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A method is developed for the conceptual design phase of Heating, 

Ventilating and Air Conditioning (HVAC) systems design.  The main objectives 

of the method are to document HVAC process flow decisions without bias from 

equipment offerings, to evaluate the potential energy efficiency of HVAC process 

flow decisions independent of equipment selection, and to develop guidelines to 

increase the energy efficiency (reduce required work input) of HVAC systems. 

Various functional and physical modeling methods are evaluated and 

requirements are generated for a new HVAC process flow model.  A functional 

flow diagram is developed to document HVAC system process decisions, 

including intended component functions and the physical interactions between 

these functions independent of equipment selection. 
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Process flows are quantified and exergy (2nd Law of Thermodynamics) 

analysis is invoked to calculate the maximum efficiency (minimum work input) of 

each alternate functional flow diagram independent of equipment selection.  The 

method assumes the equipment has zero exergy destruction (no internal losses 

unless so prescribed by flow conditions) and thus does not include losses 

dependent on equipment selection.  Thus, the method distinguishes between the 

losses associated with the functional flow (process) decisions and those associated 

with equipment selection.  Equipment selection hence proceeds with the 

functional flow diagram having the highest energy efficiency potential.  

Furthermore, the equipment independent functional flow efficiency serves as an 

efficiency benchmark to evaluate alternate equipment selections for each 

functional flow diagram. 

Guidelines are developed based on exergy principles to increase HVAC 

system efficiency.  The guidelines incorporate principles from exergy based 

design guidelines and current energy efficiency standards in engineering practice, 

such as ASHRAE 90.1 and others.  Examples of heating, cooling and 

dehumidification systems are presented to illustrate the method.  The examples 

illustrate the development of exergy flow schedules, exergy functional schedules, 

the evaluation of alternate designs and the implementation of the proposed exergy 

guidelines to improve system efficiency.  Opportunities and future work required 

to apply the method in current HVAC design practice are discussed.  Applications 

of this method to systems outside HVAC design are presented.  
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 1

Chapter 1: The HVAC Design Process 

The Heating, Ventilating and Air Conditioning (HVAC) industry consists 

of the building operators, systems designers, constructors, and equipment 

manufacturers that provide a finished HVAC Service to the Facility Owner.  

Mechanical engineers play a significant role in each of the above facets of the 

HVAC industry. 

1.1 OVERALL DESIGN AND CONSTRUCTION PHASES 

This dissertation focuses on the design phases from the perspective of the 

HVAC Designer.  The Facility Designer, including the HVAC Systems Designer, 

typically follows a general design process framework established by contract with 

the Client.  The contract typically identifies the required phases of design and sets 

expectations for each phase as negotiated between the Client and Design Team.  

For example, a typical contract would require a coordination set of documents at 

the end of each design phase for review by the Customer or Owner and additional 

sets within each phase for coordination among the different disciplines within the 

design team. 

Figure 1-1 presents the overall steps for the HVAC Design and 

Construction process.  It shows the individual stages known as phases and the 

expected deliverable documents for each phase.  This information flow pattern is 

known as the stage-gate process or waterfall process [51].  Each phase serves as a 

go-no-go gate in the design process.  The next phase of design should only 
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proceed if the parties are in agreement with the deliverables of the current phase.  

The following is a review of each phase and their associated deliverables. 

 
Figure 1-1: Overall HVAC System Design and Construction Process. 
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1.1.1 Defining the Project 

Identifying the scope of work includes the gathering of business plans and 

concerns, assessing potential markets and understanding customer needs.  The 

first step is the Project Definition Phase in which a search is made for a potential 

work effort.1  Once a potential work effort is defined, the Owner posts a Request 

for Qualifications to solicit submittals by professional service providers, such as 

HVAC engineers.  Teams of prospective designers form and each team prepares a 

Design Services Proposal. 

After the Owner reviews all proposals, a selection is made and then the 

negotiation of detailed scope and fee commences.  This phase results in a 

Professional Services Agreement that defines the service for each design phase, 

compensation and time line of deliverables from the Design Team to the Owner 

and deliverables from the Owner to the Design Team. 

1.1.2 Designing the System 

From the perspective of the HVAC Designer, the design phases are the 

most intense.  In the Programming Phase, the HVAC designer gathers general 

Facility Program Requirements and HVAC System Program Requirements.2 

The Preliminary Design Phase3 is a vital phase and includes the 

development of the overall HVAC System concept.  The deliverable is a 

Preliminary Engineering Document that contains the design requirements solution 

concepts in the form of narratives and plan drawings. 

                                                 
1 Reference Chapter 2 for additional information on the Project Definition Phase. 
2 Reference Chapter 2 for additional information on Program Requirements. 
3 Also known as the Schematic Design Phase. 
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The next phase is the Design Phase4 and consists of the refinement of the 

concept components and further coordination among disciplines [25].  This 

includes the coordination of equipment weights with structural design, electrical 

loads with electrical design, space requirements with architectural design, and so 

forth.  The deliverable of this phase is an Interim Design Document consisting of 

outline Specifications and Plans consisting of floor plans, equipment process 

diagrams and schedules. 

The next phase is Detailed Design Phase5 and consists of detailing system 

attributes and equipment accessories [25].  These include material selections and 

other system parameters.  Coordination among different disciplines is still 

possible at this phase, however it should be limited if the prior phase were 

successful.  The drawings are refined, including the addition of details, sections 

and elevations.  The development of the Specification Manuals constitutes a 

relatively significant portion of this phase.  The final deliverable of this phase is 

the Construction Documents consisting of the Plans and Specification Manuals 

[5].  This deliverable is discussed in greater detail in Section 1.2. 

1.1.3 Constructing the System 

After the Owner processes the Construction Document, Construction 

Contractors are asked to bid on the document.  Then the Contractor receives the 

document and prior to the closing of bids, the Contractor may have questions that 

may be clarified in Addenda to the Construction Documents.  Although the bid 

phase is common in a competitive environment, not all design processes 
                                                 
4 Also known as the Design Development Phase [25]. 
5 Also known as the Construction Document Phase [25]. 
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necessarily have a bid phase.  The Owner may pre-select the Contractor without 

bidding. 

The Construction Phase is driven by the Contractor and involves the 

purchase and installation of all equipment and materials as shown on the 

Construction Documents.  The role of the HVAC Designer is typically limited to 

reviewing equipment data submittals and shop drawings, performing site visits to 

generate field notes, and responding to requests for information (RFIs) from 

Contractors to clarify any portion of the documents. 

1.1.4 Warranty Period 

At the end of the warranty period the designer is typically called to walk 

the facility with the Owner to review any items that need immediate attention 

prior to the end of the warranty period.  Additional services may include the start-

up and commissioning of equipment, the training of facility staff and the review 

of operating conditions. 

1.2 HVAC DESIGN DELIVERABLES 

Heating, ventilating and air conditioning (HVAC) systems design consists 

of a variety of deliverables at each phase of design.  For simplicity, these 

deliverables shall be classified as Technical Reports, Analysis Documents, and 

Construction Documents. 

1.2.1 Technical Reports 

Design requirements are defined in a Technical Report known as the 

Preliminary Engineering Report (PER).6  This document is published early in the 
                                                 
6 Also known as the Schematic Design Narrative within the architectural design context. 
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design process and is intended for review by the Facility Owner and Design 

Team.  The report contains narratives of the design requirements and possibly 

preliminary drawings that define the proposed systems.  For example, the report 

could discuss if the building shall consist of dedicated packaged units or a central 

plant to serve dedicated fan coils.  There are typically dozens of systems that are 

applicable and there is no “right answer”.  The report identifies alternate systems 

and criteria used to select the successful system.7  The decision typically involves 

a number of design requirements, including, but not limited to, up-front cost, 

energy consumption, maintenance requirements and equipment space allocation.   

Subsequent to the PER, additional coordination with the Owner and 

Design Team often generates more design requirements.  These additional 

requirements are published in Technical Reports known as Technical 

Memoranda.  The Facility Owner and Design Team also review these documents.  

In addition to Technical Memoranda, the Design Team may document new 

requirements via meeting minutes and general correspondence. 

1.2.2 Analysis Documents 

Analysis Documents include the evaluation of HVAC equipment with 

respect to the design requirements.  HVAC Design analysis includes, but is not 

limited to, building envelope thermal load analysis, ventilation calculations, 

pressure loss calculations and energy consumption analysis.  The designer 

documents this analysis in journals or databases. 

                                                 
7 The HVAC portion of the Preliminary Engineering Report is also known as the Selection Report 
since it includes the evaluation and possibly selection of alternate systems. 
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1.2.3 Construction Documents 

As discussed in Section 1.1.2, the Construction Documents consist of the 

Plans and Specification Manuals that define the system to be constructed.  The 

documents shall have sufficient detail to allow the Contractor to bid and construct 

the system, the equipment provider to manufacturer the system components and 

the building operator to properly maintain the system.  A significant portion of the 

HVAC Plans consists of equipment process diagrams.  As shown in the sample 

diagram in Figure 1-2 below, these diagrams show the selected equipment and the 

flows between them.  The equipment process diagram could also be represented 

in a to scale plan or section view. 

 

 (a) Hot Water Equipment Diagram (b) Isometric of Equipment Diagram 

Figure 1-2: Hot Water Central Plant Equipment Process Diagram. 

Refrigerant piping, water piping and air ductwork systems represent the 

majority of HVAC system flow connections.  Flow conditions not shown on the 

equipment process diagram are typically listed in an equipment schedule.  For the 

hot water central plant in Figure 1-2, the major equipment scheduled includes 
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pumps, boilers, expansion tank, air separator, and valve accessories.  Table 1-1 

presents a sample pump schedule. 

Table 1-1: Pump Equipment Schedule. 

FLOW 
(GPM)

HEAD   
(FT-W)

POWER 
(HP) V PH HZ MANUF. SERIES ROT 

(RPM) SIZE

HWP-1 180 85 10 460 3 60 XYZ 80 1,750 4X4X5

HWP-2 180 85 10 460 3 60 XYZ 80 1,750 4X4X5

PUMP MODEL

PUMP SCHEDULE

MARK
FLOW CONDITIONS ELECTRICAL

 

With exception to requirements mandated by private organizations or 

government agencies such as the military, there is no general industry wide 

mandate on how specifications are to be structured.  In North America, the most 

common specification format is known as the MasterFormat developed by the 

Construction Standards Institute (CSI) [18].  This format consists of general 

divisions and sections within each division.  Each division is typically associated 

with one particular trade and the sections within each division are associated with 

different facets of that trade.  Each section in the manual is analogous to a chapter 

in a book.  Table 1-2 presents the standard CSI division numbers and associated 

titles.  In this format, HVAC sections are listed in Division 15 “Mechanical.”  

This division includes all mechanical systems, including HVAC and plumbing 

systems, in a construction project.   
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Table 1-2: Construction Standards Institute MasterFormat Divisions. 

Division # Division Title Division # Division Title
1 General Requirements 9 Finishes
2 Site Construction 10 Specialties
3 Concrete 11 Equipment
4 Masonry 12 Furnishings
5 Metals 13 Special Construction
6 Wood And Plastics 14 Conveying Systems
7 Thermal and Moisture Protection 15 Mechanical
8 Doors and Windows 16 Electrical  

 

For any given project, Division 15 “Mechanical” may include as few as 

one (1) section to as many as forty (40) or more sections depending on the 

complexity of the project.  Each section is identified with a five (5) digit section 

number in which the first two digits are the division number.  For illustration 

purposes, the following is a sample listing of Division 15 “Mechanical” section 

numbers and their respective section titles: 

1) Section 15050 “Basic Mechanical Materials and Methods” 

2) Section 15183 “Refrigerant Piping” 

3) Section 15540 “Fuel-Fired Heaters” 

4) Section 15625 “Centrifugal Water Chillers” 

5) Section 15732 “Rooftop Air Conditioners” 

6) Section 15815 “Metal Ducts” 

7) Section 15900 “HVAC Instrumentation and Controls” 

8) Section 15950 “Testing, Adjusting, and Balancing” 
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Each Specification Section prescribes the general project requirements, 

the product requirements and the execution.   The general requirements include 

scope of work, quality assurance methods, warranties, and conformance to 

specific standards.  The product requirements specify the materials and allowable 

manufacturers of the required products.  For example, for the HVAC trade, this 

product data in includes, but is not limited to, allowable materials for ductwork, 

piping and equipment, required warranty periods, alternate equipment 

manufacturers and controls equipment.  The execution of the equipment includes 

requirements associated with installation and start-up such as structural supports, 

testing, balancing and commissioning. 

The design contract might not allow for detailed documents.  Factors that 

influence the required level of detail include the information available during 

design, the resources (time and fee) allocated to the HVAC Designer by the client 

and the need for fair and competitive bidding.  In lieu of a detailed design, the 

HVAC Designer may provide a Schematic drawing and a performance 

specification.  Generally, building design contracts have limited control system 

design fee allocations.  Thus, some HVAC control specifications are written with 

verbal criteria to describe the required control performance, without drawings for 

control equipment and location. 

1.3 SCOPE OF DISSERTATION 

The scope of this dissertation is limited to the programming phase and 

preliminary design phase in the design of physical systems, especially HVAC 

systems.  These two phases result in the design requirements documents and the 
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preliminary engineering documents respectively as illustrated in Figure 1-1.  

Subsequent phases, including the design, detailed design, construction and 

occupancy are outside the scope of this work.  The following is a general 

overview of the chapters to follow. 

Chapter 2: “Project Definition and Program Requirements” presents a set 

of activities to define the project and develop the design requirements.  The 

chapter presents activities common for general engineering design and additional 

activities unique to Facility Design and HVAC Systems Design. 

Chapter 3: “Objectives of HVAC Preliminary Design” presents the current 

objectives of the Preliminary Design Phase and identifies the following three (3) 

objectives not achieved in the current practice.  These are to: 1) document HVAC 

process decisions independent of equipment selection, 2) evaluate HVAC process 

decisions with respect to energy efficiency, and 3) improve process decisions with 

respect to energy efficiency. 

Chapter 4: “Survey of Process Modeling Methods” addresses the first 

objective “document process decisions.”  The chapter surveys methods to model 

Functional Process Decisions and Physical Process Decisions.  The review results 

in a set of refined requirements for documenting process decisions. 

Chapter 5: “Functional Flow Diagram” presents a method to document 

process decisions.  The method is built upon the methods surveyed in Chapter 4 

and addresses the additional requirements. 

