing the amount of fan energy required and duct sizes within the hospital.  As depicted in 

Figure 17 below, almost 20% of the overall energy usage within the hospital is due to the supply fans.   

By decreasing the airflow, the size of the air handlers and supply fans will also be reduced which will 

save energy and money during operation and first cost. 

 

Figure 17: Energy Consumption Summary 

                 A common problem among variable air volume systems is the failure to deliver adequate 

amounts of ventilation air at part loads.  Because the dedicated outdoor air system is a constant volume 

system and always supplies the same amount of ventilation air, this problem is avoided and indoor air 

quality remains high. 

6.3 Chilled Beams 

 A DOAS air handler will condition the ventilation air by removing sensible and latent heat from 

incoming outdoor air during the summer and adding sensible and latent heat to the outdoor air during 

the winter.  With this being said, although the DOAS air handler can meet the entire latent and sensible 

load from the outside air, a parallel system must also be installed to meet the demand of sensible loads 

created within the space.   

In order to meet the added demand for sensible heat transfer, the implementation of chilled 

beams has been studied.  There are two types of chilled beams, active and passive.  As depicted in 

Figure 18 an active chilled beam is much like a cooling coil which induces high velocity supply air 

through it and then delivers the air to the room.  Referencing Figure 19, a passive chilled beam is simply 

a radiant panel located in the ceiling, decoupled from the ventilation system operating solely on 

radiation principles.   
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                     Figure 18: Active Chilled Beam                                                               Figure 19: Passive Chilled Beam 

 Chilled beams can be used for both supplemental heating and cooling purposes.  This can be 

done with a variety of piping arrangements.  The two arrangements that will be studied include a 4 pipe 

system which contains a supply and return line for both heating and cooling, and a 2 pipe changeover 

which will allow the same piping to carry either heating water or chilled water depending on the season.   

 Potential advantages of chilled beams is the elimination of wasteful terminal reheat boxes, 

better air mixing within the space, and better utilization of heat transfer.  As a comparison 1 cubic foot 

of water has a heat capacity of 20,050 J.  One cubic foot of air at STP has a heat capacity of 37 J K.  After 

accounting for differences in density it is apparent that a 1” diameter pipe can carry the same amount of 

energy as an 18” x 18” duct.  Using water instead of air to heat or cool a space is much more efficient, 

not to mention space savings due to reduced duct sizes and hydronic piping. 

6.4 Exhaust Energy Recovery 

 As specified in ASHRAE Standard 90.1, any mechanical system using 100% outside air must have 

some means of energy recovery.  In order to account for this and to save energy, a few different options 

will be analyzed when looking at energy recovery.  The hospital currently exhausts a great deal of air due 

to the abundance of restrooms, janitor closets, and medical laboratory spaces.  The current design 

simply discharges all exhaust air to the atmosphere.   

 One of the options analyzed for heat recovery will be a glycol filled run-around loop.  This 

system works well for exhaust ducts which are not in close proximity to supply ductwork, which is the 

case in the New Inpatient Tower.  However, because the loop is distributed throughout the building and 

relies on heat exchangers in both airways, it lacks in efficiency and performance.  Another method of 

heat recovery is via a total heat recovery wheel.  A heat recovery wheel can transfer latent and sensible 

heat from one airway to the other with much higher efficiency.  The only downfalls of the heat recovery 

wheel are proximity restrictions between the two airways and possible contamination of supply air from 

the exhaust air.  An example of an energy recovery wheel operating in the summer is shown below in 

Figure 20. 
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Figure 20: Enthalpy Wheel 

6.5 Water-Side Free Cooling 

 Water-side free cooling is an economizer method which should work very well with the DOAS 

chilled beam system.  Water-side free cooling refers to using the cooled condenser water from the 

cooling tower as a chilled water source to cool a load, therefore eliminating the need for a chiller.  

Water-side free cooling works best when the outdoor wet bulb temperature is around 40°F for typical 

applications that desire to produce average chilled water temperatures.  However, a chilled beam uses 

water temperatures between 55°F and 60°F which is much higher than typical applications.  Because the 

chilled beam uses higher temperature water, water-side free cooling will be available for a greater 

portion of the year which should reduce the amount of chiller hours and save energy.  
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7.0 Mechanical -DOAS with Active Chilled Beams 
 

7.1 Redesign Objectives 

 The objective of the redesign is to enhance the hospital’s energy performance and sustainability, 

as well as decrease the life cycle costs and maintenance.  As stated earlier, the proposed route for this 

will be to implement a dedicated outside air system with supplemental chilled beams.  The chilled 

beams will be used for both sensible cooling and heating.  

 Due to the required air change rates, ventilation requirements, and strict psychometric criteria 

of the operating rooms and their support spaces, these vital areas will remain on the original 

independent VAV system in lieu of the DOAS chilled beam system.  However, the primary chillers serving 

the dedicated outdoor air system will provide redundancy, in the case that the VAV system serving the 

operating rooms malfunctions. 

 The redesign of the mechanical systems within the New Inpatient Hospital will be a completely 

new concept, and because of this, many new pieces of equipment will replace items from the original 

design.   The following summary will depict the components that make up the dedicated outside air 

system and the conditions under which they operate. 

7.2 Design Considerations 

7.2.1 Active vs. Passive Chilled Beams 

 When considering which type of chilled beam to use, there are two types to consider.  An active 

chilled beam is fed by the supply ductwork, chilled water piping, and heating water piping.  The active 

chilled beam ejects the supply air through an induction nozzle which induces room air into the supply air 

and then distributes both airstreams across the coil.  The coil can be used for heating or cooling.  A 

passive chilled beam is not fed by the supply ductwork.  Passive chilled beams act like a radiant panel in 

the ceiling and have the capacity to both heat and cool.  

 Of the two, it was found that although active chilled beams have a higher first cost, their 

increased efficiency makes them a better choice than the passive chilled beam.  Active beams are more 

efficient because they rely on the principles of convection and radiation.  As the induced air moves 

across the coil, there is much more heat transfer than a passive chilled beam which only transfers heat 

via radiation.   

7.2.2 Two Pipe Configuration vs. Four Pipe Configuration 

 There are obviously different types of chilled beams to choose from.  Two pipe systems can 

either be used for cooling only or they may have a two pipe changeover which allows the same 

distribution piping to carry both chilled water and heating water.  The other configuration is a four pipe 

system.  A four pipe system has a supply and return for both the heating water and chilled water.  
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 Because the chilled beams will have to meet the extra sensible load in the cooling and heating 

season, the chilled beams will be designed to have both heating water and chilled water capability.  The 

four pipe configuration was chosen over the two pipe changeover for a number of reasons.  First, the 

four pipe arrangement will allow for heating and cooling at the same time in different spaces.  This is 

essential in a hospital environment since core areas will often need cooling year round, but perimeter 

spaces may call for heating in the winter.  In a two pipe system, the changeover from heating to cooling 

or vice versa is made manually, and there is always the possibility that unpredicted weather patterns 

might cause occupant discomfort.  The four pipe system offers more design flexibility and reliability.  The 

only downfall of the four pipe system over a two pipe changeover is that the contractor will have to 

install both chilled water and heating water distribution piping, therefore increasing the first cost of the 

system.   

7.2.3 Run-Around Coil vs. Heat Recovery Wheel 

 The new design of the inpatient tower will be a dedicated outdoor air system.  Such systems are 

required by ASHRAE 90.1 to be equipped with some means of energy recovery.  Two systems will be 

analyzed for energy recovery: run-around coils and heat recovery wheels.  Both systems have 

advantages and disadvantages which are depicted below: 

  

 

 

 

 

 

 

 

 

Run around vs. Wheel 

 

 

 After analyzing both systems, it has been determined that the New Inpatient Tower will use two 

heat recovery wheels in lieu of the run around loops.   The supply air will enter a total enthalpy wheel 

first which will transfer both latent and sensible heat from the exhaust stream to the supply stream.  

The air will then pass over the heating or cooling coil and then enter the second sensible wheel next.  

Although ductwork will need to be altered slightly to accommodate for the exhaust airstream, the 

increased effectiveness was the main driver behind the use of the heat recovery wheel. 

7.2.4 Distributed vs. Centralized Secondary Pumping 

 When designing the distribution piping and pumping, two alternatives were considered.  The 

first option was to use distributed pumping.  This entails that the primary pump will push the water 

Heat Recovery Wheel  

Pros: 

 Transfers both sensible and latent energy 

 Total effectiveness for sensible and latent 

heat transfer can reach 75% 

 Integrated design within air handler 

Cons: 

 Need ductwork to link supply and exhaust 

 Wheel requires maintenance 

 Significant pressure drop across the wheel 

 

Run-Around Coils  

Pros: 

 Supply and exhaust airstreams do not need 

to be in close proximity 

 No chance for cross contamination 

Cons: 

 Only transfers sensible heat 

 Maximum sensible effectiveness is only 65% 

 Increased pumping costs to transport 

refrigerant 

 Requires additional pumps, piping,  and 

coils 
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through either the chiller or boiler and then secondary pumps will distribute the water to the loads.  