Chapter 6: “Energy Efficiency of Functional Flow Diagrams” presents a 

method based on Exergy Analysis, a subset of Thermodynamics Second Law 
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Analysis, to evaluate and select among alternate firmed-up (quantitative) 

Functional Flow Diagrams with respect to energy efficiency.  The chapter 

includes a general introduction to Exergy analysis and refinements to the 

Functional Flow Diagram to incorporate exergy flow. 

Chapter 7: “Exergy Based Efficiency Guidelines” presents a set of 

guidelines based on the Exergy Analysis to improve the system efficiency of a 

Functional Flow Diagram prior to equipment selection.  The chapter includes a 

review of general exergy based design guidelines and HVAC Energy Efficiency 

standards and general efficient design guidelines offered by standards and guides. 

Chapter 8: “Preliminary Equipment Selection” presents a method for the 

equipment selection and the evaluation of equipment with respect energy 

efficiency.  Revisions are proposed to the current Process Equipment Diagram 

and Equipment Schedules to incorporate distinctions between the desired main 

flows, resulting auxiliary flows and the proposed equipment selections. 

Chapter 9: “HVAC Design Examples” presents implementations of the 

method for three example HVAC Systems: 1) heating, 2) cooling and 3) 

dehumidifying.  The examples illustrate how the method documents process 

decisions and how the method evaluates and improves the process design with 

respect to energy efficiency. 

Chapter 10: “Summary and Future Work” presents a general review of the 

work presented in this dissertation and its potential applications in current HVAC 

design practice.  The chapter also identifies future work to facilitate the 
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implementation of the proposed methods in the HVAC Design practice and 

identifies applications beyond HVAC Design. 
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Chapter 2: Project Definition and Program Requirements 

Figure 2-1 is an excerpt of the initial design phases illustrated in Figure 

1-1.  The figure illustrates the project activities up to the Preliminary (Schematic) 

Design Phase. These activities are the 1) Project Definition Phase, 2) Teaming 

Phase, 3) Service Contract Negotiations Phase, and 4) Programming Phase.  This 

chapter discusses these activities in further detail with emphasis placed on the 

identification of HVAC design requirements. 

 

Figure 2-1: HVAC Project Definition, Teaming and Contract Negotiation 
Activities. 
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2.1 PROJECT DEFINITION PHASE ACTIVITIES 

The deliverable of this activity is a “Request for Qualifications” (RFQ) 

document that is forwarded for response from professional service providers.  

This document may be developed by the Owner staff or by consultants hired by 

the Owner to assess the facility and define the project.  The most direct stimuli for 

HVAC projects are changes in the Owner’s program, such as a new space or new 

space conditions.  Other sources of project stimuli include: 1) the local authority, 

2) utilities, 3) HVAC equipment, and 4) the engineering design firm. 

2.1.1 The Local Authority Having Jurisdiction 

The local Authority Having Jurisdiction (AHJ) represents the county, city, 

state and national authorities that adopt and enforce codes and standards for the 

public health and safety.  Mechanical Codes such as the Uniform Mechanical 

Code include requirements for air duct materials, clearances to combustibles, 

equipment access, exhaust stacks, safety interlocks, refrigerant monitoring, and 

others [31].  Standards provide such requirements as well. For example, as an 

alternate to the Mechanical Code, the local AHJ may instead enforce ASHRAE 15 

Safety Code for Mechanical Refrigeration [3]. 

Codes are ever changing.  Thus, the AHJ often requires existing facilities 

to comply with the current codes, especially if portions of an existing facility are 

remodeled.  For example, the increase in school classroom ventilation rates in 

1999 required many schools to renovate the HVAC systems [8]. 
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2.1.2 Local Utilities 

The local utilities provide a range of services, including but not limited to 

electricity, natural gas, fuel oil, steam, chilled water, domestic water supply, fire 

protection water supply, reclaimed water, storm drainage, and wastewater 

drainage services.  The utility offerings have a direct impact on the functionality 

of systems.  For example, if natural gas, fuel oil, and steam are not available, the 

HVAC system designer is limited to electrical powered heating.  If chilled water 

is not available, the HVAC designer would develop an in-house cooling plant.  If 

these services are added, the facility Owner may consider replacing existing 

equipment to make use of new utilities if the new equipment were more 

economical.  Furthermore, utilities, such as electrical utilities, provide incentives 

to reduce peak demand.  Some electrical utilities offer reduced rates if HVAC 

systems implement energy efficient methods such as thermal storage to reduce 

peak electrical demand.  Such programs could initiate renovation of existing 

HVAC systems. 

2.1.3 HVAC Equipment 

The replacement of older equipment with new has direct advantages.  The 

wearing of older compressors, fan bearings, belts and other equipment 

components can become progressively more expensive to repair as out-of-date 

parts become more expensive to obtain or become unavailable.  Older equipment 

may also use environmentally phased out refrigerants that are more expensive to 

replace and cause damage to the environment.  New equipment offers 

advantageous due to advanced technologies such as additional monitoring and 
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controls capabilities, modern refrigerants, higher efficiency compressors, and 

quieter components. 

2.1.4 The Design Firm 

Projects can lead to other projects.  As a firm works on one aspect of a 

Facility, it may uncover other systems that need attention such as leaky ductwork, 

mold and mildew, inefficient equipment, unsafe operating conditions and so forth.  

Depending on available funding, the Owner may elect to pursue these 

requirements as amendments to the Firm’s services contract or develop a new 

project contract. 

2.2 TEAMING PHASE 

Once a Request for Qualifications (RFQ) is published, the design teams 

respond by developing a Design Services Proposal.  If the design firm can 

complete all aspects of the work, this activity is limited to the internal teaming of 

designers.  If not, the activity involves the teaming of design firms as a joint 

venture or a prime with sub-consultants.  The individual firm or team of firms 

submits a proposal that addresses the RFQ such as experience, project approach, 

and team structure.  The Owner reviews these proposals and selects the competent 

applicant.  Then, the Owner and Team commence with the services contract 

negotiation phase. 

2.3 SERVICES CONTRACT NEGOTIATION PHASE 

The output of the Services Contract Negotiation Phase is the Professional 

Services Agreement (PSA) between the design firm (Engineer) and client (Owner 

or other firm).  In addition to standard contract language, a PSA typically consists 
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of: 1) Scope Assumptions, 2) Proposed Tasks, 3) Description of Deliverables, 4) 

Design Schedule and 5) Compensation.  After negotiation, the parties sign the 

agreement and the design Firm commences work upon written Notice to Proceed. 

2.4 PROGRAMMING PHASE 

At the onset of design, the designer gathers general design requirements 

and references them during and after design.  The requirements list includes the 

overall objectives and the required functions the system shall achieve and not 

achieve.  The list should contain the source of the requirement and how strongly 

the Owner or Client desires each requirement.  Requirements should not be erased 

but should remain with a clear omission identifier such as a strike-through with a 

reason, date and source for the change.  Franke [22] offers a general mechanical 

systems design checklist presented in Table 2-1. 

Table 2-1: Check List for Mechanical Design Requirements [52, p. 133]. 

Geometry Signals Assembly Costs
Kinematics Safety Transport Schedules

Forces Ergonomics Operation
Energy Production Maintenance
Material Quality Control Recycling

Checklist for Drawing Up A Requirements List

 

2.4.2 Categories of HVAC Requirements 

For HVAC Design, the requirements can be organized under six (6) 

general categories:  

1) Project Resources and Schedule,  

2) Facility Program Requirements,  
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3) HVAC System Program Requirements,  

4) Ventilation Rates,  

5) Thermal Loads, and  

6) Independent Control Zones.   

The gathering of each of the above requirements is a design activity within 

the HVAC programming phase as illustrated in Figure 2-2 below.  The following 

sections discuss each of these activities in further detail. 

 

Figure 2-2: HVAC Programming Phase Activities. 

2.5 DESIGN REQUIREMENTS LIST 

Figure 2-3 below presents a sample Program Requirements List for a 

3,000 square foot office building.  The same requirements are shown in larger 
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view in Chapter 9 as Table 9-1 and Table 9-2.  The list incorporates the 

requirements under the general categories outlined in this chapter.  Furthermore, 

the list includes requirement attributes such as the date the requirement is 

recorded, whether the requirement is a demand or a wish, the source of the 

requirement, and general comments associated with the requirement such as the 

need for further clarifications or other.  The sample requirements list below 

indicates various sources of requirements, such as the Owner, Codes, fellow team 

members, existing systems and other.   

 

Figure 2-3: Program Requirements for a 3,000 SF Office Building. 
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2.5.1 Project Resources and Schedule 

Project resources include the design fee, construction cost and operating 

costs of the facility.  Much of the fee negotiation and design schedule would have 

occurred in the prior Services Contract Negotiation Phase.  The focus of this 

phase is the construction schedule and cost.  The construction cost requirement is 

an overall project constraint, including possible Owner defined constraints for 

sub-systems such as HVAC, lighting and others.  Operating costs requirements 

may reference utility rebates, operating cost targets, maximum allowed payback 

periods for alternates, and maintenance costs.  Construction schedules include the 

occupancy and partial occupancy dates.  For renovations, the requirements should 

clarify the level and time of acceptable shutdowns of existing services such as 

electrical power, HVAC, plumbing.  These requirements may prevent some 

design alternates and are therefore critical to document prior to detailing an non-

constructible design concept. 

2.5.2 Facility Program Requirements 

The initial ramp-up into design commences with the gathering of Facility 

Program Requirements.  This set includes requirements for site, building, utilities, 

occupant functions, and other systems beyond the HVAC system.  Table 2-2 

presents a checklist of requirements for Facility Programming. 
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Table 2-2: Check List for Facility Program Requirements. 

Facility Operation Weather Conditions Building Material Characteristics

Occupancy Classifications Site Geometries and Access Building Aesthetics

Occupancy Schedules Site Utilities Building  Noise 

Space Air Conditions Building Geometries and Access

Facility Progam Requirements Checklist for HVAC Design

 

Facility Operation requirements include general activities in the facility.  

This information should clarify any hazardous materials used as part of 

manufacturing processes, the storage of hazardous materials, the generation of 

exhausts into the space, and other activities that may warrant specialty HVAC 

systems design.  These requirements trigger special ventilation requirements listed 

in the codes adopted by the Authority Having Jurisdiction8.  

Occupancy Classifications include the density of occupants and the type 

of activity associated with the occupancy.  Ventilation codes, such as ASHRAE 

Standard 62 [8] identify various categories that may be applicable to the given 

facility.  Typically, the number of occupants and occupancy activity varies for 

each room in the facility.  Ventilation requirements are further discussed in 

Section 2.5.3 “HVAC System Program Requirements.” 

Occupancy Schedules are critical for the establishment of loads and 

ventilation requirements throughout the system life cycle.  General occupancy 

schedules include standard daily working hours and weekend hours.  The 

schedules should identify hours of unusually dense occupancies.  For example, a 
                                                 
8 Reference standards and codes [31], [3], [33], [34], and [8] as an example set of codes for 
HVAC Systems Design. 
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convention center may hold 10,000 people in a matter of an hour; the system 

should handle this sudden change in ventilation load.  It is also beneficial to 

identify short bursts of occupancies as compared to longer stays.  Short periods in 

large spaces could allow the use of space volume as a storage of fresh air and thus 

reduce peak time conditioning loads. 

Space Air Conditions include, at a minimum, dry bulb and wet bulb 

(humidity) conditions during both occupied and unoccupied periods.  In industrial 

design where hazardous or corrosive gaseous elements are released, the 

requirements should include maximum allowable concentrations of the elements 

in the specific process areas. 

Weather Conditions include temperature, humidity, solar radiation, wind 

patterns, and corrosive particulates.  Weather data are available in the ASHRAE 

Handbook of Fundamentals [4] and governmental weather agencies.  Conditions 

at coastal areas with humid and salty air or at industrial plants where acid rain is 

of concern should be recorded to assist with material selection. 

Site Geometries and Access includes the site topology, vegetation and 

access.  Site topology and vegetation could impact solar gain and wind pattern 

within the facility.  Furthermore, vegetation such as leaves and weeds could 

impact the operation of equipment.  Access to the site is critical for the movement 

of large equipment during construction and after occupancy for future renovations 

and equipment replacement. 

Site Utilities, as discussed in section 2.1.2, constrain the equipment 

selection and should be listed in the programming list. 
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Building Geometries and Access is depicted in the architectural plans, 

sections, elevations, room finish schedules, hardware schedules, and details.  The 

designer is to review this information carefully to assess the space restriction 

allotted to mechanical equipment and coordinate accordingly with the architect. 

Building Material Characteristics impact building envelope thermal loads 

and noise propagation.  The designer documents the anticipated building material 

properties such as wall, roof and door thermal resistance (R) Values, window 

conductance (U) Values, window solar Shading Coefficients (SC), building 

porosity and openings.  These characteristics are input into the thermal load 

analysis to determine building loads. 

Building Aesthetics requirements have a significant impact on HVAC 

systems locations and equipment selection.  Where equipment is to be hidden 

from view, the special architectural features are to be coordinated or a more 

centralized systems approach is required to consolidate equipment in an 

acceptable location. 

Building Noise requirements are ever becoming more critical in 

classrooms, offices, auditoriums, industrial process rooms and other noise 

sensitive areas.  Noise levels are typically defined in decibels per octave band.  

Acceptable noise level requirements should be documented and agreed to early in 

the design process so as to select the proper equipment and acoustical mitigation 

methods. 
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2.5.3 HVAC System Program Requirements 

Facility Program Requirements lead into more specific HVAC System 

Program Requirements.  These are listed in Table 2-3 below.  

Table 2-3: Check List for HVAC System Requirements. 

Maintenance Programs Stream Flow Conditions Critical Operations and Redundancy

Operation and Ergenomics Equipment Material Selections Flexibility and Future Expansion

Safety and Monitoring Geometry Energy Efficiency

HVAC System Progam Requirements Checklist

 

Maintenance Programs practiced by the current Facility Staff are vital to 

equipment selection and preliminary design of equipment maintenance 

monitoring functions.  Familiarity of maintenance personnel with certain systems 

may lend the design towards certain equipment selections.  The designer should 

clarify maintenance programs implemented by the staff such as hard copy 

maintenance journals or maintenance software programs that may be connected 

directly into the HVAC Control System.  The requirements should identify the 

required level of equipment monitoring and logging of maintenance and failure 

alarms monitored locally, at a central remote location, or both. 

Operation and Ergonomics requirements include the ease of control and 

sequence of operation.  For example, the Facility User may request a limited 

temperature control that allows a 2 degree differential in room temperature with 

respect to the programmed setpoint.  The Facility Owner may require 

interoperability between new and old HVAC control systems.  Owner preferences 
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on user input device locations and the controls system graphical user interface 

should be documented. 

Safety and Monitoring are critical and require monitoring at a central point 

within the facility and possible automatic dispatch of local authorities through 

automatic telephone dialup or network signals.  At a minimum, these 

requirements include the standard practice established by the Codes and 

ASHRAE Standards.  HVAC Systems can include hazardous gas detection 

systems that by code require detection, automatic ventilation, and remote alarm 

capabilities9.  The designer should carefully review such codes and standards 

during this phase of design.  Facility Management may instigate safety 

requirements beyond code minimum requirements. 

Stream Flow Conditions voiced by the Owner and local Authority Having 

Jurisdiction such as the preclusion of water streams in certain areas, the 

preclusion of natural gas due to occupant safety, the minimum velocity in 

specialty exhaust systems, the maximum temperatures of fluids and so forth. 

Equipment Material Selections include the materials that are or are not 

acceptable due to general project conditions.  The Owner and Codes can mandate 

corrosion resistant materials such as stainless steel or plastics.  For example, the 

Uniform Mechanical Code [31] identifies acceptable materials for air distribution 

ductwork, specialty exhaust, boiler stacks, support systems and other HVAC 

system components. 

                                                 
9 Reference the Uniform Fire Code [34]. 
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Geometry requirements arise from customer needs, codes, and existing 

equipment and facility conditions.  In renovation projects, new equipment must fit 

within existing spaces or adjoin existing equipment.  The Uniform Mechanical 

Code [31] dictates the minimum gauge of ductwork, points of support, minimum 

condensate pipe sizes, the minimum distance between the exhaust terminations 

and outside air inlets, the minimum distance between hot exhaust stacks and 

combustible surfaces and so forth. 

Critical Operations and Redundancy includes the cost associated with 

HVAC System Failure and the need for redundancy.  Critical facilities such as 

hospitals, laboratories, manufacturing facilities, and other industrial plants have a 

low tolerance to equipment failure.  Where a facility has several zones with 

different levels of critical operation, the program should identify each zone 

separately. 

Flexibility and Future Expansion requirements can have a significant 

impact on layout and equipment selection.  The designer should document 

anticipated flexibility and future expansion including no requirements for 

expansion.  Design for expansion includes the allotment of additional floor space, 

over-sizing of distribution ductwork and piping main trunks and branch lines and 

additional utility service capacities.  Design for flexibility includes design for 

changing facility programs that may require a more modular HVAC system 

architecture to facilitate changes in zoning. 

Energy Efficiency impacts both operating cost and the environment.  The 

overall efficiency of the facility requires close coordination between the design 



 28

team members.  Thus, facility design standards, such as the energy efficient 

standards10 are written from an overall team perspective.  The architect could 

design a more energy efficient building envelope, the electrical engineer could 

specify equipment with lower heat dissipation and the HVAC designer can design 

energy efficient HVAC systems.  HVAC system efficiency is significant 

component to building efficiency and is the prerogative of the HVAC designer.  

HVAC system types abound, ranging from distributed packaged units to central 

chilling and steam water systems11.  Each system is a consequence of different 

process decisions and results in different efficiencies. 

2.5.4 Ventilation Rates 

Building Codes such as the Uniform Building Code [33], the Fire Code 

such as the Uniform Fire Code [34], and the Electrical Code such as the National 

Electrical Code [48] mandate ventilation requirements either due to hazardous 

area classifications or standard occupancy health requirements.  As an alternate to 

the Building Code occupancy ventilation, the local AHJ may also require 

enforcement of ASHRAE 62-1999 Ventilation for Acceptable Indoor Air Quality 

[8].  The occupancy density, type of activities within the space, and the levels of 

hazards indicate the ventilation requirements within the space.  A study of these 

requirements results in specific outside air rates for each room.  These 

requirements can be scheduled in ventilation schedules or noted directly on the 

design requirements list. 

                                                 
10 Reference Chapter 7: Exergy Based Efficiency Guidelines. 
11 Reference the ASHRAE Systems Handbook [5] for a catalog of various HVAC System types. 
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2.5.5 Thermal Loads 

Standard HVAC textbooks and manuals discuss thermal load analysis in 

detail12.  In general, thermal load analysis is a First Law analysis that accounts for 

all the thermal gain (cooling) or loss (heating) within a space as a function of the 

building envelope (walls, roof, windows, floor, etc.), internal thermal loads 

(people, computers, ovens, etc.), infiltration of outside air through building 

openings, ventilation air and other interactions between the building and 

environment required to achieve the desired space conditions.  Modern thermal 

load analysis includes the use of building simulation software such as the DOE-2 

developed in collaboration with the Department of Energy and other proprietary 

software developed by private corporations.  The output of this analysis includes 

the total sensible and latent cooling loads, the heating load for each room and the 

associated percentage contribution of each load. 

2.5.6 Independent Control Zones 

The final set of HVAC Design Requirements are the control zones.  A 

control zone is an area of independent space control.  The space control could be 

one parameter (such as temperature) or multiple parameter (temperature, 

humidity, gaseous concentrations, air pressure, etc.).  The Owner may decide a 

certain set of rooms can have a common temperature control zone.  Thus, in 

practice, these rooms would be controlled under one thermostatic control 

sequence.  After the Owner provides input, the designer reviews these zone 

control requirements with respect to the building conditions.  For example, 
                                                 
12 To the following textbooks and handbooks included in the reference section for more detailed 
information and methods on thermal load analysis: [4], [60], and [44]. 
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typically, rooms that experience common thermal loads, including envelope, 

internal loads and ventilation loads, could be feasibly placed under a common 

temperature control zone.  One zone may house kitchen equipment with excessive 

internal heat loads that would require cooling while other zones in the building 

with smaller internal heat loads may require no cooling or may require heating in 

the winter season.  In addition to internal loads, rooms with an exterior wall and 

facing a common direction (North, South, East or West) would be placed in a 

zone.  Internal zones with common internal heat loads would be placed in a 

control zone.  For example, during the heating season, it is possible for rooms at 

the building envelope to require heating and other rooms far from the exterior 

envelope to require no heating.  Zones are also mandated by energy codes13. 

2.5.7 Gather Requirements From Existing Facilities 

Current facilities are a source of requirements known as latent needs that 

the Owner may not verbalize.  For example, during a site visit to an existing 

facility, the designer may notice the tubing to a pneumatic valve is not connected.  

After questioning the staff, the designer learns the tubing disconnect serves as a 

means for manual control.  The designer has uncovered a need for a manual 

control override.  Thus, first hand investigation of existing equipment and general 

conversations with maintenance personnel on the operation of existing facilities 

can uncover additional pertinent design requirements. 

 

                                                 
13 Reference ASHRAE 90.1 [2] and ICC 2000 [32]. 
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Chapter 3: Objectives of HVAC Preliminary Design 

This chapter identifies the objectives of the preliminary design phase.  The 

first portion of this chapter reviews current objectives of preliminary design in 

practice.  This section presents an overview of the day-to-day types of interactions 

within the team and with the Owner.  The second portion of this chapter presents 

the deficiencies of the current method and presents requirements to improve the 

method. 

3.1 CURRENT PRELIMINARY DESIGN OBJECTIVES 

After the design requirements are established, the designer generates a 

general concept for review by the Design Team and Owner for approval.  This 

concept is documented in the Preliminary Design Documents, such as the 

Preliminary Engineering Report (PER) discussed in Chapter 1.  It typically 

includes, at a minimum, a narrative of the proposed system including equipment 

types and, if possible, preliminary drawings. 

As discussed in Chapter 1 Section 1.1, all phases and associated 

deliverables serve as a “go-no-go” gate in the design process.  However, the 

preliminary design phase submittal is particularly important because it is the first 

physical concept submitted to the Owner and Design Team for review.14 

                                                 
14 Reference [13] and [19] for general design process models of large systems design. 
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3.1.1 Preliminary vs. Detailed Design Changes 

As the design progresses, more components are introduced into the system 

and each component is further detailed.  For example, the architect details the 

building elevations, the HVAC engineer details the duct and pipe sizes, the 

electrical engineer details the panel schedules, the plumbing engineer details the 

risers, the structural engineer details the beam sizes, and so forth.  Because more 

components are added and the level of detail for each component increases, the 

increase in design resources during the course of design is exponential.  The same 

concept holds during construction.  Figure 3-1 illustrates the general relationship 

between the design phase and the expenditure of resources. 
 

Preliminary 
Design 

Cost of 
Design 
Change 

Construction Detailed 
Design Design 

 

Figure 3-1: General Resource Expenditure vs. Design Phase. 

If a particular HVAC component is to change and if that component 

impacts other HVAC components or components of other disciplines, it is best to 

make such changes early to minimize cost impacts.  The preliminary design phase 

provides an opportunity to verify the concept before proceeding into more 
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detailed design.  The following are specific examples of how the preliminary 

design documents should clarify the design requirements. 

3.1.2 Design Team Coordination 

Figure 3-2 presents typical interactions among the Facility Design team 

members.  From the perspective of HVAC design, these interactions are classified 

as 1) the needs of the HVAC System and 2) the Needs of non-HVAC systems.15 
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Figure 3-2: Typical Interactions Among Facility Design Team Members. 

Needs of the HVAC System 

The HVAC System typically has needs that dictate requirements for 

systems designed by fellow team members.  Most notably are the space 

requirements of the equipment and the associated impact on architectural design.  

Other examples include electrical power requirements on electrical design, 

condensate water requirements on Plumbing Design, weight requirements on 

structural design and placement of air distribution devices on lighting design.  

                                                 
15 Reference [39], [53], [73], and [74] on modeling team coordination. 
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One or more of these HVAC driven requirements could result in an overall 

facility concept that is not acceptable.  Thus, some HVAC System alternate 

concepts may not be acceptable and it is pertinent to discard these concepts in 

early design to reduce their development expenditures. 

Needs of non-HVAC Systems 

Non-HVAC Systems designed by fellow team members also generate 

HVAC Requirements.  For example, the architect specifies the usage and 

associated occupancy density and thus dictates HVAC ventilation requirements.  

The electrical engineer specifies heat producing and temperature sensitive 

equipment that requires individual HVAC cooling zones.  These requirements 

should be clarified in preliminary design so they are not missed in detailed design. 

3.1.3 Owner Feedback 

Often, the designer may have misinterpreted one of the Owner 

requirements during programming.  There are different levels of 

misinterpretation, ranging from simple unintentional omissions to more subjective 

interpretations.  Examples of subjective interpretations of requirements include 

low maintenance, easy access, user-friendly operation, and reliability.  For 

example, the designer may decide roof access for a roof top16 concept would 

comply with “easy access.”  However, the Owner may have intended for 

absolutely no rooftop access.  The Owner does not verbalize all needs during 

programming17 and sometimes only verbalizes them after concept review.  The 

                                                 
16 Packaged Roof top units (RTUs) are units containing the evaporator and condenser components 
in a single package and installed directly on the roof with airflow ducted to the space. 
17 Needs that are not verbalized are known as “latent needs” [68]. 
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preliminary design phase provides an opportunity to gather these additional 

requirements.  Pictures tend to incite more comments and latent needs than 

narratives.  Therefore, Preliminary Engineering documents should include plans 

whenever possible. 

3.1.4 Current Preliminary HVAC Design Phase 

As concepts are generated, additional requirements are generated due to 

team coordination and Owner feedback.  This process is illustrated in Figure 3-3 

below and serves as the crux of the HVAC design process. 

 
 

Design Requirements

 

System Concept 

Evaluate 

 

Figure 3-3: Basic HVAC System Design Process. 

The HVAC System Design Requirements are documented in the 

Preliminary Engineering Report (PER).18  The HVAC designer then develops the 

preliminary concept and presents them in the form of narratives, diagrams, or both 

in the Preliminary Engineering Documents.  Then the HVAC designer, Team and 

Owner evaluate the concept to determine if it achieves the design requirements.  

Figure 3-4 illustrates the deliverable associated with each activity. 

                                                 
18 Reference the introduction for a review of common HVAC design document deliverables. 
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Figure 3-4: Current HVAC System Preliminary Design Process and 
Deliverables. 

Generate Alternate Concepts 

HVAC Designers, like all designers, should overcome the mental inertia 

of mimicking a solution from a prior project.  First, the prior solution may not be 

suitable for the new requirements.  Second, there may be a better solution even for 

the prior set of requirements.  The designer should generate multiple concepts to 

increase the probability of achieving the design requirements. 

Process Equipment Diagrams 

As discussed previously, drawings should be included in the PER to help 

generate better feedback.  Figure 1-2 presents a typical equipment process 

diagram for a hydronic heating central plant.  Other system diagrams are 

generated for airflow distribution, chilled water loops, primary-secondary 

pumping, heat recovery, air filtration, exhaust, and ventilation.  The diagrams can 

be drawn to scale, but are typically not to scale in preliminary design. 
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Verify Alternate Concepts 

The design process cannot converge without a means to verify the concept 

relative to the design requirements.  Alternative concepts are presented in the 

Preliminary Documents in a sub-section known as the Selection Report.  The 

report identifies the goals, criteria for selection, important factors, and other 

objectives [5].  The system alternates are listed in a table and scored (weighed) 

with respect to the criteria and a total score is provided for each concept.  This 

approach is relatively qualitative and the weights and criteria are subjective.  

Chapter 8 discusses equipment selection in detail.  The general HVAC selection 

process includes comparing equipment manufacturer performance data with 

design requirements.  Initial system cost is gathered from vendors and published 

in cost databases such as R. S. Means [55]. 

3.1.5 Summary of Current Preliminary Design Objectives 

In summary, during the Preliminary Design Phase, the HVAC designer 

verifies if the HVAC system achieves the design requirements identified in the 

programming phase.  Furthermore, the designer identifies new requirements as a 

consequence of the selected HVAC Concept. 

3.2 PROPOSED PRELIMINARY DESIGN PHASE OBJECTIVES 

Currently, the HVAC concept is defined as the system of equipment types 

rather than process decisions.  So much so, that the associated equipment type 

commonly serves as the name of the concept.  For example, common design 

concepts include “condenser water systems”, “evaporative air cooling 

equipment”, “hydronic heating and cooling”, and other equipment based concepts.  
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The industry standard ASHRAE Systems Handbook [5] is also organized by 

physical system types. 