With this arrangement the secondary pumps are distributed throughout the building and in this case on 

each floor level.  Centralized pumping refers to the idea of a having a primary pump pushing water 

through the chiller or boiler but then using secondary pumps which are adjacent to the primary pumps 

to distribute the water.  Advantages and disadvantages of the two systems are listed below. 

 

 

      

 

 

 

 

 

 

 The two systems were compared further to analyze the life cycle cost of each.  A pump schedule 

breakdown is shown below in Table 22. 

 

 

 The schedule shown in Table 22 (Distributed) does not allow for redundancy in the distributed 

system.  If redundancy is required, there will need to be two additional distributed pumps on each floor, 

one for chilled water and one for heating water, therefore adding 14 additional pumps.  A breakdown of 

Table 22: Centralized vs. Distributed Pumps 

Centralized Secondary Pumps 

Pros: 

 Easy maintenance, all pumps central 

 Feeder wires don’t need to be run 

 Decrease first cost 

 Can implement redundancy easier 

 More flexibility for system growth 

Cons: 

 Must size pumps for max gpm and head for 

the entire system 

 Increased pumping energy cost and hp 

 

Distributed Secondary Pumps 

Pros: 

 More pumps, but less horsepower results in 

energy savings 

 Gives individual speed control to groups of 

loads 

Cons: 

 Lacks inherent redundancy 

 Increased first cost due to more pumps 

 Many pumps to maintain 

 May result in dueling pumps 

 Less flexibility for growth 

 Must run feeder wires to all pumps 
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the life cycle cost is shown below assuming redundancy in the distributed piping system.  Installation 

and pump costs were interpolated using existing data from the mechanical contractor’s estimate.   Table 

23 shows the first cost implication of installing a distributed pumping system compared to a centralized 

system.  Unit cost includes equipment and installation. 

 

Table 23: Centralized vs. Distributed First Cost 

 The difference in first cost between the two systems is roughly $121,000. Annual energy 

consumption and electrical cost were taken from a Trane Trace 700 simulation.  The results of the 

simulation showed that the centralized system would utilize 511.5 MBtu/yr costing the hospital 

$6,057.00/year.  The distributed system would only consume 383.8 MBtu/yr which would only cost the 

hospital $4,664.00/year.  This is an annual difference of $1,393.00.  Applying a simple payback 

calculation and assuming that electric rates remain constant, it will take 86.8 years to recovery the cost 

of installing a distributed system with redundancy.  

 Because of this large difference in life cycle costs, the centralized pumping arrangement has 

been chosen.  Not only will the life cycle cost be reduced, but maintenance will be easier and more 

affordable.  Contractors will only have to run feed wiring to 10 pumps instead of 33.  All of the above 

reasons make choosing a centralized pumping system a clear choice. 

7.2.5 Piping Layout 

 When designing the piping layout and distribution, careful attention was made to ensure that all 

components within the HVAC system are redundant.  During the design concept stage there were two 

possibilities for supplying chilled water to the chilled beams.  The first was to have 2 separate chillers, 

one serving the main DOAS air handler and one dedicated to the chilled beams.  The other layout 

explored was to use return water from the air handler as the supply water for the chilled beams.  Since 

chilled beams utilize 55°F - 60°F supply water, it makes this application possible.  

 By using the return water from the air handler, only one chiller would be needed and the same 

water that passes through the air handler will be used for the chilled beams, essentially getting twice 

the cooling power out of the same quantity of water.  However, controlling this system can be very 

difficult.  If there is low delta T across the air handler coil then the water being supplied to the chilled 

beams will be too cold and may cause condensation.  Condensation is one of the biggest drawbacks of a 

chilled beam system and should be avoided at all costs.  Instead of trying to balance the water 

temperatures and flow rates between the air handler and chilled beams, the two chiller approach will be 

used with regards to this process.   
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 The two chiller approach will allow the air handler and chilled beam systems to act 

independently and gives greater flexibility to the system.  The dual chiller approach also ensures that 

chilled beam supply water temperature can be closely monitored so that condensation on the beam 

never occurs.  When designing the piping layout and distribution, careful attention was made to ensure 

that all components within the HVAC system are redundant.  A third chiller will be added to the system 

to ensure that if one malfunctions there will be a back-up. 

 Water side free cooling will also be implemented within the redesign with the sole purpose of 

supplying chilled water to the chilled beams under moderate outside air conditions.  The chillers will 

share common condenser water piping; however, only the chilled beam system will be able to draw 

water through the plate and frame heat exchanger to deliver capacity to the loads. 

  

7.3 Air Side Summary 

 The biggest difference between the original system and the new system will be the air side 

control.  In the original system (3) rooftop air handlers supplied 154,000 CFM of supply air to the entire 

building.  The original system also called for 53,000 CFM of ventilation air, which is well above the 

baseline set forth by ASHRAE 62.1, the IMC, and the AIA air change guidelines. 

The new system will only need to supply roughly 38,500 CFM of ventilation air to meet the 

minimum ventilation and air change requirements.  Due to the drastic decrease in supply air, only one 

air handler will be needed.  The air handler selected is a 40,000 CFM “Pinnacle” unit manufactured by 

Semco which can be seen in Figure 21 and Appendix H.  The Pinnacle unit is unlike most other DOAS air 

handlers because it implements dual wheel technology capable of drastically lowering the dew point 

allowing for the minimum amount of air necessary to meet the latent loads.  When the outdoor air 

enters the air handler it first passes through a total enthalpy recovery wheel 

which will cool and dehumidify the air by passing it through a dry and cool 

zone of the wheel which has been rotated through and reached near 

equilibrium with the relatively cool, dry exhaust air.  The outdoor air then 

passes through the cooling coil which further cools and dehumidifies the air.  

Before being supplied to the space, the air is further dehumidified and 

moderately reheated by passing it through the warm and dry zone of the 

second passive dehumidification wheel. 

By using this dual wheel technology, it enables designers to supply the space with roughly 62°F 

supply air with only 48 gr/lb of relative humidity.  By lowering the dew point of the supply air in this 

way, we are able to decrease the chiller capacity and reduce the risk of condensation on the chilled 

beams within the space.  Figure 22 below is provided by Semco “Chilled Beams & Pinnacle Application 

Guide” and shows the arrangment of the Pinnacle system as well as the corresponding air temperature 

and humidity at each point during a typical cooling scenario. 

Figure 21: Pinnacle unit 
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Figure 22: Pinnacle System Cooling Mode 

 The Pinnacle system is also extremely effective during the heating season.  It is controlled to 

optimize the performance of both temperature and humidity recovery to the desired extent by 

increasing the speed of the passive dehumidification wheel from .25 RPM to roughly 5 RPM.  A 

schematic of the system in a heating mode is shown in Figure 23. 

 

Figure 23: Pinnacle System Heating Mode 

  Once the supply air reaches the zone, it will be forced through an induction nozzle 

within the chilled beam assembly.  For every 1 CFM of supply air exiting the duct, roughly 3 CFM of room 

condition air will be induced across the chilled beam coil, and the total amount of convective airflow 

that transfers heat will be roughly 4 CFM for every 1 CFM of fresh supply air.  In essence, the chilled 

beam will operate similar to a fan coil unit except there won’t need to be a power supply or fan.  The 

chilled beam will function solely by the principle of induction and convection. 
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Due to the fact that we are only conditioning the minimum amount of outside air, the quantity 

of airflow being forced through the duct work will decrease from the original design of 154,000 CFM to 

only 38,500 CFM.  Because of the drastic reduction in airflow, the size of the ductwork will also be 

decreased, which will decrease the material and installation cost.  In some situations decreasing the 

duct size will allow designers to decrease the floor to floor height, thereby saving money on building 

enclosure costs.  However, because the new inpatient tower is an addition and needs to match the 

existing structure, decreasing the floor to floor height is not possible.  However, with a reduction in 

ductwork, the plenum space will be less congested allowing for easier installation and maintenance of 

mechanical and electrical components. 

In order to maintain redundancy with a one air handler system, a fan array will be used in lieu of 

a single supply fan.  The fan array will consist of (2) supply fans in a 2x1 array.  Each fan will be sized for 

40,000 CFM, or 100% of the overall CFM required.  At any time, the air handler will only need 1 out of 

the 2 fans to operate.    By arranging the air handler in a (2) fan array, if one of the fans malfunctions, 

the idle fan will turn on and replace it.  The fans will be staged to alternate starts so that there is an even 

age and wear distribution among the two supply fans. 

Not all rooms in the New Inpatient Hospital will be served by chilled beams.  In small areas that 

require less than 30 CFM of airflow and do not have a large sensible load, ventilation air will be supplied 

to the room via a diffuser, not a chilled beam.  This application is intended for areas such as storage 

spaces, housekeeping rooms, small alcoves, and short passage ways.  Since the ventilation air will leave 

the air handler at roughly 62°F it will still be able to meet small sensible loads.  This idea was 

implemented to save money on first costs due to chilled beam installation as well as water distribution 

piping.   