Once the concept and associated equipment is selected, the designer 

evaluates the alternate physical concepts and presents the results in a Selection 

Report as discussed in Section 3.1.4.  However, there is a significant drawback to 

approaching system design strictly from the equipment selection perspective.  

System components are typically designed and pre-packaged by the equipment 

provider (manufacturer) with inherent internal process decisions. 

3.2.1 Process Decisions 

Flow streams common in HVAC design include air, water vapor, 

condensate, chilled water, hot water, refrigerant, dust, electricity, natural gas, and 

many others.  Process decisions define the flows (streams), how they are 

transformed and how they interact with one another to achieve the design 

requirements.  Equipment should be selected to achieve the process decisions. 

Process Decisions Made by Manufacturer 

Because packaged equipment inherently includes process decisions made 

by the manufacturer, the designer could rely solely on these decisions made by the 

manufacturer.  For example, split system cooling equipment includes a 

refrigeration cycle in which heat enters the evaporator and is exhausted to the 

ambient without recovery.  A typical packaged rooftop unit with an outside air 

hood and relief damper exhausts indoor air to the ambient and draws in outside air 

for ventilation with no means of heat recovery.   
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3.2.2 Impact of Process and Equipment Decisions on System Concept 

If the equipment provider’s (manufacturer’s) process decisions suit the 

project requirements, it may seem the system design is not required to articulate 

the process decisions independent of the equipment.  However, the following 

presents the downfall of not developing and evaluating process decisions 

independent of equipment selections. 

Inferior Process 

The designer may by chance stumble upon a relatively superior set of 

equipment.  This equipment is well built, includes highly efficient components, 

and seems to suit the project needs.  However, the designer is not aware the 

equipment inherently has an inferior process. For example, the basic process is 

relatively inefficient, despite of the highly efficient components.  Thus, the result 

is an average system concept that may have been better if it had a more superior 

process.  This is depicted in Figure (a) in Figure 3-5. 

Inferior Equipment 

At the other extreme, the designer may provide due diligence and identify 

a superior process prior to equipment selection.  However, by chance the designer 

has a limited set of equipment to choose from and must settle for relatively 

inefficient and poorly constructed components.  As a result, the superior concept 

only results in an average concept due to the inferior equipment.  This is depicted 

in Figure (b) in Figure 3-5. 
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Figure 3-5: Combination of Functional Flow Diagrams and Equipment 
Selections. 

3.2.3 Make-Up Air Unit Design 

Consider the following example.  A building requires outside air to 

maintain space ventilation requirements.  The outside air is relatively warm and 

requires cooling.  One common concept is a packaged make-up air unit consisting 

of an integral refrigeration cycle and a direct-expansion cooling coil.  This system 

and associated exhaust fan are presented in Figure 3-6 below. 
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Figure 3-6: Typical Make-Up Air System Equipment Selection. 
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The above concept may not be developed schematically.  Rather, the 

designer may directly select the equipment and develop the plans such as the 

section view shown in Figure 3-7 below. 

 

Figure 3-7: Building Make-Up Air System Section View. 

Inferior Process 

In the above example, the designer has relied solely on the process 

decisions made by the manufacturer.  For example, the outside air is drawn 

directly from the ambient, the unit uses electric heating for reheat, the condenser 

air is discharged directly into the ambient, and the condenser intake is drawn 

directly from the ambient as shown in Figure 3-9 below. 
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Figure 3-8: Functional Flow Decisions By Make-Up Air Unit Manufacturer. 

Opportunity Loss: Superior Process 

In such an application, an experienced designer may consider pre-cooling 

the outdoor air with the indoor exhaust air.  This is a process decision and is 

typically not offered by the standard manufacturer.  This type of thought process 

starts with the conceptualization of the function in the designer’s mind.  However, 

by documenting this process decision, the designer creates a medium on which to 

evaluate and revise the process decisions.  Figure 3-9 below presents alternate 

process decisions for the make-up air application.  The second alternate (b) 

illustrates the heat recovery function – the superior process. 
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Figure 3-9: Alternate Process Designs For A Building Ventilation System. 

Inferior Equipment 

An equipment selection for the heat recovery function includes several 

alternates, including desiccant heat recovery wheels, plate (sensible load only) 

heat exchangers, water or glycol fluid loops, and other means of heat exchange.  

Figure 3-10 illustrates the selection of a desiccant heat recovery wheel as part of 

the system design. 

As an unwanted side-affect, the heat recovery wheel provides a pressure 

drop in both the outside and indoor air streams and thus increases the fan power.  

If this pressure drop is excessive, it may offset energy gains from heat recovery.  

Thus, although heat recovery is a superior process, the selected equipment may be 

inefficient.  In the future, if the heat recovery unit pressure drop decreases, it may 
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tip the scales and become the more favorable concept.  The documentation of this 

process decision would be useful for future reference when such lower pressure 

drop equipment is made available. 
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Figure 3-10: Desiccant Heat Recovery Wheel Selection For Heat Recovery. 

Opportunity Loss: Superior Equipment 

If we permanently discard a functional flow diagram simply because the 

current equipment technology deems it non-viable, we may be discarding future 

opportunities when the equipment is improved.  To prevent this error, process 

decisions should be evaluated independent of equipment selection. 

3.2.4 Need for Process Documentation and Evaluation 

Consider the following general design situation.  A designer developed 

alternate process designs (decisions) and selected equipment for each.  Two 

alternate concepts exist, each based on alternate process designs.  Both concepts 

are evaluated and both meet the design requirement equally well.  However, one 
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has a superior process design and the other has superior equipment.  Which 

concept should the designer select? 

Benefit of Superior Process Design Prior to Equipment Selection (Concept 
Development) 

Equipment performance is the ability of the equipment to achieve the 

intended process flow conditions (function) defined in the process design.  The 

performance of equipment is beyond the control of the designer because it is a 

function of the equipment provider (equipment designer and manufacturer).  

Equipment providers develop equipment based on specific process flow 

conditions.  The equipment provider’s criteria for selecting process flow 

conditions are not the same as the project requirements.  Equipment providers 

may select the process flow conditions using various criteria such as their market 

experience in regards to the most popular process designs specified by systems 

designers, available equipment technologies, cost, inventory, distribution, and 

other manufacturing and market factors [35].  These factors bias the equipment 

development efforts and associated innovations and enhancements towards a 

particular set of process designs.  Thus, some process designs may have a more 

mature set of equipment offerings that have been further refined and thus have a 

better (i.e. more efficient) performance.  In practice, all process designs may not 

have an equal opportunity to attain superior equipment. 

One factor that is not of prime concern to the equipment provider is the 

overall performance of the system in which this equipment is to reside.  The 

equipment provider assumes this is the prerogative of the system designer, such as 

the HVAC system designer.  Thus, the equipment provider assumes the systems 
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designer has selected the most efficient process design and is selecting the 

equipment based on that process design.  As indicated above, the equipment 

provider is relying on the system designer to specify the required process design. 

The danger is for the designer to select the process design based on the 

equipment provider.  In this manner, the designer transfers the decision making to 

the manufacturer and thus skips an important aspect of the design process.  This 

in a sense results in an “infinite loop” in the overall system and equipment design 

process since both the system designer and the equipment provider are relying on 

the other to select the process design.  This infinite loop hampers the overall 

industry to improve overall system designs.  Ultimately, the overall system 

designer (not the individual equipment providers) should select the process design 

and should do so independent of equipment selection. 

If the designer only searches through the manufacturer product offerings, 

the designer is limited to that manufacturer’s process choices.  However, if the 

designer articulates the process independent of equipment offerings, the designer 

could then search for other product accessories, product lines, product 

manufacturers or custom manufactured products that may suit the chosen process. 

Benefit of Superior Process Design After Concepts Are Developed 

Qualitatively, at some point, no matter how superior the equipment, the 

system is limited by the process design.  If a system has inferior process design 

and the best equipment technology physical laws can offer, it cannot be improved 

unless the process is improved.  On the contrary, if a system has superior process 

and inferior equipment, it has room for improvement as equipment technologies 
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improve.  We return to the question posed earlier: should the designer select the 

concept with superior process or superior equipment assuming both achieve the 

design requirements equally well.  The ideal system has a superior process and 

superior equipment.  If this is not achieved, the designer can attempt to set the 

infrastructure so that in the future, when superior process or equipment is 

available, the system can be renovated to accommodate the process or equipment 

improvement.  The designer should evaluate which is easier to achieve in the 

future – the renovation of the process or renovation of the equipment.  This can 

vary for different types of design.   

Typically, in HVAC design, process renovation is more difficult to 

achieve in existing constructed systems because this would typically require the 

revision of expensive distribution systems such as piping and ductwork.  

Furthermore, the introduction of new process functions would require new 

equipment that could be hampered by space constraints in the existing facility.  

On the contrary, the replacement of equipment for existing process designs does 

not require significant changes in distribution systems and typically requires less 

space as equipment footprint is typically reduced as manufacturers revise next 

generation equipment offerings.  Thus, for HVAC design, it is typically more 

convenient to design the facility for the more superior process design and revise 

the equipment in the future as more efficient equipment becomes available.  This 

approach is not limited to HVAC design but could also be applied to process plant 

designs that consist of significant distribution systems.  In summary, after 

alternate concepts are developed, if two concepts achieve the design requirements 
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equally well, the concept with the superior process design holds the greater 

opportunity for overall improvement as equipment technologies improve. 

Revised Design Process Diagram 

In order to select the concept with the superior process design, the 

designer needs a tool to document process design alternatives independent of 

equipment selection (the system concept) and to evaluate them relative to the 

design requirements.  The basic design process in Figure 3-3 is revised to include 

these required activities and associated evaluations as shown in Figure 3-11 

below. 
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Figure 3-11: HVAC Design with Process Decisions and Process Evaluations. 

Documentation of Process Decisions 

The process equipment diagrams and physical system plan and section 

views in practice today include both process decisions and equipment selection 

intermixed in the same drawing.  Thus, the current method does not document the 

process independent of equipment and a method is sought to do so.  Chapter 4 
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addresses the survey of methods to document process independent of equipment 

and Chapters 5 and 6 provide a proposed method for HVAC Design. 

Evaluations 

Figure 3-11 lists three evaluation activities:  

A) Evaluate the equipment with respect to the requirements, 

B) Evaluate the equipment with respect to the process, and  

C) Evaluate the process with respect to design requirements.  

The activity “Evaluate the equipment with respect to the requirements” is 

the standard concept evaluation in practice today shown in Figure 3-3 and 

documented in the Selection Report [5]19.  For example, if the requirement is to 

“cool the room,” physical modeling, equipment selection data and empirical data 

are available to evaluate if the HVAC equipment achieves the requirement.  The 

following is a review of the current method with respect to the other two (2) 

evaluations listed in Figure 3-11. 

Evaluate The Equipment With Respect To The Process 

Currently, the process may not be formally documented independent of 

equipment.  However, required process conditions are documented among 

equipment schedules.  For example, the designer defines the required pressure and 

flow conditions and evaluates the performance characteristics of a pump with 

respect to the conditions.  Once process conditions are defined, equipment data 

and selection tools are readily available to evaluate equipment with respect to 

process conditions. 

                                                 
19 Reference section 3.1.4 for additional information on the Selection Report. 
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Figure 3-12: Current HVAC Design Method Evaluates System Concept. 

Evaluate The Process With Respect To Design Requirements 

The current method in practice does not include the development of 

process diagrams independent of equipment types.  Furthermore, even if process 

decisions were fully documented, the current method does not include a means to 

quantitatively evaluate process designs with respect to design requirements.  The 

current method does not include a means to evaluate process decisions relative to 

design requirements.  Chapter 1 illustrates this inability with respect to energy 

efficient system design.  Thus, a method is sought to quantitatively evaluate 

process decisions with respect to the design requirements and independent of 

equipment selection. 

Table 2-3 lists common design requirements for HVAC Systems.  It would 

be beneficial if a tool were developed to quantitatively evaluate process decisions 
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with respect to each of the listed HVAC System requirements.  This endeavor 

would be a relatively large undertaking because each requirement presents a 

separate field of systems analysis.  Separate tools could be developed for each 

requirement.  This work focuses on Energy Efficiency as the requirement of 

interest.  Energy Efficiency has both a monetary impact due to equipment 

operating cost and a significant environmental impact due to the expenditure of 

the world’s energy resources.  For this work, the above objective is refined to 

energy efficiency as follows.  A method is sought to quantitatively evaluate 

process decisions with respect to energy efficiency and independent of equipment 

selection. 

Improve Process Decisions 

In addition to the documentation and evaluation of process decisions, the 

designer would benefit from tools that could suggest improved process decisions.  

All alternate process decisions are subject to evaluation.  However, a set of 

guidelines or heuristics would aid the designer in developing alternate process 

decisions.  For example, with respect to energy efficiency, a set of guidelines are 

sought to assist the designer in developing more energy efficient process designs. 

Energy Efficient HVAC Systems 

The benefit of superior process design is applied to energy efficiency as 

follows.  The designer should select the most energy efficient process design 

alternative because it fundamentally holds the greater opportunity for overall 

improvement to system efficiency as equipment technologies (such as equipment 

efficiencies) improve.  If the designer were able to evaluate the process decisions 
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with respect to energy efficiency, the designer would select the most efficient 

process and then select equipment for that process.  Thus, the designer focuses 

resources on potentially efficient concepts. 

Energy efficient design guidelines, such as the ASHRAE 90.1 [2], 

evaluate the system based on the Thermodynamic First Law efficiency such as the 

cooling Energy Efficiency Ratio (EER)20.  This method requires knowledge of 

specific equipment energy consumption and is therefore dependent on equipment 

selection.  Prior to equipment selection during process design, the First Law is 

limited in use as an energy conservation constraint.  It cannot identify process 

efficiency without knowledge of equipment efficiencies.  Therefore, the current 

approach to evaluate concepts is unable to evaluate process decisions independent 

of equipment selection. 

A method is sought to quantitatively evaluate process decisions with 

respect to energy efficiency and independent of equipment selection.  Chapter 6 

presents a proposed method based on Exergy Analysis to evaluate the potential 

energy efficiency of a process alternative.  This method allows the designer to 

evaluate alternate process decisions independent of their equipment selection. 

Existing standards provide guidelines for the improvement of HVAC 

Systems design.  However, these guidelines for process design are intermixed 

with equipment selection.  Chapter 7 presents a review of these guidelines and 

proposes a set based on Exergy Analysis and is specifically aimed for process 

design. 

                                                 
20 The EER is defined as the ratio of cooling supplied (Btu/hr) over the work energy input (Watts). 
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3.2.5 Summary of Proposed Preliminary Design Objectives 

The current objectives of the preliminary design phase are to verify 

existing requirements and gather new design requirements based on Owner and 

Team feedback of a proposed physical concept.  The HVAC designer verifies if 

the HVAC system achieves the design requirements gathered in the programming 

phase and identifies new requirements as a consequence of the selected HVAC 

Concepts.  This go-no-go gate in the design process helps prevent expenditure of 

resources towards unacceptable or otherwise lacking concepts. 

Several deficiencies in the current method were identified that prevent the 

designer from selecting the potentially superior concept.  Figure 3-13 summarizes 

these objectives with respect to the design process. 
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Figure 3-13: Summary of Major Objectives of Current Work. 

In summary, the preliminary design phase should allow the designer to: 

1) Model process decisions independent of equipment selection. 
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2) Evaluate alternate process decisions with respect to design 

requirements such as energy efficiency. 

3) Improve process decisions to better achieve the design 

requirements such as energy efficiency. 

Chapter 5 addresses the first objective and proposes a means to model 

process decisions.  Chapter 6 addresses the second objective and proposes a 

means to evaluate alternate process decisions; specifically with respect to energy 

efficiency.  Chapter 7 addresses the final objective and proposes guidelines to 

improve the energy efficiency. 
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Chapter 4: Survey of Process Modeling Methods 

This chapter reviews a set of process modeling methods in use in 

academics and industry.  The scope of process modeling is limited to methods 

found in the fields of engineering design theory and physical engineering systems 

modeling.  The purpose of this review is to identify key attributes of each method 

that may be incorporated into a proposed method for HVAC system process 

modeling.  Some methods may provide several desirable attributes and others may 

provide only a few.  Other attributes may not be applicable or desirable and such 

deficiencies also help clarify the desired attributes.  The objective of this exercise 

is to develop a set of requirements for an HVAC process decision model. 

For clarity, the process models are herein categorized as “Functional 

Process Models” and “Physical Process Models.”  Functional Process Models are 

intended to describe the functional intent of the process; typically each process is 

defined in a textual statement.  Physical Process Models are intended to describe 

the physical flows entering and leaving some control volume; typically each flow 

is defined by its material properties with numerical values.  Although there is no 

clear distinction between the two, in general, Functional Process Models are more 

qualitative than Physical Models. 
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4.1 SURVEY OF FUNCTIONAL PROCESS MODELS 

4.1.1 Function Structures 

The Systematic Design Method proposed by Pahl and Beitz [52] allows 

the formulation of a functional model known as the Function Structure to 

document process flow decisions independent of the equipment selection.21 

The Function and Flows 

The basic function block defines material, energy and signal flows 

entering and leaving an overall system as shown below in Figure 4-1. 
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Figure 4-1: Basic Function Block in a Function Structure [52]. 

The boundary conditions of the control volume, such as the flow entering 

and leaving the control volume, define the desired physical conditions or 

transformations.  However, these flow definitions are not sufficient to describe the 

intent of the function.  Text is added inside the control volume to clarify the 

intent.  At a minimum, the text contains a verb and noun pair.22   

In a more quantitative design such as HVAC design, the text could 

identify the specific material property or parameter to be controlled.  Figure 4-2 

below illustrates the function “Increase Air Temperature,” where the noun is the 

                                                 
21 Reference [29] and [69]for other similar systematic design methods. 
22 Chapter 5 Section 5.2.4 clarifies the need for the text inside the control volume with respect to 
the intent of the function. 
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physical property “temperature” of the air stream entering the control volume, the 

verb is to “increase” the temperature. 
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Figure 4-2: Overall Function For A Sample Heating System. 

Decomposition of Overall Function into Sub-Functions 

The overall function represents the essential problem or crux of the task 

obtained through an abstraction of the requirements list.  It can often be 

decomposed or divided directly into identifiable sub-functions [52, p. 31] as 

illustrated in Figure 4-3 below. 
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Figure 4-3: Decomposition of Overall Function into Sub-functions [52]. 
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The relationship between sub-functions and overall function is very often 

governed by certain constraints, inasmuch as some sub-functions have to be 

satisfied before others to achieve the required transformation of the flow during 

the operation of the system.  On the other hand it is usually possible to link sub-

functions in various ways and hence create variants.  In all such cases, the links 

must be compatible. 

The Function Structure is a meaningful and compatible combination of 

sub-functions for an overall function.  It may be varied to achieve the overall 

function [52, p. 31].  The optimum method of breaking down an overall function – 

that is, the number of sub-function levels and also the number of sub-function per 

level – is determined by the relative novelty of the problem and also by the 

method used to search for a solution [52, p. 150].  The overall system flow 

interactions of the overall functions must match the flow interactions of the 

function structure system boundary.  The method requires the synthesis of the 

sub-functions and process flows inside the function structure achieve the overall 

function. 

Main and Auxiliary Sub-Functions 

A Main Sub-function serves the overall function directly [52, p. 32].  It 

typically transforms a process flow associated with the overall function or is 

easily derived from the requirements.  In contrast, an Auxiliary Sub-function 

serves the overall function indirectly.  It has a supportive or complementary 

character and is often determined by the nature of the solution.  Although it may 
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not be always possible to make a clear distinction between a main function and an 

auxiliary function, the terms are nevertheless useful.23 

Pahl and Beitz propose that a solid line represent a main sub-function and 

a dashed line represent an auxiliary sub-function.  Figure 4-4 illustrates this 

standard format. 

 
 
 
 

Material 

Energy 

Material 
Main  

Sub-Function

Auxiliary  
Sub-Function 

Energy 

Main Function Auxiliary Function System Boundary 

 

Figure 4-4: Main and Auxiliary Sub-Function Graphical Representation [52]. 

Positive Attributes of the Function Structure for HVAC Process Modeling 

The Function Structure allows for the establishment of an overall function, 

its decomposition into sub-functions and their interrelationships through physical 

and data flows.  The method identifies functions without reference to specific 

solutions that would achieve the functions.  Thus, the method provides the basic 

HVAC Process Model requirements of identifying the process functions 

independent of the equipment selection. 

                                                 
23 A method to distinguish between the two is offered in the Chapter 6. 
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Incompatible Attributes of the Function Structure for HVAC Process Modeling 

Although the Function Structure provides a fairly reasonable means to 

document the final process model, it does not clearly document how that 

particular model was achieved.  For any given set of design requirements, there 

are multiple possible Function Structures that could achieve the design 

requirements.  This is especially the case in HVAC Systems Design; a large 

systems design application with many process decisions.  The function structure 

method lacks a proper set of tools to document each of these process choices. 

Variants in Function Structures can arise from a number of different types 

of process decisions.  The following is a survey of some of these decisions. 

1) The types of flows, such as the type of energy (electrical, 

chemical, etc.).  These flow types also impact the types and 

number of transformations required to achieve the main sub-

functions. 

2) The sequence or order of the main sub-functions.  The order of 

functions could have an impact on auxiliary functions and 

equipment selection. 

3) The integration of sub-functions into common sub-functions.  

The integration of sub-functions results in more central type of 

system. 

4) The abstraction of requirements into auxiliary sub-functions, 

such as controls and safety oriented auxiliary sub-functions.  

Design requirements, such as safety controls, can be interpreted 
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differently.  Furthermore, it is sometimes not clear how to 

distinguish the main sub-functions from the auxiliary sub-

functions when there are several levels of sub-functions. 

5) The method lacks a means to quantitatively evaluate these 

process decisions with respect to the design requirements.  

Thus, the method is limited to documentation of process 

decisions and has a limited capability to evaluate process 

decisions with respect to design requirements. 

4.1.2 Integrated Definition Method (IDEF) 

IDEF (Integrated DEFinition) was developed by the United States Air 

Force’s Integrated Computer Aided Manufacturing (ICAM) project in the early 

1980’s [42].  It consists of a family of methods, each intended to model a specific 

type of information.  The first of these methods is called IDEF0 and is intended to 

model a process of functions or activities. 

Basic Concepts of IDEF0 

The method consists of a collection of diagrams that model the functional 

activity of the system.  The first diagram represents the overall intent of the 

system and is known as the Top-level Context Diagram A-0 (pronounced A minus 

zero).  This box, at a minimum, contains a statement for the overall intent of the 

system.  In addition, flows are defined at the box boundary that enter and leave 

the box.  The method provides a standard means of defining these flows as 

illustrated in Figure 4-5 below.  This top-level box is detailed by a set of child 

boxes that are connected by flows to form a diagram.  Thus, the method allows 
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for the decomposition of the top box into a more detailed diagram composed of 

child boxes. 
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Figure 4-5: Basic IDEF0 Components and Nomenclature [42]. 

This method requires the input of flow into the function from the left and 

the output of flow from the right.  These input and output flows are the main flows 

associated with the function and are the desired transformation of the function.  

Thus, there is a defined nomenclature for the flows and when multiple functions 

are joined together the flow is always from left to right.  The constraints and 

controls on this function are input from the top.  These represent the information 

or physical elements that tune or impact the process.  In practice, these include 

real time control signals, physical properties of some component that constrains 

the process (temperature, pressure, geometry, etc.).  The mechanism is the 

resource or device required to help achieve the function.  In practice, these are 

physical objects, such as people or equipment selections that would be required to 

achieve the activity. 

As a rule, a box must have at least one control and one output. This is 

based on the premise if a box does not produce something it has no purpose.  

Furthermore, if a box has no control, it has no initiation and the process will never 
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commence. However, inputs and mechanisms are optional.  Not every function 

must have input; some flows solely originate from the activity. Furthermore, not 

every function has a mechanism; some functions have the means to produce 

inherent to the function. 

In general, the actions are the “verbs” and the arrows (flows) are the 

“nouns.”  Typically, there are no fewer than 3 and no more than 6 child boxes on 

a diagram. If there are less than three function boxes, it may be modeled in one 

child box.  If there are more than six, the model is probably too detailed and one 

or more of the functions should be detailed in another more detailed level or 

levels of child diagrams. 

Positive Attributes of IEDF0 for HVAC Process Modeling 

This method, as with the function structure method, implements the 

concept of decomposition.  There is a top-level function and the sub-functions are 

decomposed from it.  Furthermore, this method allows for a strict prescription of 

flows; all flows, with exception of control, are drawn horizontally from left to 

right.  The control flows, analogous to the signal flows, are drawn entering from 

the top.  These are attributes that seem relatively applicable to HVAC Functional 

Modeling and may be considered towards the development of the proposed 

HVAC process model. 

Incompatible Attributes of IEDF0 for HVAC Process Modeling 

Unlike the functions structure model, the IDEF0 model includes the 

proposed solution principles (the mechanism) as part of the model.  These are the 

arrows pointing towards the function from the bottom.  Thus, the model is more 
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than a functional model – it includes portions of the solutions as well.  Again, one 

objective is to distinguish the functions from the solutions.  Although IDEF0 

allows for this distinction through the direction of the arrows, it may be confusing 

to list functions and solutions on the same diagram.  Furthermore, such solutions 

should be placed after the functions are developed and alternate solutions are 

considered. 

IDEF0 does not necessarily require a mechanism for a function in the case 

where the mechanism is inherent to the function.  The process model sought is to 

distinguish between the function and the solution.  Thus, again, this attribute is 

not desirable for the sought after method. 

4.1.3 The Functional Analysis System Technique (FAST) Diagram 

The objectives of the Functional Analysis System Technique (FAST) are 

to identify the critical functions in the system (those on the critical path), the 

concurrent functions associated with each critical function, general functions 

associated with all critical path functions and the unwanted functions [51].  The 

method does not include the flows entering or leaving any functions and is limited 

to the logical relation between functions such as the “how” and “why” relations 

between functions in the critical path.  The critical path of functions is listed from 

left to right such that the function on the left is achieved by the function on the 

right.  Thus, new critical functions are added to the right of existing functions.  

Figure 4-6 illustrates this concept.   
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Figure 4-6: Basic “How” and “Why” Relations In FAST Method [51]. 

The method allows for a definition of the system boundary; functions not 

associated with critical functions are outside the system.  Higher order functions 

are listed to the left of the system and subservient functions outside the system are 

listed to the right.  Figure 4-7 illustrates the components of a FAST Diagram.   
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Figure 4-7: Components of the Functional Analysis System Technique (FAST) 
Diagram [51]. 
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Furthermore, the method allows for the listing of other functions 

associated with each of the critical functions.  These are listed below the functions 

in the critical path.  General functions associated with all critical path functions 

are listed above the critical path functions and include project objectives, one-time 

functions and all time functions associated with the system. 

Positive Attributes of the FAST Diagram for HVAC Process Modeling 

At the most fundamental level, as is common for all functional modeling 

methods, the FAST method documents the intended functions of the system.  

Furthermore, the method identifies the critical functions that are required to 

achieve the fundamental process and their associated resultant or concurrent 

functions.  The FAST method does allow the general decomposition of critical 

path functions into resultant functions.  This basic function tree decomposition 

attribute is common to both the Systematic Design Method and the IDEF0 

method.   

The method indicates the logical relation between functions.  The FAST 

method secondary functions are analogous to the auxiliary sub-functions 

presented in the Function Structure of the Systematic Design Method.  Unlike the 

Systematic Design Method, the FAST method allows for multiple levels of 

auxiliary sub-functions.24 

Incompatible Attributes of FAST Diagram for HVAC Process Modeling 

Unlike the Systematic Design Method and the IDEF0 method, the FAST 

method lacks a clear interconnection between the functions other than the main to 

                                                 
24 The Systematic Design Method does not clarify multiple levels of auxiliary sub-functions. 
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auxiliary function relationship.  The FAST method lacks any flows entering or 

leaving the functions. As a result, the relations between the resultant functions and 

critical path functions are unclear.  Because HVAC Design is process flow 

intensive, the desired HVAC Process Model should identify these process flow 

relations. 

4.1.4 Axiomatic Design Zigzagging Activity 

Zigzagging is a design process activity that is part of the Axiomatic 

Design Method, a general design method composed of both design process 

activities and evaluation methods based on proposed design axioms [63].  The 

following review of the Axiomatic Design Method is limited to the subset of 

design process activities. 