 

7.4 Water Side Summary 

7.4.1 Chilled Water System 

Due to the decrease in ventilation air from the original design, the use of the Pinnacle Unit, and 

the use of the energy recovery wheels, the overall cooling load of the redesign has dropped from 491 

tons down to 400 tons.  The DOAS air handler will need 177 tons of cooling and the chilled beams will 

require 138 tons of cooling.  The remaining cooling load will be in the operating rooms and support 

areas which are not served by the new DOAS system.   In order to provide redundancy and ensure 

reliability, both chillers have been sized for 180 tons, with a third chiller, also rated for 180 tons 

providing additional redundancy.  Chilled water distribution piping will need to be routed throughout 

the hospital to connect the chilled beams to the chiller.  Schematics of this will be shown later in the 

report. 

The primary chilled water system includes (3) 180 ton scroll water chillers, (3) primary chiller 

circulating pumps, (3) secondary chilled water distribution pumps, (1) plate and frame heat exchanger 

used for free cooling with the chilled beams, and controls.  The Carrier 30HXC186 180 ton screw chiller 

was chosen for the redesign.  Chiller 1 provides chilled water for the dedicated outside air handler while 
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Chiller 2 provides the chilled beams with chilled water.  The third chiller (Ch-4) will be for redundancy 

issues only and will have the capability to serve either the chilled beams or the air handler.  The chilled 

water system shall be controlled automatically through a local direct digital control panel, packaged 

chiller controls, and pump variable speed drives using PI and PID control methods.   

 The packaged chiller controls shall cycle and modulate the chiller compressor to maintain the 

chilled water supply temperature at 42°F for Chiller 1 serving the DOAS air handler and at 57°F for 

Chiller 2 which serves the chilled beams.  If the supply fan in the air handler is stopped, flow through 

that cooling coil will be eliminated.  After a chiller is enabled, the control panel will send a signal to start 

the condenser water and chilled water pumps.  Once there is proof of flow, the chillers will operate 

normally.   

 Referencing Figure 24, the primary chilled water pumps are in parallel and pump a constant 

volume of water through the chillers.  Because the pumps are in parallel, they provide inherent 

redundancy.  In normal operation PCHWP-1 will supply CH-1 and PCHWP-2 will supply CH-2.  PCHWP-4 is 

a backup and can supply any one of the chillers. PCHWP-1 and PCHWP-2 can also supply CH-4 if need be.  

Once the primary flow enters the chiller, it is distributed to the VSD secondary pumps.  SCHWP -1 is 

linked with Chiller-1 and feeds the DOAS air handler.  SCHWP-2 is associated with Chiller-2 and will 

supply the chilled beams.  SCHWP-3 is a redundant pump that can supply either the chilled beams or the 

air handler in the case that SCHWP-1 or SCHWP-2 malfunctions.   

   Free cooling will be enabled via a plate and frame heat exchanger for the chilled water system 

supplying the chilled beams.   For this reason the plate and frame heat exchanger will be supplied by 

PCHWP-2 in most cases.  If for some reason PCHWP-2 malfunctions, PCHWP-4 will be activated and can 

meet the loads.   When the outside air wet bulb temperature reaches 53°F, CH-2, serving the chilled 

beams, will be deactivated and the control valve to CH-2 will close.  The control valve ahead of the plate 

and frame heat exchanger will open allowing PCHWP-2 to pump chilled water through the plate and 

frame heat exchanger which is acting as a chiller.  

 The operating room chilled water system is independent of the primary chilled water system 

and consists of (1) 119 ton air cooled scroll chiller, (1) circulating pump, and controls.  The chiller 

controls will modulate CH-3 in order to maintain the desired chilled water leaving temperature setpoint 

of 34°F.  Referencing Figure 24 it can be shown that the operating room cooling coils (AHU-4 and AHU-5) 

are backed up by the primary chilled water flow in the case that the chilled water supply from CH-3 is 

interrupted. Although the primary water doesn’t supply 34°F chilled water, it will still meet the majority 

of the load.   

 Individual control of space temperature is fairly simple.  A wall thermostat will influence the 

control valve of the entering chilled water, thereby modulating the flow rate and cooling output of the 

chilled beam.   The controls are extremely simple, reliable, and easy to maintain. 
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Figure 24: Redesigned Chilled Water Diagram 

7.4.2 Condenser Water System 

 The condenser water system includes the cooling tower, manual control valves at the cooling 

tower sump, the condenser water pumps, the cooling tower water treatment system, a plate a frame 

heat exchanger  for free cooling of the chilled beams and controls.  The cooling tower shall be controlled 

automatically through the BAS from the local direct digital control panels, cooling tower fan variable 

speed drives, and circulating pumps using PID control methods.   

 The cooling tower is one packaged double cell tower that provides condenser water for CH-1, 

CH-2, and CH-4 which can be seen in Figure 25.  The cooling towers will also supply the plate and frame 

heat exchanger with chilled water used for free cooling under cool outdoor temperatures.  When the 

wet bulb temperature drops below 54°F, the control valve for CH-2 will be closed and the control valve 

for the plate frame and heat exchanger will be opened to allow for free cooling.   
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Figure 25: Redesigned Condenser Water Diagram 

 

7.4.3 Heating Water System 

The heating load under the redesign was not significantly affected and therefore many of the 
same components in the original design will remain in the redesign.  The only significant changes are the 
removal of inline hot water pumps and distribution piping serving AHU-2 and AHU-3, along with the fin 
tube radiant panels along the perimeter of the patient rooms.  AHU-2 and 3 have been eliminated.  
Although distribution piping to the reheat coils in terminal boxes will be eliminated, the chilled beams 
will need to be supplied with heating water; therefore, that system will remain relatively constant. 

 
The integral boiler controls modulate burners, stage lead-lag boilers, or stage burner level to 

maintain primary heating water loop temperature set point of 195 degrees F. Primary heating water 
pumps circulate hot water around the primary loop, as referenced in Figure 26.  Primary heating water 
pump PHWP-1 runs whenever Boiler B-1 runs and will be off when B-1 is off. Pump PHWP-2 will run 
whenever Boiler B-2 runs and will be off when B-2 is off.  The boiler isolation valve shall open whenever 
the related boiler runs, and shall close whenever the related boiler is off. 

 
The secondary heating water pumps provide heating water distribution from the Boiler Room to 

the building heating systems. The pumps have variable speed motor drives to provide variable heating 
water flow based on system heating load.   A selected differential pressure sensor with its sensing 
elements in the heating water supply and return piping shall provide a signal to maintain the differential 
pressure at the setpoint by varying the pump(s) rotational speed, and by cycling the pump(s) on and off.  
The control setpoint at the sensor shall be the minimum differential pressure necessary to operate the 
most remote heating water coil or terminal unit. Actual setpoint shall be field determined, but the initial 
setpoint shall be 5 psig (between heating water supply and return piping). 
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 When one operating pump is at 100% speed and the differential pressure setpoint cannot be 

satisfied, start the next pump. Ramp up the additional pump until the two pumps operate at equal 
speeds.  When two pumps are operating at 30% speed, one pump shall be shut down. On every start the 
heating pumps will be alternated so that the pump with the least run time becomes the lead. 
 
 The secondary heating water system modulates a three-way control valve to maintain 
secondary loop heating-water supply temperature. The heating-water supply temperature should be 
reset according to outside temperature with a straight line relationship for the following conditions: 
180°F heating water when outside temperature is minus 10°F or lower and 140°F heating water when 
outside temperature is 75 °F or warmer.  After the water enters the secondary loop, it is distributed to 
the loads via the secondary hot water pumps, which operate in parallel.  Inline hot water pumps are also 
integrated into the system and can be found at each heating coil.  Other than heating coils, the 
secondary hot water loop also provides chilled beams with hot water.  Please refer to Figure 26 for a 
schematic diagram of the heating water system. 
 

 

Figure 26: Redesigned Heating Water Diagram 
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7.5 Advantages of DOAS Chilled Beam System 

 Implementing a dedicated outdoor air system with chilled beams has many positive impacts on 

the life cycle costs, maintainability, thermal comfort, and quality of the air.  Highlighted below are some 

of the advantages of a dedicated outdoor air system with chilled beam system. 

A. Less supply air flow means less fan energy, smaller duct sizes, and smaller air handlers. 

B. Smaller ductwork creates more space in the plenum and takes up less usable space. 

C. Providing a constant ventilation airflow rate ensures that every room is properly ventilated 

without relying on a VAV box. 

D. Water is much more efficient at transferring heat than air: 1” diameter pipe carrying water can 

carry the same amount of energy as an 18” x 18” duct. 

E. Hours of operation of the chillers can be reduced by the use of a water side economizer.  Since 

the chilled beams utilize higher temperature supply water, the water side economizer will be 

available for a larger portion of the year.  

F. Decouple ventilation from heating and cooling air which makes systems more flexible. 

G. COP of chiller serving the chilled beams is much higher due to warmer water temperatures. 

H. Excellent air movement and uniform air temperature within the space. 

I. No power connection to dampers reduces wiring costs. 

J. No moving parts within the chilled beam, therefore low or no maintenance (may require 

infrequent vacuuming of coils). 

K. No wasted energy due to reheat coils within terminal boxes. 

L. Low cost zone valves used for temperature control opposed to complicated expensive controls 

used in terminal boxes; therefore, commissioning only involves adjustment to water balancing 

valves and primary air balancing dampers. 

M. Low noise because there is not a terminal unit fan or motor. 

N. Reduce costs for the following components: 

a. Chillers 

b. Condenser water pumps 

c. Ductwork 

d. Air distribution plenums and terminal boxes 

e. Air handlers 

f. Electrical service 

g. Wasted space due to mechanical equipment 

O. With regards to a hospital application, the proposed system also has many advantages over a 

traditional VAV system.  Such advantages include: 

a. In a hospital application which is governed by AIA air change guidelines, by using a 

chilled beam the total air changes per hour can be reduced by 4 because of the forced 

airflow principle.  This is because for every 1 cfm of supply air entering a chilled beam 

there is a total of 4 cfm of total air that is induced across the coil and mixed.  

b. Indoor air quality will be drastically improved by not inducing any return air into the 

supply air.  The rooms will be supplied with clean, fresh outside air at all times.  This will 

increase employee and patient satisfaction as well as recovery rates. 
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c. Hospitals by nature exhaust a great deal of air due to medical equipment rooms, 

procedure, rooms, toilets, and janitor’s closets just to name a few.  In a VAV system, this 

energy is simply exhausted to the outdoors with no means of energy recovery.  With the 

DOAS, much of the exhaust energy will be captured and returned to the space. 

d. Hygiene chilled beams are equipped with an inbuilt filter which will capture the airborne 

bacteria entrained in air as the air is re-circulated across the chilled beam.   

7.6 Design Calculations 

7.6.1 Design Overview  

 When designing a DOAS with chilled beams, a few basic concepts must be understood.   The 

following list of items is crucial to understanding how to design this type of system in a hospital. 

A. The ventilation air has to meet minimum standards set forth by ASHRAE 62.1, the International 

Mechanical Code, and the American Institute of Architects for air changes per hour.   

B. The cooling coil in the air handler must be able to meet the entire latent heat load within the 

space.  If the cooling coil cannot meet the entire latent load it is possible for the room dew point 

to increase which can lead to condensation on chilled beams and mold problems. 

C. The chilled beam within the space must be able to meet the remaining sensible load of the 

space.  The sensible capacity of a chilled beam is dependent on the water flow rate, the 

volumetric flow rate of induced air, and the difference in temperature of the water temperature 

compared to the room temperature. 

D. Every chilled beam will have to be sized individually to ensure that each zone is supplied with 

the minimum amount of ventilation air and enough sensible cooling capacity to cool the space. 

7.6.2 Design Assumptions 

A. General Hospital Space Design Conditions 

a. Summer : 75 degrees F and 50% RH 

b. Winter: 72 degrees F and 30% RH 

B. Outside Design Conditions 

a. Summer: 89 degrees F dry bulb and 73 degrees F wet bulb 

b. Winter: 2 degrees F dry bulb 

C. Outside Air Ventilation: 20 CFM/person and /or ASHRAE 62.1 and/or IMC and AIA hospital 

guidelines. 

D. Toilet Room Exhaust Ventilation: 75 CFM/water closet, 50 CFM/urinal, or 2 CFM/SF, whichever 

is greater. 

E. The anticipated maximum number of people per space is listed in Appendix B. 

F. The anticipated occupancy schedule is 24/7 for all patient areas and 7am to 7pm for all others. 

G. Building “U” values used in heating and cooling calculations, Glass .26 with a .28 shading 

coefficient, Walls .10, and Roof .06. 

H. Supply air ductwork was sized based on .08” per 100’. 

I. The chilled water system is a direct return and heating water system is reverse return. 
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J. Nominal water flow rate to chilled beam is 1 gpm . 

K. Supply temperature of chilled water to beam is 57 degrees F. 

L. Supply temperature of air leaving DOAS air handler is 62 degrees F. 

M. Any room requiring less than 30 cfm of ventilation air was not equipped with a chilled beam.  

Instead a ducted diffuser will supply 62 degree F air to the room.  (Increase first cost savings) 

N. All other building data entered into the Trane Trace model will be equal to that entered into the 

original energy model found in chapter 5.0 Existing Building Performance. 

7.6.3 Energy Model Results 

 After conducting a revised Trane Trace energy simulation it was found that overall energy 

consumption of the redesigned system was lower than that of the VAV system.  Two different redesign 

systems were analyzed.  The first system analyzed was a DOAS with chilled beams without water side 

free cooling.  The second simulation included the results of the water side free cooling.  Table 24 

highlights the system loads of the original VAV design against the redesigned DOAS. 

 

Table 24: Original vs. Redesign Load Comparison 

 

 Table 25 shows the energy consumption distribution between the original VAV design, the DOAS 

without free cooling, and the DOAS with free cooling being supplied to the chilled beams.  The redesign 

was evaluated with and without a free cooling application in order to do a feasibility study to determine 

if the free cooling system is an economically smart decision.  
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Table 25: Energy Consumption Summary 

 The biggest energy savings when comparing the original VAV system to the DOAS system is due 

to the decrease in fan power.   $34,587.00 were saved due to decreased fan power input.  The fan 

savings are offset slightly, however, by the increase in pumping costs for the DOAS system.  Pumping 

energy and cost increased by $8,733.00 due to additional chilled water pumping for the chilled beams.  

Cooling energy was decreased using the DOAS due to increased COP, heat recovery in the Pinnacle unit 

air handler, and lower ventilation rates.   When implementing the free cooling application an additional 

$3,791.00 were saved due to a decrease in chiller hours.  With the current redesign configuration and 

implementation of water-side free cooling, the annual energy bill was decreased by $36,140.00 per year 

compared to the original VAV system. 

7.6.4 Chilled Beam Sizing and Selection 

When sizing chilled beams three factors have to be taken into consideration.  The design must 

be able to meet the sensible heating and cooling load within the space, they must provide the space 

with the minimum ventilation requirements, and maintain pressure relationships within the zones.  

After performing an energy analysis using Trane Trace 700, sizing the chilled beams becomes possible.  

The energy model provides a detailed breakdown of the peak sensible heating and cooling load of each 

room.  A detailed breakdown of each room, and the corresponding sensible load and airflow can be 

found in Appendix B. 

It should be noted that due to the nature of the hospital, the outside air required to each zone 

has to meet multiple criteria.  The ventilation air has to meet minimum standards set forth by both 

ASHRAE 62.1 and the International Mechanical Code for hospital spaces.  Because the redesign is a 

dedicated outdoor air system and 100% of the supply air is outside air, the outside air requirement also 

has to meet guidelines set forth by the American Institute of Architects for outside ACH and total ACH.   

Ventilation air must also be calculated to meet the latent load.  The criteria with the largest requirement 

for ventilation air was used in the final calculations.  Table 26 depicts the minimum number of outside 

air changes and total air changes required in various hospital areas based upon AIA guidelines. 
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Table 26: AIA Air Change Guidelines 

Note: Because the chilled beam is a forced air discharge system and induces four cfm of air for every one 

cfm of supply air, the total amount of room air changes may be reduced by 1/4.  For non chilled beam 

zones the total air change rate must follow traditional AIA guidelines. 

Each room was analyzed independently to determine the sensible load and ventilation rate 

required within that specific room.  In most cases, the ventilation rate governed the size of the chilled 

beam installation.  As previously noted, supply water enters the chilled beam at 1 gpm and 57°F.  The 

following quick selection chart, Figure 27 was utilized for preliminary chilled beam sizing.  Figure 27 is 

courtesy of Semco ExSel Air Software. 

In order to size the chilled beams more precisely, further calculations were performed using the 

ExSel Air software.  In-house Semco engineers were consulted for chilled beam selection guidance and 

played a vital role in determining which chilled beams should be used for each application.  An example 

of the ExSel Air chilled beam calculator is shown in Figure 28.   Semco is a Flaktwoods company, which is 

the reason behind the Flaktwoods chilled beams being chosen. 
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Figure 27: Semco Chilled Beam Quick Selection Chart 

 

 

Figure 28: ExSel Air Chilled Beam Calculator 
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 Smaller rooms that required less than 30 cfm and have a low sensible load were exempt from 

the chilled beam application.  Such areas received direct air from the air handler via a supply air 

diffuser.  Table 27 below shows an example from the 5th floor depicting how the beams were sized.  

It should be noted that any cell reading “included” means that the ventilation requirement or 

sensible load for that space has been included in an adjacent space.  Any cells that appear bright red 

represent a space that receives direct air from a diffuser and is not equipped with a chilled beam.  

The highest ventilation of the three codes was chosen and entered into the column “Selected CFM”.  

Sensible loads for each space were also depicted.  After both sensible load and airflow quantities 

were known, selecting a chilled beam was done. A complete breakdown of every room and the 

corresponding design criteria can be found in Appendix B. 

*It should be noted that if the room was equipped with a chilled beam the AIA Total ACH cfm must be read 

from the far right column.  If the room simply has a diffuser AIA Total ACH cfm must be read from the 3
rd

 

column from the right. 

After all rooms deserving a chilled beam were accounted for, the total number of chilled beams 

was determined, as well as the overall flow rate through CH-2.  The results are shown below in Table 

28.  A chilled beam summary schedule courtesy of Semco can be found in Appendix C.  The chilled 

beam quote from Semco can be found in Appendix F. 