Axiomatic Design Domains 

A domain of knowledge can be viewed as a certain perspective regarding 

the design process.  There are four domains defined within the Axiomatic Design 

(AD) process.  These are 1) the customer domain, 2) the functional domain, 3) the 

physical domain, and 4) the process (manufacturing) domain.  These are 

illustrated in Figure 4-8 below. 
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Figure 4-8: Design Information Domains In Axiomatic Design Method. 

Information is mapped from the domain on the left to the domain on the 

right.  Each pair of domains have a “what” and a “how” relationship such that the 

domain on the left contains what is to be achieved, and the adjacent domain to the 

right contains how this is to be achieved [27]. 

The customer domain contains the Customer Needs (CNs).  The functional 

domain contains the Functional Requirements (FRs) which depict the 

functionality of the product as defined by the designer.  The physical domain 

contains the Design Parameters (DPs) which describe the physical solution to 

satisfy the FRs.  The process domain contains the Process Variables (PVs) that 

explain how the DPs are produced.  These are manufacturing or construction 

parameters that identify how the device or equipment is to be constructed.25 

                                                 
25 Reference [9] for additional information on design domains. 



 69

 

Functional Domain Physical Domain 

Figure 4-9: Zigzagging Between Functions and Solutions [26]. 

Each domain, with the exception to the customer domain, has a structured 

design hierarchy.  Figure 4-9 illustrates a tree hierarchy within the functional and 

physical domains.  The parent function (FR) is composed of the child functions 

(sub-FRs).  Likewise, the overall system (DP) is composed of sub components 

(sub-DPs).  Thus, the AD method also allows for the decomposition of functions 

as found in the Systematic Design Method, the IDEF0 method and the FAST 

method. 

Design Hierarchy and Zigzagging 

The zigzagging activity requires the levels of adjacent hierarchies be 

decomposed concurrently.  A strict interpretation requires all DPs and PVs be 

defined for an FR before the FR can be decomposed into sub-FRs.  The rationale 

is the sub-FR is not only a function of the parent FR, but also a function of the 

parent DP and PV. 
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Positive Attributes of Zigzagging for HVAC Process Modeling 

The zigzagging activity is not clearly articulated in the Systematic Design 

Method, IDEF0 or the FAST method.  The Systematic Design Method does 

clarify the iteration between the functional model and the physical solutions.  

However, the AD method takes this concept further through the implementation 

of the zigzagging activity.  The method identifies a simple fact in design: a 

physical solution can impose new functions or can impact the types of new sub-

functions.  For example, if a solution is selected that contains hazardous 

chemicals, additional requirements are triggered for hazardous materials 

abatement.  Or, more commonly, if a fan makes excessive noise, acoustical 

abatement is required if the noise is unacceptable.  The development of new sub-

functions as a result of physical solutions is further explored in Chapter 5.26 

Incompatible Attributes of Zigzagging for HVAC Process Modeling 

One of the desired attributes of the HVAC Process Model is to develop the 

process independent of the solutions.  The AD method requires the mapping of a 

solution to the parent function prior to decomposing the function.  The Systematic 

Design Method, IDEF0 and FAST do not include this rule.  Thus, the AD method 

identifies an apparent paradox in the design process.  Solutions form new 

requirements that should be documented.  But functions should be developed 

independent of solutions.  This apparent paradox is addressed in Chapter 5 and 8 

through the development of equipment dependent auxiliary flows. 

                                                 
26 Reference [41], [50], and [62] for current applications in Axiomatic Design. 
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Like the FAST method, the AD method utilizes a hierarchical function 

tree that does not allow the modeling of flows between functions.  The desired 

HVAC design process method should model the flows entering and leaving the 

functions as offered by the Systematic Design Method and IDEF0. 

4.2 SURVEY OF PHYSICAL PROCESS MODELING METHODS 

4.2.1 Process Equipment Diagrams 

Chapter 1 presents the current practice of developing process equipment 

diagrams.  These diagrams are physical process models because they identify the 

flow of materials and energy within the system.  Thus, they do serve as process 

models and allow proper design team coordination and Owner feedback. 

However, the models also include the equipment selection.  Chapter 3 lists 

various reasons why equipment selection should be separated from process 

decisions.  One key factor is the inherent process decisions in equipment.  Thus, a 

method is sought to develop process models independent of equipment selection. 

4.2.2 Control Volume Analysis 

A control volume is defined as an arbitrary three-dimensional volume in 

space through which mass and energy flow.  The volume is defined by a two-

dimensional surface, imaginary or real.  In addition, the surface can be fixed or 

movable.27 

                                                 
27 Reference [28], [14], [20], and [45] for additional information on control volume analysis. 
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Surface Interactions 

The interactions at the control volume surface include all items that pass 

through the surface, interact at the surface or interact with the volume body as a 

whole.  For example, mass, energy and entropy are examples of quantities that 

may pass through the control volume surface.  Pressure, torque, shear stress and 

tensile force are examples of interactions at the surface of the control volume.  A 

gravitational body force and magnetic body force are examples of interactions 

with the control volume as a whole. 

Integral Form Interpretation 

The net interaction at the boundary of the control volume defines the state, 

or rate of change of the state within the control volume.  This general principle is 

expressed mathematically as follows: 
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In Equation 4-1 above, N is an arbitrary extensive property, t is time, ηηηη is 

the corresponding specific property (the extensive property per unit mass), ρρρρ is 

the density of the material entering or leaving the volume, V is the unit volume of 

the control volume, and A is the unit surface area of the control volume.  The 

velocity term in the second integral on the right is with respect to the control 

volume surface (CS).  In addition, the expression is written with mass expressed 

as a density, mass per unit volume.  This form is most convenient for the analysis 

of fluid media entering and leaving the control volume. 
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A control volume application with a fixed mass is defined as a “control 

mass.”  For a control mass application, a more convenient expression can be 

written as follows: 
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In Equation 4-2 above, m is the unit mass of the control volume. 

Basic Laws and Causal Relations 

The five principle laws for engineering systems design are the 

Conservation of Mass, Newton’s Second Law, the Angular Momentum Principle, 

the First Law of Thermodynamics, and the Second Law of Thermodynamics.  

Each law has an associated extensive property N and an intensive property ηηηη that 

may be entered in Equation 4-1 to yield five (5) independent equations.  For 

control mass applications, the extensive and intensive properties can be entered 

into Equation 4-2. 

In addition to the principle laws, there are causality equations for a range 

of different disciplines.  For example, within heat transfer, there are expressions 

for conductive, convective and radiative heat transfer for a range of media and 

geometries.  Within the field of thermodynamics, there is a range of characteristic 

equations that govern the properties of materials at different phases.  Within the 

field of dynamics and kinematics, there are relations for the linear and rotational 

motion of bodies.28 
                                                 
28 Reference [36] for a means to model system dynamics through energy bonds. 
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Positive Attributes of Control Volume Analysis for HVAC Process Modeling 

The control volume method is applicable for any physical system.  Thus, it 

is certainly applicable to HVAC Systems Design.  Furthermore, the method 

introduces principles such as the fundamental laws of physics that help define the 

interactions at each control volume.  At a more basic and qualitative level, these 

principles govern the flow relations.  For example, for a steady state function with 

no storage, the control volume analysis requires energy input if there were energy 

output.  At a more quantitative level, the principles define the values of physical 

flows between functions.29 

Incompatible Attributes of Control Volume Analysis for HVAC Process 
Modeling 

The control volume method is applicable for the physical flows, such as 

mass, energy, and entropy; a significant and important portion of the HVAC 

process flows.  However, it is not compatible with data flows, such as control 

signals.  Thus, the method is not applicable for all flow types required in the 

desired HVAC Process Model.  Data or signal flows are based on the desired 

sequence of operation for a given process. 

4.3 REQUIREMENTS FOR A PROPOSED HVAC PROCESS DESIGN MODEL 

Chapter 3 developed a set of requirements for the Preliminary design 

phase.  The first of these requirements is the development of a method to model 

the HVAC process design prior to equipment selections.  By reviewing the 

strengths and weaknesses of available process modeling methods, latent needs 

                                                 
29 Reference [46] for applications of control volume analysis in functional based design. 
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have been uncovered for the proposed HVAC process model.  These latent needs 

resulted in additional requirements for the proposed model.  This design process 

is analogous to the review of physical HVAC Concepts and the development of 

latent needs and new requirements as feedback to the concepts.30  Figure 4-10 

presents a general listing of requirements for modeling process decisions.  
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Figure 4-10: General Requirements for HVAC Process Model. 

The following is a detailed list of requirements for the proposed HVAC 

Process Model. 

1) Model the basic tree structure of functions. 

a. Model process decisions prior to equipment selections 

(attribute common to all methods surveyed in this chapter). 

b. Establish an overall function (attribute common to all 

functional methods surveyed in this chapter). 

                                                 
30 Reference Chapter 3 Section 3.1.3. 
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c. Decompose the overall function into sub-functions (attribute 

common to all functional methods surveyed in this chapter). 

2) Model the flows. 

a. Identify the process physical and data flow relations among the 

sub-functions (as in Systematic Design Method and IDEF0). 

b. Standardize direction of main flows (such as in IDEF0 where 

all main flows are drawn from left to right). 

3) Document and justify process choices that result in variant process 

diagrams.  These include: 

a. Types of flows, 

b. Order of the main sub-functions, 

c. Integration of main sub-functions, 

d. Abstraction of requirements into auxiliary sub-functions, and  

e. Integration of auxiliary sub-functions. 

4) Identify and distinguish between main flows and auxiliary flows 

and between main sub-functions and auxiliary sub-functions 

independent of equipment selection. 

a. Identify and distinguish between main flows and auxiliary 

flows with respect to a particular sub-function (for example, 

main flows drawn in horizontal and auxiliary flows in vertical 

at that sub-function boundary). 
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b. Identify and distinguish between main sub-functions and 

auxiliary sub-functions (as in dashed boxes in Systematic 

Design Method). 

c. Identify and distinguish between auxiliary sub-functions that 

are a result of process decisions versus auxiliary sub-functions 

that are a result of equipment selections (based on insight 

gathered from zigzagging activity). 

d. Document multiple levels of auxiliary sub-functions (not just 

one level as in Systematic Design Method, but unlimited levels 

as in the FAST method). 

5) Evaluate process flows with respect to physical laws (based on 

observations from control volume analysis). 

a. Evaluate qualitative flows. 

b. Evaluate quantitative flows. 

Chapter 5 presents a method that addresses the above requirements.  

Because the above requirements list is a synthesis of the various attributes 

observed by the current methods, the proposed method is generally a hybrid of the 

methods explored in this chapter, with more emphasis on some methods than 

others as discussed in the following chapter.  In addition, it also consists of new 

elements that address some of the above requirements that the surveyed methods 

do not address. 
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Chapter 5: Functional Flow Diagrams 

In Chapter 3, it is concluded that a method is required to document HVAC 

process decisions and to evaluate them with respect to design requirements.  This 

is illustrated in the process diagram in Figure 5-1 below.  Chapter 4 surveys 

methods to document process decisions, both functional and physical types, and 

develops a set of requirements for the HVAC process model.  This chapter 

proposes a model that is primarily composed of elements from the Systematic 

Design Method (the Function Structure) and the Control Volume Physical 

Modeling method surveyed Chapter 4.  In addition, the model includes additional 

elements gathered from IDEF0 and Zigzagging such as the proper modeling of 

auxiliary flows. 
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Figure 5-1: Summary of Major Objectives of this Work. 



 79

5.1 PROPOSED PRELIMINARY DESIGN ACTIVITIES 

Figure 1-1 presents the overall HVAC design and construction process.  

Figure 5-2 below presents a detailed breakdown of the Preliminary Design Phase.  

The Scope of this chapter is limited to the development of a Qualitative 

Functional Flow Diagram.  Chapter 6 commences with the Qualitative Functional 

Flow Diagram and presents the development of the Firmed-Up Functional Flow 

Diagram through the use of governing physical principles.  Chapter 7 presents the 

guidelines to improve the efficiency of the functional flow diagram.  Chapter 8 

presents methods to select equipment and develop the proposed System Concept- 

the final deliverable of the preliminary design phase. 

 

Figure 5-2: Proposed HVAC Preliminary Design Activities: Overall Process 
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5.2 THE QUALITATIVE FUNCTIONAL FLOW DIAGRAM 

Figure 5-3 below presents a breakdown of the activities required to 

develop the Qualitative Functional Flow Diagram.  Each of these activities is 

further elaborated in the following sections in this chapter. 

 

Figure 5-3: Generation of Qualitative Functional Flow Diagram. 
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5.2.1 Abstracting the Requirements to Identify the Essential Task 

The objective of abstracting the requirements is to condense all the HVAC 

design requirements into a single general objective or the “crux” of the problem.  

This then serves as a means to define the overall function described in the 

following section [52]. 

Aim of Abstracting Requirements 

In HVAC Design, the main objectives are by default heating, ventilating 

and air conditioning.  However, in each project, there are particular requirements 

that distinguish the project. The initial planning phase and the requirements lists 

can help identify the essential task or the crux of the project.  A review of the 

project stimuli, review of the situation analysis, review of the scope of services or 

the abstraction of the current requirements list indicates the particular slant of this 

HVAC design project. 

Example Abstractions of HVAC Requirements 

The abstraction process requires a solution neutral approach and results in 

a qualitative and generalized problem formulation.  The following are example 

abstractions for specific applications: 

1) Office Rental Renovation: “Decrease the yearly utility cost of 

the existing HVAC system.” 

2) Gaming (Casino) Floor Renovation: “Renovate the air 

distribution system to better aesthetically blend with the room 

theme.” 
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3) Hotel New Building Design: “Provide a reliable building 

HVAC System with central maintenance, high part load 

efficiency and low noise generation.” 

4) Motel New Building Design: “Provide a low cost system with 

low experience level maintenance requirements and high part 

load efficiencies.” 

5) Hazardous Materials Storage: “Provide tempered outside air per 

levels defined by the Fire Code with emergency power backup 

and emergency stop at the main entrance to the storage facility.” 

The above examples illustrate the relatively diverse set of abstractions.  

Each application will have a different overall main objective.  The objective of the 

abstraction process is to identify these objectives early in design to better focus 

design resources. 

5.2.2 Establish the Overall Function(s) 

The overall function is similar in concept to the overall function of the 

Function Structure presented in the Systematic Design Method [52].  The overall 

function is established from the requirements list and the abstraction of the list.  It 

is typical in HVAC design to have multiple overall functions.  Multiple functions 

result from 1) different types of functions and 2) different zones of control. 