 

Table 28: Chilled Beam Selection Summary 

  

Table 27: Example of Room/Chilled Beam Schedule from Appendix B 
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 When selecting chilled beams, two different models were chosen.  The two models chosen were 

the Flaktwoods IQCA Series depicted in Figure 29 and the Flaktwoods IQIC Series shown in Figure 30. 

Both models are active chilled beam systems equipped for 2’x2’ ceiling grid and a 4 pipe design. 

                           

 

 

 

 

 

 

7.6.5 Ductwork Calculations 

 One of the main features of the dedicated outdoor air system is the reduction of supply air flow.  

In the case of the New Inpatient Tower, the supply air was reduced from 154,000 cfm in the original VAV 

system down to 38,500 cfm with the redesigned system.  Due to the drastic decrease in volumetric flow 

rate, the ducts were able to be downsized.  The 5th floor was chosen to be a representative floor and will 

be used to demonstrate how the ductwork was resized for the entire building.  After ventilation rates for 

each room were determined, new duct sizes were calculated.   

Figure 31 shows a representative sample of supply ductwork on the 5th floor which will be used 

to do a takeoff comparison.  A takeoff was done on the original 5th floor supply ductwork.  The results of 

this takeoff can be seen in Appendix D.  Next, the redesigned ductwork was sized based on volumetric 

flow rate and assumed friction loss of 0.08” wg per 100’ of duct using a duct calculator.  An example of 

how this process was done is shown in Figure 32.  After all of the ductwork on the 5th floor was resized 

for the lower volumetric flow rate, a second takeoff was calculated and the results are also shown in 

Appendix D.   

 

Figure 30: IQIC Series Figure 29: IQCA Series 
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Figure 31: 5th Floor Supply Ductwork 

 

Figure 32: Ductwork Sizing Example 
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 The results of the ductwork takeoff for the 5th 

floor supply ductwork can be seen in Table 29. The 

table compares the original design to the redesign.  

As shown, the weight ratio of the redesign/original is 

.562. 

 In order to calculate the cost difference between the original design and the redesign this ratio 

was used.  The original cost for supply ductwork and installation for AHU-1,2, and 3 was $832,000.00.  

Applying the .562 ratio it was determined that the overall first cost for the DOAS ductwork will only be 

$467,584.00.  This is a substantial savings when evaluating life cycle costs.  

All supply ductwork in the hospital will be insulated with 1” foil faced fiberglass insulation.  It 

was assumed that 1 sqft of insulation will cost $1.00.  A separate takeoff and calculation was done for 

ductwork insulation which can also be found in Appendix D. The results of the insulation takeoff and 

cost comparison is illustrated in Table 30.  Table 31 compares the overall cost of the VAV system 

ductwork against the overall cost of the DOAS ductwork. 

 

 

7.6.6 Chilled Water Distribution  

 Chilled water distribution piping will have to be designed in order to supply the chilled beams 

with cooling energy.  Distribution piping was designed for the 5th floor only.  After the piping was 

designed, a takeoff was done and economic costs were calculated for the whole building using a 

weighted average approach.  Figure 33 illustrates the chilled water design layout for the 5th floor.   

 Also shown in Figure 33 is the location and quantity of chilled beams within the rooms on the 5th 

floor.   When performing the chilled water piping design it was assumed that all piping 1” and greater 

was made of Schedule 40 steel pipe with Class 150 malleable-iron fittings and threaded joints.  Branch 

piping under 1” was assumed to be Type L drawn-temper copper tubing with wrought copper fittings 

and soldered joints.  This will allow for easier connection to the ½” copper tubing which is used in the 

coils of chilled beams.  The chilled water piping was designed under the following specifications: 

 Piping  ≤2” was designed for a maximum velocity of 4 ft/s 

 Piping  >2” was designed for maximum head loss of 4’/100’ of piping 

 

Table 29: 5th Floor Supply Ductwork 

Table 30: Duct Insulation Summary Table 31: Ductwork Cost Comparison 
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Figure 33: 5th Floor Chilled Water Distribution Piping 

 After designing the chilled water piping for the 5th floor, a takeoff was performed and data was 

recorded.  The results of the chilled water distribution piping takeoff can be found in Appendix E.  All 

chilled water piping was assumed to be insulated with 2” snap-on fiberglass with a standard service 

jacket.  The results of the takeoff and cost of the chilled water distribution is shown below in Table 32. 

 

Table 32: Chilled Water Piping Cost 
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7.7 Water-Side Free Cooling  

 Water-side free cooling appeared to be an advantageous idea early on in the conceptual design.  

In most cases, water side free cooling is used to supply chilled water to an air handler which requires 

supply water around 42°F.   In this application water side free cooling cannot be utilized until the outside 

wet bulb temperature is around 40°F.  Since the chilled beams call for a higher temperature supply 

water, 57°F, water side free cooling can be implemented as soon as the wet bulb temperature drops 

below 54°F.  With this application, free cooling will be available for a larger portion of the year, thereby 

reducing chiller hours and saving energy. 

 A feasibility study was done to compare the first cost and operation costs savings that are 

associated with the free cooling system.  The primary chilled water pumps and condenser water pumps 

will be used to manage the flow in the two water streams within the plate and frame heat exchanger.  

The heat exchanger will obviously require installation, additional controls, and miscellaneous fixtures 

such as a basket strainer to prevent particulate accumulation within the strainer.  Installation cost and 

configuration were devised with the help of Limbach Facility Services based on similar projects designed 

in the past.  After specifications were given, the heat exchanger was quoted by Alfa Laval Inc. as a M15B-

FG costing $14,600.  The plate and frame specifications and quote can be found in Appendix G.  Table 

33 below shows the breakdown of additional equipment needed and the associated cost. 

 

Table 33: Free Cooling Equipment 

In order to do a life cycle cost, two Trane Trace simulations were performed.  The first 

simulation was without free cooling and the second simulation included free cooling.  The results are 

illustrated in Table 34.  

Water side free 

cooling will reduce the annual 

energy costs by $3,790. It was 

determined the payback 

period for water side free 

cooling is 10.8 years, 

therefore this application will 

be utilized in the design. 

 
Table 34: Free Cooling Cost Comparison 
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7.8 Summary 

7.8.1 Redesigned Equipment Summary 

 After all design changes were calculated and implemented, a life cycle cost analysis was 

performed to verify the economic feasibility of the new redesigned system.  Many pieces of equipment 

were either added, subtracted, or reduced in size.  Summary schedules of the mechanical equipment for 

the redesign are shown in Tables 35-40 below. 

Air Handler Schedule 
System 

# 
Area Served Type Supply CFM Cooling Coil 

(EWT) 
Heating Coil 

(EWT) 

AHU-1 7th through lower level DOAS 40,000 44°F 180°F 

AHU-4 Operating Rooms VAV 18,500 34°F 180°F 

AHU-5 Operating Rooms VAV 18,500 34°F 180°F 

AHU-6 1st Floor Chiller Room CV 4,700 44°F 180°F 

AHU-7 1st Floor Electrical Room CV 4,000 44°F 180°F 

AHU-8 Elevator Penthouse CV 4,700 44°F 180°F 
Table 35: Redesigned Air Handler Schedule 

Air Handler Fan Schedule 
System  Area Served  Supply Fans Exhaust Fans 

   Type CFM HP CFM HP 

AHU-1 7th through lower level DOAS (2) 40,000 (2) 75 (2) 40,000 (2) 40 

AHU-4 Operating Rooms VAV 18,500 30 16,500 15 

AHU-5 Operating Rooms VAV 18,500 30 16,500 15 

AHU-6 1st Floor Chiller Room CV 4,700 5 - - 

AHU-7 1st Floor Electrical Room CV 4,000 5 4,000 1 

AHU-8 Elevator Penthouse CV 4,700 5 - - 
Table 36: Redesigned AHU Fan Schedule 

Chiller Schedule 
System # Type Tons COP EWT LWT GPM 

CH-1  Screw Chiller (DOAS AHU) 180 5.96 54°F 42°F 360 

CH-2 Screw Chiller (Chilled Beams) 180 5.96 65°F 57°F 540 

CH-3 Air Cooled Scroll Chiller (AHU-4 & 5) 119 2.6 46.6°F 34°F 253 

CH-4 Screw Chiller (Redundant) 180 5.96 N/A N/A N/A 
Table 37: Redesigned Chiller Schedule 

Boiler Schedule 
System # Type Capacity (MBH) Eff. EWT LWT GPM 

B-1 Gas/Oil Fired Hot Water Boiler 7200 81% 160°F 180°F 720 

B-2 Gas/Oil Fired Hot Water Boiler 7200 81% 160°F 180°F 720 
Table 38: Redesigned Boiler Schedule 
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Cooling Tower Schedule 

System # Type hp EWT LWT GPM 

CT-1 VSD Axial Fan Cooling Tower 15 95°F 85°F 600 

CT-2 VSD Axial Fan Cooling Tower 15 95°F 85°F 600 
Table 39: Redesigned Cooling Tower Schedule 