Different Types of Functions 

Each type of HVAC service requires a unique overall function.  Figure 5-4 

below presents a sample of eight (8) different overall functions for HVAC 

Systems.  It is possible for a room to require all eight (8) of the overall functions.  
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Each of these could be achieved by an independent system, or one common 

system.  If the sub-functions of the overall functions were integrated, all eight (8) 

overall functions merge into one physical system.   The integration of overall 

systems into a common system is discussed in the following section. 
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Figure 5-4: Common Overall Functions in HVAC Design. 

Consider the following sample application.  An electronics control room is 

located in an industrial facility whose ambient air is rich with corrosive gases that 

are detrimental to the electronic equipment in the room.  The facility is in a hot 

and humid climate and thus requires cooling and dehumidification to maintain the 

electronic equipment recommended temperature and humidity levels. An 

uninterruptible power supply (UPS) in the room triggers a Fire Code requirement 

for increased ventilation of the space.  The gaseous elements outside should be 

kept out by means of exfiltration of indoor air, thus requiring a positive 

pressurization of the room.  In all, this room requires 1) cooling, 2) 

dehumidification, 3) removal of dust particles, 4) ventilation with outside air, 5) 

positive pressurization, and 6) gaseous element scrubbing. 
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Control Zones 

Each zone requires a different overall function.  Thus, if each room in an 

office building were defined as a separate zone, a separate overall function would 

serve each room.  If the rooms require heating and cooling, each room would have 

an overall heating function and an overall cooling function. 

5.2.3 Establish the Main Sub-Functions 

The second step is to establish main sub-functions that form the 

Functional Flow Diagram as shown in Figure 5-5.  As described in the 

Systematic Method in Chapter 4, these sub-functions achieve the flow 

transformations defined by the overall function.  The functional flow diagram 

documents the decomposition of the main function into sub-functions and 

documents the flows between the sub-functions.   
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Figure 5-5: Functional Flow Diagram. 
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Figure 5-6 below presents the main sub-functions of the overall function 

“Heat the Room.”  The sample is relatively simple, and includes only the main 

functions required for heating the space.  If the process decision results in an 

alternate flow crossing the system boundary and if that flow is considered a main 

flow, by definition, the process decision will result in a new overall function.  

Chapter 9 presents several examples of alternate overall functions. 
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Figure 5-6: Main-Sub-functions for a Heating System. 

Functional Flow Diagrams Must Comply with Physical Laws 

An HVAC functional flow diagram is a physical model.  It is a 

prescription of physical flows entering and leaving several control volumes.  The 

functional flow model must comply with the physical laws. 

Consider the function illustrated in Figure 4-2; “Increase the Air 

Temperature.”  By observation, the function is not complete because it violates 

the First Law of Thermodynamics.  If the air temperature is to increase (the 

enthalpy is to increase), an energy input is required.  Furthermore, with energy 

input, an output is required to achieve conservation of energy in a steady state 

control volume.  The revised overall function with the energy input is presented in 

Figure 5-7. 
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Figure 5-7: Function In Compliance with the First Law of Thermodynamics. 

Suggested Guidelines for Developing Main Sub-Functions 

If it is difficult at first to develop the main sub-functions, the following 

guidelines are offered31: 

1. Reverse-engineer an existing system or equipment.  Select a 

possible solution, identify the solution’s main sub-functions 

and use it as a starting point.  Then, modify the sub-

functions to arrive at alternate solutions. 

2. Work from the system boundary inward, using the flow 

interactions of material, energy and signal as the starting 

point. 

3. Remember, there is no best functional flow diagram for a 

set of requirements.  There may be various discrepancies 

between alternate functional flow diagrams even if they 

have the same overall function.  Also, even if the main sub-

functions listed were identical, the interconnections of flows 

and the sequence of functions may vary. 
                                                 
31 These guidelines are based on a set offered by Pahl and Beitz [52] with additional refinements 
and modifications as relevant to HVAC systems design. 
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4. If the proper selection of functions and flows is not clear, 

Otto, Wood and Stone [51] [61] illustrate a set of functions 

and flows that could serve as a basis for functional 

modeling.  This list has also been shown to reduce 

inconsistencies among functional models [40].   

5. State your assumptions before generating each functional 

flow diagram.  Be sure to clarify if the sub-function is based 

on a solution system in mind, if certain qualities of flow are 

assumed, if certain locations or environments are assumed, 

and any other information that may impact the development 

of the functional flow diagram. 

5.2.4 Establish the Auxiliary Sub-Functions 

Main vs. Auxiliary Flows 

The heating function in Figure 5-7 presented in the prior section includes 

two flows entering and one flow leaving.  However, two of these flows (the air 

flows) were a result of the functional intent while the other (the energy flow) was 

a consequence of a physical law. 

The main flow is defined as the flow of the material, energy or signal 

defined by the noun object functional intent statement written inside the control 

volume.  Thus, for the example in Figure 5-7, the noun is the “temperature” of the 

airflow.  Therefore the airflow entering and airflow leaving the control volume 

are defined as the main flows of the function. 
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All flows other than the main flows entering and leaving the control 

volume are auxiliary flows.  These flows are subservient to or a consequence of 

the main flow.  For example, the energy entering the control volume in Figure 5-7 

is an auxiliary flow.32  The main function transforms the main flow.  The auxiliary 

function provides or receives the auxiliary flow.33 
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Figure 5-8: Main Flows and Auxiliary Flows. 

Significance of the Main Flow 

The functional intent statement, such as “Increase the Air Temperature”, is 

critical because it defines the main flow.  Without this statement, any given 

functional flow control volume could have multiple functional interpretations.  

Consider the same model as shown in Figure 5-8 above, but without the 

functional intent “Increase the Air temperature.”  This is shown in Figure 5-9. 

Because the above model does not include the intent, it lacks the noun 

object that distinguishes the main flows from the auxiliary flows.  The resulting 

                                                 
32 The terms main and auxiliary flows are based on the main and auxiliary functions offered in the 
Systematic Design Method. 
33 Refer to Chapter 6 Section 6.4.2 for a method to distinguish main flows and auxiliary flows in 
the functional flow diagram. 
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model has multiple interpretations.  For example, if one infers the energy were the 

main flow, one could infer the property is the level of energy (since no energy is 

leaving) and the intended function is “Dissipate the Energy.”  In this 

interpretation, the air would serve as an auxiliary flow and equipment selection 

would include thermal heat sinks.  Without a clear designation of which is the 

main flow, the intended roles of the main and auxiliary flows can be reversed.  

The functional flow diagram allows the documentation of the functional intent of 

each component.  The equipment process diagram does not document the 

functional intent. 
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Figure 5-9: Ambiguous Flow Model without Main Flows and Auxiliary Flows 
Defined. 

Alternate Auxiliary Flows and Sub-Functions 

For the main flow “air”, as noted in Figure 5-7, the following simplified 

steady state form of the First Law allows multiple alternate auxiliary flows to 

increase the enthalpy (therefore temperature) of the air34. 

                                                 
34 Chemical, nuclear, magnetic and other energy types are not shown for simplicity 
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The First Law allows for an increase in enthalpy due to 1) heat input, 2) 

work input, 3) kinetic energy input, 4) potential energy input, 5) the enthalpy 

input of other fluid streams, or any combination thereof.  Thus, physics allows 

alternate auxiliary flows for the function “Increase the Air Temperature.” 

The above example is specific to one application of the First Law.  

However, it applies to all governing physical relations.  It can be generalized that 

for any desired object property, there are multiple alternate flow interactions with 

that object that could allow for the desired control (or transformation) of the 

object property.  This concept is presented graphically in Figure 5-10 below.  An 

auxiliary flow results in an auxiliary function.  Thus, if there are multiple alternate 

auxiliary flows, each results in an alternate auxiliary function.  Furthermore, each 

alternate auxiliary flow results in an alternate functional flow diagram. 

Property 
“p” 

Int. 2.1 Int. 1.1System

Int. 2.n Int. 1.m
 

Figure 5-10: Alternate Auxiliary Flows Can Control Main Flow Parameters. 

The above observation of alternate auxiliary flows illustrates the unlimited 

process variants in physical systems design.  Figure 5-11 illustrates four (4) 
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alternate functional flow diagrams for the overall function “Increase Air 

Temperature.”  These are based on four (4) auxiliary flows: 1) electrical energy, 

2) thermal (enthalpy stream) energy, 3) chemical energy, and 4) a combination of 

thermal and work (heat pump) energy. 
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Figure 5-11: Alternative Heating Functional Flow Diagrams Based on Alternate 
Auxiliary Flows. 

Suggested Guidelines for Developing Auxiliary Sub-Functions 

The guidelines listed for main sub-functions also apply to auxiliary sub-

functions.  However, sub-functions are typically associated with supporting 

requirements such as maintenance, safety, and reliability.   



 92

The following are additional guidelines for auxiliary sub-functions: 

1. Auxiliary sub-functions result from auxiliary flows that can in 

turn originate from the application of physical laws.  Reference 

the heating example in Figure 5-7.  

2. Review the safety requirements of the system.  Consider 

limiting controls for temperature, pressure, smoke, position, 

and other parameters.  Consider relief functions such as 

pressure relief. 

3. Review maintenance requirements.  Consider means of access 

for functions that may require service such as removal of 

particulates from the air stream, refilling chilled water loops, 

shutoff and isolation of systems for maintenance, and so forth. 

4. Review reliability requirements.  Define auxiliary functions as 

redundant functions to main functions.  Consider controls for 

monitoring main function status and automatic transfer to 

auxiliary functions during main function failure.  Consider 

controls and limits to prevent excessive wear or unacceptable 

operating conditions such as high or low limit temperature and 

pressure controls and a lead-lag control sequence for functions 

placed in parallel. 

5.2.5 Integrate Sub-Functions 

Several sub-functions for a particular overall function tend to be similar.  

For example, a heating system may require the function “Measure Air 
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Temperature” as part of a control loop to limit the heating temperature for safety.  

The same function may exist elsewhere as part of room temperature control loop.  

The designer may wish to integrate these two functions into one function.  In 

doing so, one physical device will be provided to serve both control loops.  

Integration can occur among different overall functions.  For example, the 

function import air may be common to the heating and cooling overall functions.  

This sub-function could be integrated into one.  Thus, in doing so, the once 

separate functional flow diagrams for the different overall functions become one.  

As a result, what may have been two (2) physically separate systems now become 

one (1) system housing both heating and cooling overall functions. 
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Figure 5-12: Integration of Heating and Cooling Functional Flow Diagrams. 

Review Function Integration for Potential Conflicts 

The designer may integrate functions for simplicity or other intended 

design requirements (cost, points of maintenance, etc.).  However, functional 
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integration is typically a complex endeavor.  The justification should be 

documented and carefully reviewed with respect to design requirements.  In some 

cases, integration may conflict with the design requirement and cannot be 

achieved.  For example, in the example illustrated in Figure 5-12, the same 

function and therefore the same device would import the air for cooling as for 

heating.  Thus, assuming the device location is stationary, as is the case in 

standard practice, the return air for cooling and the return air for heating would 

originate from the same area in the room.  This may not be acceptable due to air 

buoyancy especially in large atriums or process areas with tight temperature 

control.  Furthermore, the amount of air for heating may be more or less than 

cooling.  Thus, the device selected for this dual-purpose application may not have 

optimal performance or may now require airflow speed control; thus a new 

control function is introduced.  When two functions are integrated, the designer is 

cautioned to review the system operation and resolve conflicts with additional 

functions or dismiss functional integration if it cannot be resolved. 

Centralized versus Distributed Process 

Consider a building with 100 separate cooling zones.  Each cooling zone 

has a unique overall function and thus each zone has a functional flow diagram.35  

If the functional flow diagrams remain separate, the associated equipment would 

be separate as well.  The result would be a relatively distributed system design.  

Because each room is separate, the functions “Import Air” and “Discharge Air” 

temperatures cannot be integrated.  However, the cooling function “Reduce Air 

                                                 
35 If the zones are similar, only representative diagrams are required.   
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Temperature” could be integrated.  The integration of functions results in a more 

centralized system.  This may not be a desired trait.  For example, if reliability 

were an issue, a central cooling function implies if the device serving the main 

cooling function fails, all 100 rooms have no cooling.  In contrast, many functions 

imply many devices.  This typically implies more cost and more points of 

maintenance.  The designer can offset these set-backs by adding new functions.  

For example, to improve central system reliability, the designer can provide three 

(3) functions in parallel, each at 50% of full capacity resulting in two operating 

functions and one stand-by function.  To improve maintenance, the designer can 

implement additional auxiliary control functions to monitor system performance 

or alarms.  Thus, the designer should review the design requirements and identify 

which approach is most feasible for the given facility.   

This decision is typically iterative because equipment selection can also 

play a role in the decision.  For example, centralized systems require larger 

heating and cooling equipment and are more efficient than the smaller units, 

especially during part load conditions.  However, centralized systems also require 

more air or water distribution systems that require additional space and pumping 

energy.  The centralized versus distributed systems question is one of the more 

challenging in systems design.  The functional flow diagram provides a medium 

to document and review these options. 

5.2.6 Example Variants in HVAC Functional Flow Diagrams 

In the course of developing sub-functions for an overall function, one 

eventually realizes there are many decisions to be made that are not directly 
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correlated to the program requirements.  These are typically process choices that 

include the selection of flows and the arrangement of functions.  Recall Figure 

5-11 presents variant functional flow diagrams based on alternate auxiliary flow 

decisions.  Each process choice provides a potential variant, some small and 

others rather drastic.  The following is a discussion of only some of the more 

common process decisions in HVAC Design.  Other significant examples not 

listed below are function integration choices discussed in the prior Section 5.2.5 

and the inclusion of new functions to reduce energy consumption discussed in 

Chapter 7. 

Alternate Material and Energy Streams at the System Boundary 

Utilities are a common set of flows that cross the system boundary.  If 

more than one utility is offered, the designer makes a decision as to which best 

meets the design requirements.  Other flows at the boundary include the main 

interaction with the conditioned space.  For example, a heating system could 

circulate and heat the room air through forced convection.  As an alternative, the 

heating system could circulate hot water through the floor and heat the room air 

through natural convection. 

Alternate Material and Energy Streams Internal to the System 

There are also material and energy flow decisions for loops internal to the 

system.  In HVAC Systems, intermediate material streams typically serve as a 

means of heat exchange.  Chapter 9 presents an example of a thermal storage 

system in which a chilled water loop is selected as an intermediate stream.  