Pump Schedule 

System # Location System Type GPM Head VSD 

PCHWP-1 Mech. Room Chilled Water End-Suct. 360 30 N 

PCHWP-2 Mech. Room Chilled Water End-Suct. 540 30 Y 

PCHWP-3 Mech. Room Chilled Water End-Suct. 540 30 N 

SCHWP-1 Mech. Room Chilled Water End-Suct. 360 100 Y 

SCHWP-2 Mech. Room Chilled Water End-Suct. 540 100 Y 

SCHWP-3 Mech. Room Chilled Water End-Suct. 540 100 Y 

CWP-1 Mech. Room Cond. Water End-Suct. 600 65 N 

CWP-2 Mech. Room Cond. Water End-Suct. 600 65 N 

PHWP-1 Mech. Room Hot Water End-Suct. 720 25 N 

PHWP-2 Mech. Room Hot Water End-Suct. 720 25 N 

SHWP-1 Mech. Room Hot Water End-Suct. 550 90 Y 

SHWP-2 Mech. Room Hot Water End-Suct. 550 90 Y 

HWP-1 AHU-1 Hot Water Inline 174 15 N 

HWP-4 AHU-4 Hot Water Inline 44 10 N 

HWP-5 AHU-4 Hot Water Inline 10 5 N 

HWP-6 AHU-5 Hot Water Inline 44 10 N 

HWP-7 AHU-5 Hot Water Inline 10 5 N 

HWP-8 AHU-6 Hot Water Inline 25 10 N 

HWP-9 AHU-7 Hot Water Inline 17 10 N 

HWP-10 AHU-8 Hot Water Inline 20 10 N 
Table 40: Redesigned Pump Schedule 

 

7.8.2 First Cost Summary 

 After all new equipment was designed and sized a first cost comparison was done to evaluate 

the redesigned system against the original system.  Table 41 illustrates which pieces of equipment were 

subtracted, added, or reduced and the associated cost.  It should be noted, all original design deducts 

are actual costs provided by the general contractor or mechanical contractor. Equipment and associated 

installation costs of the added equipment were computed by using a combination of RS Means 2007, 

actual equipment quotes, and the mechanical contractor’s cost data from this project and similar 

previous projects.   

After completing the first cost comparison it becomes evident that the redesigned system will 

cost less money upfront than the original VAV system.  The bulk of the savings in first cost are a direct 



 

4.07.2011 Final Report Matthew Geary 

66 Butler Memorial Hospital | New Inpatient Tower – Senior Capstone Project – Mechanical Option 

result of the reduced airflow.  The air handlers and ductwork are both downsized drastically.  The 

biggest first cost expenditure of the redesigned system is the chilled water distribution piping and the 

equipment and installation cost of the chilled beams.  The complete breakdown is in Table 41 below. 

 

Table 41: First Cost Comparison 

7.8.3 Life Cycle Cost Analysis 

In order to perform a life-cycle cost analysis, the first cost will be compared to operational costs 

to determine the feasibility of the chilled beam system.  As shown above, the chilled beam system will 

save almost $277,000 in first costs compared to the original VAV design.   The annual energy 

consumption and operational cost data was taken from the Trane Trace 700 energy model and is shown 

below in Tables 42 & 43. Table 42 depicts the energy costs associated with the original VAV system 

while Table 43 breaks down the energy costs associated with redesigned DOAS system.   
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Table 42: Original VAV System Energy Costs 

 

Table 44: Cost Summary 

From this comparison it is determined that the DOAS system will also save roughly $33,800 in 

annual energy costs.  The redesigned system will have an annual energy savings of nearly 2,700 

MMBtu/year.  Overall cost savings are shown in Table 44 above. Although maintenance costs cannot be 

estimated exactly, it is an accepted assumption that since there are no moving parts in a chilled beam 

system, chilled beams with a DOAS system require much less maintenance than terminal boxes and a 

VAV system. 

 

 

Table 43: Redesigned DOAS System Energy Costs 
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7.8.4 Emissions Summary 

After completing the energy model, Trane Trace 700 was utilized to determine the 

environmental impact of the original VAV design compared to the redesigned DOAS system.   The 

analysis was performed on carbon dioxide, sulfur dioxide, and nitrogen oxide emissions.  The results are 

shown below in Figures 34 & 35. 

 

Figure 34: CO2 Comparison 

 

Figure 35: SO2 & NOX Comparison 

  

In conclusion, it was determined that the redesigned system will have a lower construction 

costs, lower operating costs, less maintenance, and a smaller carbon footprint.   It is under these 

premises that the use of a DOAS system with supplemental chilled beams is recommended in lieu of the 

VAV system currently installed in the New Inpatient Tower at the Butler Memorial Hospital. 
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8.0 Structural Breadth 

8.1 Introduction 

 A structural breadth was scrutinized to determine the effects of the mechanical redesign on the 

structural support system.  Of the (3) main original rooftop air handlers, two were eliminated and the 

third was downsized from 62,000 CFM to 40,000 CFM.  Due to the reduction in air handlers contributing 

to a reduced load on the roof, an analysis of the structural system was performed to resize roofing 

members and distinguish any cost savings that may be a result of the redesign.   

 The structural steel members will be resized in the AHU-1 and AHU-3 areas shown below in 

Figure 36.  The new DOAS air handler is approximately the same size and weight as AHU-2 and will be 

placed in the same location to avoid ductwork penetration issues. 

 

 

Figure 36: Rooftop Plan View Showing AHU Locations 
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8.2 Assumptions 

 When calculating the redesigned roof loads and beam member sizes, a number of assumptions 

were made and are listed below: 

A. AHU- 1 and 3 were eliminated; therefore, the additional roof load due to these two units will be 

eliminated. 

B. The metal decking supporting the roof will remain the same as the original design (3” 20 gauge 

galvanized decking). 

C. The remaining roof components consist of the following materials. 

a. 4” Rigid Insulation (tapered for drainage therefore thickness ranges) 

b. ½” Cover Board (Georgia Pacific “Dens Deck” Gypsum) 

c. 60 mil Thermoplastic Polyolefin Membrane 

D. Miscellaneous dead load of 10 psf.  

E. Snow load for the Butler, PA region is 30 psf. 

F. Roof live load is 115 psf. 

G. Live load cannot be reduced because it is a roof application. 

H. Load will be uniformly distributed. 

I. Since the size, shape, and weight of the new DOAS air handler is slightly less, but comparable to 

the existing rooftop AHU-2, the structural members in that area were assumed to be sufficient 

to carry the load and therefore will remain as originally designed. 

8.3 Design Calculations for AHU-1 Area 

8.3.1 Typical Layout (AHU-1) 

 

Figure 37: Typical Steel Layout at AHU-1 

8.3.2 Design Loads 

 Live Loads 

1. Roof Live Load = 115 psf 

2. Snow Load = 30 psf 

 Total = 145 psf 
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Dead Loads 

1. Beam Self Weight = 5 psf 

2. 3’” Roof Deck = 3 psf 

3. 4” Rigid Insulation = 4 psf 

4. ½” Cover Board = 1 psf 

5. 60 mil Roof Membrane = 2 psf 

6. Miscellaneous Dead Load = 10 psf 

Total = 25 psf 

8.3.3 Beam “A” Design 

 Factored Distributed Load 

  Wu = 1.2D + 1.6L 

  Wu = 1.2(25) + 1.6(145) 

  Wu = 262 psf 

  wu = 7.5’ x 262 psf = 1.97 klf 

Shear and Moment Diagrams 

 

Figure 38: Shear & Moment Diagrams for Beam A 

 From the Steel Manual in Appendix I p. 3-18 W18x35 фMpx = 249 kft > 222 kft therefore it would 

be the most economical beam choice.  However, since the standard size beam on the existing roof is a 

W18x40 which has a фMpx = 294 kft which will also carry the 222 kft load, the W18x40 was chosen. 

8.3.4 Girder “B” Design 

 Factored Distributed Load 

  Wu = 1.2D + 1.6L 

  Wu = 1.2(25) + 1.6(145) 

  Wu = 262 psf 

  Pu = 262 psf x 7.5ft (30 ft + 30 ft)/2 

  Pu = 58.9 kips 
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 Shear and Moment Diagrams 

 
Figure 39: Shear & Moment Diagram for Girder B 

From the Steel Manual in Appendix I p. 3-15 W27x84 фMpx = 915 kft > 884 kft therefore it would 

be the most economical girder choice.  This was also the girder size used throughout the remainder of 

the roof.  The moment load governs the girder size; therefore, max shear stress was not a factor. 

Figure 40 illustrates the original design depicting which beams were eliminated or reduced.  

Figure 41 shows the location and size of the redesigned steel at AHU-1 area. 

 

Figure 40: Original Steel Layout at AHU-1 
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8.4 Design Calculations for AHU-3 Area 

8.4.1 Typical Layout (AHU-3) 

 

Figure 42: Typical Steel Layout at AHU-3 

8.4.2 Design Loads  

 (Same as Above) 

 Live Load = 145 

 Dead Load = 25 

 

Figure 41: Redesigned Steel Size and Location at AHU-1 
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8.4.3 Beam “C” Design 

 Factored Distributed Load 

  Wu = 1.2D + 1.6L 

  Wu = 1.2(25) + 1.6(145) 

  Wu = 262 psf 

  wu = 7’ x 262 psf = 1.83 klf 

 Shear and Moment Diagrams 

 

Figure 43: Shear & Moment Diagram for Beam C 

 From the Steel Manual in Appendix I  W18x35 фMpx = 249 kft > 206 kft therefore it would be the 

most economical beam choice.  However, since the standard size beam on the existing roof is a W18x40 

which has a фMpx = 294 kft which will also carry the 206 kft load, the W18x40 was chosen instead.  The 

moment load governs the beam size in both cases; therefore, max shear stress was not a factor.  

     

8.4.4 Girder “D” Design 

 Factored Distributed Load 

  Wu = 1.2D + 1.6L 

  Wu = 1.2(25) + 1.6(145) 

  Wu = 262 psf 

  Pu = 262 psf x 7ft (30 ft + 30 ft)/2 

  Pu = 55 kips 
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Shear and Moment Diagrams 

 

Figure 44: Steel and Moment Diagram for Girder D 

 From the Steel Manual in Appendix I p. 3-18 W16x31 фMpx = 203 kft > 193 kft therefore it would 

be the most economical girder choice.  However, since the standard size beam on the existing roof is a 

W18x40 which is 18” deep, the girder chosen must have more depth for installation and attachment 

purposes.  The next smallest beam size above a W18x40 is a W21x44 which has фMpx = 358 kft.  358 kft 

>> 193 kft therefore this girder size was chosen.  Figure 45 below illustrates the original design depicting 

which beams were eliminated or reduced.  Figure 46 shows the location and size of the redesigned steel 

at AHU-3 area. 

Figure 45: Original Steel Size & Location at AHU-3 
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Figure 46: Redesign Steel Size & Location at AHU-3 

 

8.5 Summary 

 By eliminating (2) of the rooftop air handling units, the size of the structural steel members in 

those areas was drastically reduced.  In order to an economic comparison of the original and redesigned 

steel layouts a detailed takeoff was performed.  The detailed breakdown of this takeoff can be found in 

Appendix J. 

 Table 45 below shows a summary of the results of the takeoff and first cost price comparison 

between the two designs.  The redesigned steel layout will save over $18,000.00 in construction costs. 

 

Table 45: Steel Comparison 
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9.0 Electrical Breadth 

9.1 Introduction 

 An electrical breadth topic was investigated to determine the impact of the new mechanical 

system on the electrical distribution.  Because some of the equipment will be downsized or eliminated 

and other equipment added, a new inspection of the power distribution will need to be analyzed.  Over 

current protection, feeder sizes, and feasibility issues will need to be examined and resolved.   

 

9.2 Electrical Load Calculations 

9.2.1 Equipment Electrical Loads 

Since some of the equipment from the original design will be downsized or eliminated and other 

pieces of equipment added an electrical load comparison was calculated.  First, the horsepower of the 

equipment added and removed from the system was determined.  Tables 46 & 47 below show the 

equipment that was subtracted and added, respectively. 

9.2.2 Full Load Current 

 Utilizing NEC 2008 Table 430.250 Full Load Amperes Three  Phase Alternating Current Motors 

found in Appendix K, each of the motors’ full load amps was determined.  The results of this can be seen 

in Table 47. 

9.2.3 Connected Load 

 After determining the FLA at each motor, the overall connected load was calculated.  The 

following two equations were used to find total KW and KVA which are found in Table 47. 

KVA = Volts x FLA x 1.73 / 1000 

KW = KVA x PF 

 The following power factors were assumed: 

  Motors < 5 HP – PF= 0.85 

  Motors > 5 HP – PF = 0.90 

  Chillers                 PF = 0.85 
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9.2.4 Over Current Protection Device 

 After calculating the full load amperage on each motor sizing the circuit breakers becomes 

possible.  Common circuit breaker sizes were taken from NEC 2008 240.6 Standard Ampere Ratings 

which can be found in Appendix K.  The circuit breaker sizes can are shown in Table 47 as well as 

Appendix L.  When sizing circuit breakers the following equation was used: 

Circuit Breaker Size < 2.5 x FLA 

9.2.5 Branch Circuit Feeder Sizing 

 In order to size the feeder wires going to each motor NEC 2008 Table 310.16 was utilized.  This 

table can be found in Appendix K.  It was assumed that the feeder wires would be Copper, Type THW at 

75 °C.  The feeder sizes are shown in Table 47 below.  The following equation was used to size the 

feeder wires: 

Wire Size > 1.25 x FLA 

9.2.6 Conduit Sizing 

 After the feeder wires were sized, sizing the conduit was performed by referencing NEC 2008 

Table C.1 Maximum Number of Conductors in Electric Metallic Tubing.  This table can also be found in 

Appendix K.  The resulting conduit sizes for the redesigned feeder wires are shown in Table 47 below.   

9.2.7 Motor Starter Sizing 

 After determining the FLA from each motor, the motor started sizes were also chosen using the 

NEMA Motor Started Sizes found in Appendix K.  The motor starters chosen for the redesign are shown 

in Table 47. 

Table 46: Power Distribution to Equipment Subtracted from Design 
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9.3 Panelboard Schedules 

 The panelboards will also need to be resized and laid out due to the change in electrical load 

and equipment.  A complete breakdown of the panelboards affected, as well as the original panelboard 

layout and redesigned panelboard layout, can be found in Appendix L. 

 

9.4 Electrical System Comparison Summary 

 After all design calculations were performed and the panel boards, feeder wires, circuit 

breakers, and conduit were sized, an overall comparison was done between the original design and the 

redesign.   The results of this comparison are shown in Tables 46 & 47. 

 It was found that the equipment subtracted from the original design accounted for 1,253 KVA of 

power.  The redesigned system will only need 827 KVA for a net savings of 426 KVA.  The reduced KVA 

load will reduce feeder sizes, panel boards, and the overall electrical demand from the HVAC 

equipment.  Because of this, both electrical contractor construction costs and electrical costs will 

decrease.   

 

 

 

Table 47: Power Distribution to Equipment Added to Redesign 
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10.0 Summary 

10.1 MAE Requirements 

 Throughout this report, a number of references were made to items pertaining to the MAE 

curriculum.  Calculating lifecycle costs and payback periods was performed, which is a direct correlation 

to the material learned in AE 558 Central Heating.  Water-side free cooling is a topic discussed in AE 557 

Central Cooling and was an integral part of the mechanical depth analysis.   Comparing centralized vs. 

distributed pumps was also analyzed with the mechanical depth portion of the report.  This topic was 

discussed heavily in AE 557, Central Cooling.  Lastly, the improvements in indoor air quality as a result of 

the DOAS system ties in nicely with AE 552 Indoor Air Quality. 

 10.2 Conclusion 

 In conclusion, an overall mechanical system re-design was implemented by removing the 

current variable air volume system and designing a new dedicated outdoor air system with a parallel 

chilled beam secondary system to account for sensible loads within the space.  A heat recovery wheel  

was utilized to recover energy from the exhaust air.  The new system met the original goals resulting in 

less equipment, more plenum space, smaller duct work and air handlers, and ultimately a reduction in 

construction costs, operational costs, and energy usage.  The redesigned system saved $276,900 in first 

costs as well as $33,800/year in operational costs and 2,700 MMBTU/year in energy savings. 

 The examination of the mechanical system allowed further analysis into the impact that the 

mechanical redesign had on the electrical and structural components of the building.  New designs for 

both were implemented to account for the change in the mechanical design.  The redesigned structural 

system saved over $18,000 in first costs.  The electrical redesign reduced the overall power demand of 

mechanical equipment by 426 KVA. 

 

 

 

 

 

 

 

 



 

4.07.2011 Final Report Matthew Geary 

81 Butler Memorial Hospital | New Inpatient Tower – Senior Capstone Project – Mechanical Option 

References 

American Institute of Steel Construction, Inc. “Tables for the General Design and Specifications of   

Materials.” AISC Manual: 3-14 : 3-18. 

ASHRAE 2008. “2008 Fundamentals.”  ASHRAE, Atlanta. 

Barnet B.. “Chilled Beams for Labs: Using Dual Energy Recovery.” ASHRAE Journal. (December,  

 2008). 

Jeong, PhD, Jae-Wong. “Designing a Dedicated Outdoor Air System with Ceiling Radiant Cooling Panels.” 

ASHRAE Journal (October 2006): 56-66. 

Justin, Thomas. “Chilled Beams are Cool”. Design and Architecture. (11/5/05). 

Mumma, Stanley, PhD, PE. “Dedicated Outdoor Air Systems.”February 2001. 

The Pennsylvania State University DOAS. 7  Dec. 2010 http://doas.psu.edu 

Mumma, Stanley, PhD, PE. “Designing Dedicated Outdoor Air Systems.”ASHRAE Journal 43.5 (2001): 28-

31. 

National Fire Protection Association. “National Electrical Code Handbook 2008.”  

“RS Means 2007”. Reed Construction Data, Inc. Kingston, MA. 2007. 

Semco Inc, Columbia MO. “Chilled Beams & Pinnacle Application Guide.” Pages 1-34. 

Semco Inc, Columbia MO, ExSel Air Design Selection Tool for Chilled Beams, software tool. 

Trane, Trace 700. Trane Inc. Piscataway, New Jersey. 

 
 
 
 
 
 

 

 

 

 

http://doas.psu.edu/


 

4.07.2011 Final Report Matthew Geary 

82 Butler Memorial Hospital | New Inpatient Tower – Senior Capstone Project – Mechanical Option 

Appendix A: Tables and Figures 

List of Tables 

Table 1: Outdoor Design Conditions ........................................................................................................... 14 

Table 2: Operating Room Parameters ........................................................................................................ 14 

Table 3: Typical Thermostat Parameters .................................................................................................... 14 

Table 4: Original Air Handler Schedule ....................................................................................................... 17 

Table 5: Original AHU Fan Schedule............................................................................................................ 17 

Table 6: Original Exhaust Fan Schedule ...................................................................................................... 17 

Table 7: Original Chiller Schedule................................................................................................................ 17 

Table 8: Original Boiler Schedule ................................................................................................................ 18 

Table 9: Original Cooling Tower Schedule ................................................................................................... 18 

Table 10: Original Pump Schedule .............................................................................................................. 18 

Table 11: Mechanical Costs ......................................................................................................................... 19 

Table 12: Lost Usable Space ........................................................................................................................ 19 

Table 13: Example Zone Breakout from Room Schedule ............................................................................ 32 

Table 14: Summary of Block Zones ............................................................................................................. 32 

Table 15: Example Calculation of Weighted Zone Calculation Method ...................................................... 33 

Table 16: Example Calculation of Window and Wall Areas ........................................................................ 33 

Table 17: Original Thermal Loads ............................................................................................................... 34 

Table 18: Original Design Loads .................................................................................................................. 34 

Table 19: Utility Rates ................................................................................................................................. 35 

Table 20: Breakdown of Energy Consumption ............................................................................................ 35 

Table 21: Breakdown of Energy Costs by Utility ......................................................................................... 36 

Table 22: Centralized vs. Distributed Pumps ............................................................................................... 43 

Table 23: Centralized vs. Distributed First Cost ........................................................................................... 44 

Table 24: Original vs. Redesign Load Comparison ...................................................................................... 54 

Table 25: Energy Consumption Summary ................................................................................................... 55 

Table 26: AIA Air Change Guidelines ........................................................................................................... 56 

Table 27: Example of Room/Chilled Beam Schedule from Appendix B ....................................................... 58 

Table 28: Chilled Beam Selection Summary ................................................................................................ 58 

Table 29: 5th Floor Supply Ductwork .......................................................................................................... 61 

Table 30: Duct Insulation Summary ............................................................................................................ 61 

Table 31: Ductwork Cost Comparison ......................................................................................................... 62 

Table 32: Chilled Water piping Cost .......................................................................................................... 632 

Table 33: Free Cooling Equipment .............................................................................................................. 63 

Table 34: Free Cooling Cost Comparison..................................................................................................... 63 

Table 35: Redesigned Air Handling Unit Schedule ...................................................................................... 64 

Table 36 Redesigned Fan Schedule Schedule .............................................................................................. 64 

Table 37: Redesigned Chiller Schedule ...................................................................................................... 654 

 

file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288574510
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288574512
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288574516
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288574520
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288574526
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288574527
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288574528
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288574531


 

4.07.2011 Final Report Matthew Geary 

83 Butler Memorial Hospital | New Inpatient Tower – Senior Capstone Project – Mechanical Option 

Table 38: Redesigned Boiler Schedule…………………………………………………………………………………………….……..64 

Table 39: Redesigned Coiling Tower Schedule………………………………………………………………………………....…..65 

Table 40: Redesigned Pump Schedule………………………………………………………………………………………….………..65 

Table 41: First Cost Comparison…………………………………………………………………………………………………..……....66 

Table 42: Original VAV System Energy Costs……………………………………………………………………………….….……..67 

Table 43: Redesigned DOAS System Energy Costs…………………………………………………………………….…….……..67 

Table 44: Cost Summary…………………………………………………………………………………………………………….……...….67 

Table 45: Steel Comparison………………………………………………………………………………………………………..……..…..76 

Table 46: Power Distribution to Equipment Subtracted From Design……………………………………..…………..…78 

Table 47: Power Distribution to Equipment Added to Redesign……………………………………………………..…..….79 

 

List of Figures 

Figure 1: Project Site ..................................................................................................................................... 9 

Figure 2: North Facade and Main Entrance ................................................................................................ 10 

Figure 3: Atrium .......................................................................................................................................... 10 

Figure 4: Typical Patient Room ................................................................................................................... 10 

Figure 5: North/West Facade ...................................................................................................................... 11 

Figure 6:Original  Air Handler Location ....................................................................................................... 16 

Figure 7: Original Chilled Water System ..................................................................................................... 22 

Figure 8: Original Condenser Water System ............................................................................................... 23 

Figure 9: Original Heating Water System ................................................................................................... 25 

Figure 10: Construction Materials............................................................................................................... 26 

Figure 11: Wall Heights ............................................................................................................................... 26 

Figure 12: Ground Floor Block Zones .......................................................................................................... 27 

Figure 13: First Floor Block Zones ............................................................................................................... 28 

Figure 14: Second Floor Block Zones ........................................................................................................... 29 

Figure 15: Third Floor Block Zones .............................................................................................................. 30 

Figure 16: Typical Fifth, Sixth, & Seventh Floor Block Zones ....................................................................... 31 

Figure 17: Energy Consumption Summary .................................................................................................. 38 

Figure 18: Active Chilled Beam .................................................................................................................... 39 

Figure 19: Passive Chilled Beam.................................................................................................................39  

Figure 20: Enthalpy Wheel .......................................................................................................................... 40 

Figure 21: Pinnacle unit ............................................................................................................................... 45 

Figure 22: Pinnacle System Cooling Mode .................................................................................................. 46 

Figure 23: Pinnacle System Heating Mode ................................................................................................. 46 

Figure 24: Redesigned Chilled Water Diagram ........................................................................................... 49 

Figure 25: Redesigned Condenser Water Diagram ..................................................................................... 50 

Figure 26: Redesigned Heating Water Diagram ......................................................................................... 51 

Figure 27: Semco Chilled Beam Quick Selection Chart ................................................................................ 57 

Figure 28: ExSel Air Chilled Beam Calculator .............................................................................................. 57 

Figure 29: IQCA Series ................................................................................................................................. 59 

file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288575548
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288575549
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288575550
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288575551
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288575552
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288575567
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288575575


 

4.07.2011 Final Report Matthew Geary 

84 Butler Memorial Hospital | New Inpatient Tower – Senior Capstone Project – Mechanical Option 

Figure 30: IQIC Series .................................................................................................................................. 59 

Figure 31: 5th Floor Supply Ductwork ......................................................................................................... 60 

Figure 32: Ductwork Sizing Example ........................................................................................................... 60 

Figure 33: 5th Floor Chilled Water Distribution Piping ............................................................................... 62 

Figure 34: CO2 Comparison ........................................................................................................................ 68 

Figure 35: SO2 & NOX Comparison ............................................................................................................. 68 

Figure 36: Rooftop Plan View Showing AHU Locations ............................................................................... 69 

Figure 37: Typical Steel Layout at AHU-1 .................................................................................................... 70 

Figure 38: Shear & Moment Diagrams for Beam A .................................................................................... 71 

Figure 39: Shear & Moment Diagram for Girder B ..................................................................................... 72 

Figure 40: Original Steel Layout at AHU-1 .................................................................................................. 72 

Figure 42: Typical Steel Layout at AHU-3 .................................................................................................... 73 

Figure 41: Redesigned Steel Size and Location at AHU-1 ............................................................................ 73 

Figure 43: Shear & Moment Diagram for Beam C ...................................................................................... 74 

Figure 44: Steel and Moment Diagram for Girder D ................................................................................... 75 

Figure 45: Original Steel Size & Location at AHU-3 ..................................................................................... 75 

Figure 46: Redesign Steel Size & Location at AHU-3 ................................................................................... 76 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288575576
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288575588
file:///C:/Documents%20and%20Settings/Administrator/My%20Documents/Thesis/Final/Final%20Report%20MG.docx%23_Toc288575591


 

4.07.2011 Final Report Matthew Geary 

85 Butler Memorial Hospital | New Inpatient Tower – Senior Capstone Project – Mechanical Option 

Appendix B: Room Schedules 
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Appendix C: Chilled Beam Summary 
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Appendix D: Ductwork Takeoff 
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Appendix E: Chilled Water Piping Takeoff 
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Appendix F: Chilled Beam Quote 
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Appendix G: Heat Exchanger Quote & Specs 
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Appendix H: Pinnacle Unit Quote & Specs 
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Appendix I: AISC Steel Tables 
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Appendix J: Steel Takeoff 
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Appendix K: National Electric Code Tables 
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Appendix L: Panelboard Schedules 
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Appendix M: Zone Parameters 
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