Intermediate fluids also include the condenser water loop for a water-cooled 
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chilling system, refrigerant loops, and others.  The selection of a specific class of 

energy or material (fluid or solid) to serve in the intermediate heat transfer loop 

provides a design variant. 

Alternate Control Signals 

Section 5.2.4 presents suggested guidelines for developing auxiliary sub-

functions for safety, reliability, and maintenance.  Other auxiliary control 

functions arise from energy efficiency and process control.  These auxiliary 

functions tend to generate auxiliary control loops within the system that are 

typically not verbalized by the Owner and are considered the prerogative of the 

Professional Engineer.  The Requirements List would include the codes and 

standards that provide minimum requirements, especially for fire safety.  

However, variants abound in terms of what specific parameter is controlled and 

how.  For example, consider the general requirement of minimizing energy 

consumption.  In the case of a cooling system that circulates room air, energy 

could be reduced by reducing air speed as a function of load, by reducing supply 

air temperature as a function of load, or both.  Each of these process choices 

provides a different auxiliary sub-function. 

5.3 REFINEMENT OF PRELIMINARY DESIGN OBJECTIVES 

In Chapter 3 Section 3.2.4, it is concluded the current HVAC design 

method does not allow for a complete evaluation of the process decisions with 

respect to the design requirements.  In this chapter, process decisions have been 

further refined and flows are classified as main flows and auxiliary flows.  The 
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following sections review the capability of the current method to evaluate main 

flow and auxiliary flow decisions with respect to the requirements.   

5.3.1 Evaluation of Main Flow Process Decisions 

The main flows relative to the overall HVAC system are defined at the 

overall function level.  These flows define the required performance of the overall 

system.  As such, because these flows identify the desired performance of the 

system, they can be readily evaluated with respect to the design requirements.  

For example, for a cooling system, the flow rate of air circulating through the 

HVAC system and room can be evaluated with physical principles to determine if 

the unit achieves the required cooling load.   

5.3.2 Evaluation of Auxiliary Flow Process Decisions 

As illustrated in the sample HVAC case in Figure 5-11 in the prior section, 

alternate auxiliary flows result in alternate functional flow diagrams; each with 

different characteristics.  It is the selection of auxiliary flows for main system 

flows36 that provide the significant variance in HVAC design.  Furthermore, 

because, unlike the main system flow, the auxiliary flows cannot be directly 

linked to the intended performance of the system, they are more difficult to 

evaluate relative to the design requirements.  Thus, as a clarification, the second 

objective established in Chapter 3 excludes the main system flows because they 

can be readily evaluated with respect to the design requirements.  The objective is 

                                                 
36 Because main flows are relative, the main “system” flow is relative to the overall HVAC system 
not only to a sub-function. 
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intended for auxiliary flows associated with the main system flow and any flows 

subservient to auxiliary functions generated thereafter. 

5.3.3 Summary 

A functional flow diagram should be included in the PER to better convey 

the process choices independent of the equipment selections.  In this chapter, the 

application of a functional flow diagram for HVAC design is presented, including 

guidelines for the development of main sub-functions and auxiliary sub-functions.  

Examples of process decisions, such as function integration and auxiliary flow 

decisions were reviewed with respect to ramifications in HVAC design.  Chapter 

6 to follow presents additional refinements to the functional flow diagram that are 

required to better evaluate process decisions with respect to energy efficiency. 
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Chapter 6: Energy Efficiency of Functional Flow Diagrams 

Chapter 3 Section 3.2.4 presents the deficiencies of the current HVAC 

design process, including the inability of the current method to evaluate the 

process energy efficiency.  As illustrated in Figure 6-1 below, the second overall 

objective of this work is to evaluate the process efficiency independent of 

equipment selection.  This chapter presents a method to evaluate the energy 

efficiency of a functional flow diagram independent of equipment selection.  The 

chapter also includes further refinements to the functional flow diagram to better 

model energy efficiency. 
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Figure 6-1: Summary of Major Objectives of Current Work. 

6.1 LITERATURE SEARCH FOR METHODS 

A literature search was conducted for possible methods to evaluate flow 

decisions with respect to energy efficiency.  The search uncovered a paper by 
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Sama et. al. [58] in the context of Chemical Process Plant design.  Sama 

introduces guidelines based on Exergy Analysis to improve the efficiency of 

process plants.  The guidelines are process flow dependent and relatively 

independent of a physical solution.37  The Exergy method provides the additional 

relations required to evaluate the efficiency of the process decisions independent 

of equipment selection.  The following is review of Exergy Analysis and an 

Exergy based method to evaluate the energy efficiency of a functional flow 

diagram. 

6.2 REVIEW OF EXERGY FUNDAMENTALS 

Exergy (E), also known as Availability and Available Energy, is a 

thermodynamic property that incorporates both the First Law and the Second Law 

of Thermodynamics.38  The exergy of a substance is defined as the property 

(relative to a specified datum environment) that measures the maximum work 

delivered by bringing the substance to complete, stable equilibrium with the 

datum environment [72].  The total exergy of a substance is the sum of the 

physical exergy EPH, the kinetic exergy EKN, the potential exergy EPT, and the 

chemical exergy ECH [11] as defined below: 

 

CHPTKNPH EEEEE +++=  Equation 6-1 

 

On a per mass basis, specific exergy is represented as “e” and therefore the 

specific exergy is expressed as follows: 
                                                 
37 Reference Chapter 7 Section 7.3.4 for a more detailed review of these guidelines. 
38 For a more complete review of exergy analysis, reference [11], [12], [38] and [64]. 
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CHPTKNPH eeeee +++=  Equation 6-2 

 

6.2.1 Forms of Exergy 

Kinetic Exergy 

The kinetic exergy is the kinetic energy available to do work relative to a 

datum velocity of the environment, defined as follows: 

 
2

2
1 VeKN =  Equation 6-3 

 

where V is the velocity of the substance relative to the datum velocity. 

Potential Exergy 

The potential exergy is the potential energy available to do work relative 

to a datum position in a field.  Typically, for HVAC and other mechanical design, 

the field is the gravitational field and the position is the vertical position of the 

substance relative to the datum elevation.  Thus, gravitational potential exergy is 

defined as follows: 

 

gzePT =  Equation 6-4 

 

where z is the elevation of the substance relative to a datum elevation and g is the 

gravitational acceleration. 
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Physical Exergy 

The physical exergy is expressed as follows: 

 

)()()( oooooPH ssTvvpuue −−−+−=  Equation 6-5 

 

where u, v, and s are the specific internal energy, specific volume and specific 

entropy, respectively39.  The datum dead state is denoted by the subscript “o.” 

6.2.2 Thermo-mechanical Exergy 

The thermo-mechanical exergy is referred to as the sum of the physical, 

kinetic and potential exergies, or the total exergy less the chemical exergy.  The 

change in total thermo-mechanical exergy of a substance can be expressed as 

follows: 

 

)()(
)()()(

1,2,1,2,

12121212

PEPEKEKE

oo

EEEE
SSTVVpUUEE

−+−+
−−−+−=−

 Equation 6-6 

 

6.2.3 Entering and Exiting Exergy 

Where streams of material enter and exit the system boundary at some rate 

m& , the exergy of mass entering and exiting can be accounted for as: 

 

iii emE && =   Equation 6-7 

 

                                                 
39 Reference [11] for a derivation of the physical exergy. 
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and 

 

eee emE && =   Equation 6-8 

 

where the subscript “i” denotes the inlet flow and the subscript “e” denotes the 

exit flow. 

6.2.4 Entering and Exiting Flow Stream Exergy 

The entering or exiting exergy streams, ei and ee, respectively, can each be 

expressed as the specific exergy of the substance plus the exergy associated with 

the flow work (pv-pov).   

 

)( vppvee ostream −+=  Equation 6-9 

 

Thereby, the flow stream exergy is: 

 

)(
2
1

)()()(

2 vppvegzV

ssTvvpuue

oCH

ooooostream

−++++

−−−+−=
 Equation 6-10 

 

The minimum total exergy of a substance is zero.  However, unlike the 

substance total exergy “e”, the flow stream exergy “estream” can hold a negative 

value when p < po as is evident in the equation above. 
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The enthalpy, h, of a substance is defined as follows: 

 

pvuh +≡   Equation 6-11 

 

Combining terms and defining the enthalpy of the substance h and the 

enthalpy of the dead state ho yield the following expression for the flow exergy: 

 

CHooostream egzVssThhe +++−+−= 2

2
1)()(  Equation 6-12 

 

The physical stream flow exergy is the stream flow exergy less the kinetic, 

potential and chemical exergy terms as follows: 

 

)()(, ooostreamPH ssThhe −+−=  Equation 6-13 

 

The flow stream exergy is useful for process flow applications such as 

HVAC design in which streams of material enter and exit the control volume.  

Simplified relations of the physical flow stream exergy can be developed for 

fluids common in HVAC design. 
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6.2.5 Simplified Flow Stream Exergy Relations for HVAC Design 

Ideal gas properties are common for most basic comfort cooling 

applications.  The physical flow stream exergy of a single component ideal gas is 

as follows [11]: 
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where cp is the specific heat at constant pressure and k is the ratio of the specific 

heat at constant pressure over the specific heat at constant volume (cv).  For 

standard air, cp equals 1.0052 kJ/Kg⋅K and k equals 1.4 [28].  In addition to single 

component gas systems, HVAC design also consists of multi component fluids.  

The general relation for the flow exergy of a multi component fluid is as follows:   
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where x is the mole fraction.  For HVAC design, the most common multi-

component fluid is moist air which is composed of dry air and water vapor.  The 

mole fraction of water in air is expressed as: 

 

W
WxW ⋅+

⋅=
6078.11

6078.1  Equation 6-16 
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where W is the mass of water vapor per unit mass of dry air.  The flow exergy of 

moist air relative to a datum dead state of temperature To, pressure po and 

humidity ratio (specific humidity) of Wo is expressed as follows [72]: 
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A simplified relation for the availability of low partial pressure (p < 13 

kPa) steam is as follows: 
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where the subscript “st” represents steam.  When the above pressure exceeds 2 

psia, the steam tables should be consulted to look up enthalpy, entropy and 

pressure properties and the fundamental flow exergy equation should be 

implemented.40 

                                                 
40 Reference [21], [23], [24], [54], [66], and [71] for an application of the above exergy relations 
in HVAC equipment design and optimization. 
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6.2.6 Exergy of a Closed System 

The exergy of a closed system is developed by combining the energy and 

entropy balances (assuming no chemical reaction) as follows: 

 

Generalized First Law: 

∫ −=−+−+−
2

1
1,2,1,2,12 )()()( WQEEEEUU PEPEKEKE δ   Equation 6-19 

 

Generalized Second Law: 

∫ +
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where the subscript “b” represents a boundary at which a heat transfer δQb enters 

the system (positive value) or exits the system (negative value) at temperature Tb.  

The term W represents the work done by the system onto the environment.   

Combining the energy and entropy terms and multiplying by the ambient 

dead state temperature, To, and substituting the expression for total exergy, the 

difference in Exergy between states is expressed as follows: 
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−=− δ   Equation 6-21 

 

The last term in the above equation is defined as the exergy destruction, ED.  It 

represents the exergy (the ability to do work) destroyed within the control 
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volume.  It is also known as the irreversibility and availability destruction, and 

the lost work. 

In rate form, the change of exergy is expressed as: 
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In the control volume expression, the exergy streams ei and ee shall be 

expressed by the estream expression.  The time rate of change control volume 

expression is as follows: 
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When steady state analysis of the system is applicable, the time rate of 

change terms equate to zero and the steady state control volume exergy 

expression reduces to the following: 
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6.3 EXERGY BASED EFFICIENCY ANALYSIS 

For a particular system model, four (4) classifications of exergy are of 

primary interest.  These are 1) exergy produced, 2) exergy supplied, 3) exergy 

lost, and 4) exergy destroyed. 

6.3.1 Exergy Produced  

The exergy produced (EP) is the total net exergy the system produces that 

is of value in regards to the system design requirements.  For example, in the case 

of HVAC design, the requirements may include the removal of heat from a stream 

of air.  In this example, the exergy produced is defined as the leaving exergy 

minus the entering exergy – the net change in exergy of the stream.  The produced 

exergy is typically associated with the main flow for a given function. 

6.3.2 Exergy Supplied 

The exergy supplied (ES) is the total net exergy supplied to the system to 

achieve the desired produced exergy.  For example, in the case of HVAC design, 

the supplied exergy may be the work input in the form of electrical energy or the 

net difference between entering and leaving streams such as hydronic water lines 

for a hydronic heat exchanger.  The supplied exergy is an auxiliary flow 

associated with a given function.  Thus, they support the main flow exergy 

produced. 
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6.3.3 Exergy Lost  

The exergy lost (EL) is the total effluent exergy leaving the system that is 

not of value with respect to the design requirements.  This is not to say the lost 

exergy cannot perform valuable work; it simply has not been designed to be of 

value and is therefore expelled into the environment without recovery.  For 

example, in the case of HVAC design, the heat rejection from a cooling cycle is 

lost exergy that could be recovered for other functions such as reheat for humidity 

control or domestic water heating.  Similar to the exergy supplied, the exergy lost 

is typically associated with the auxiliary flows of a given function.  Unlike the 

exergy supplied, the exergy lost is the absolute value of the exergy leaving the 

system – not the net between entering and leaving as in the case of the exergy 

supplied. 

6.3.4 Exergy Destroyed  

The exergy destroyed (ED) is the total exergy destroyed within the system 

control volume.  It represents the lost work potential within the control volume.  

The exergy destroyed is the portion of the supplied exergy converted into a form 

that cannot be accounted for in the exergy produced or the exergy lost and 

therefore cannot be recovered.  From a modeling perspective, there is no flow 

(main or auxiliary) associated with the exergy destroyed.  It is destroyed within 

the system as if the system were a sink for exergy.  Examples of exergy 

destruction in HVAC systems design include friction losses, reheat of cold 

streams, vibrations, and other interactions that were not modeled as either exergy 

produced, supplied or lost flows. 
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6.3.5 Example Cooling System 

Figure 6-2 below presents a schematic of a basic air-handling unit (AHU) 

with a centrifugal fan and chilled water hydronic cooling coil.  The schematic is 

presented to illustrate the system exergy interactions. 

 

Figure 6-2: Air Handling Unit with a Chilled-Water Cooling Coil. 

The exergy produced is the cold supply air stream flow exergy minus the 

return air stream flow exergy.  This difference represents the net exergy desired 

by the system. 

The exergy supplied includes contributions from the chilled water and the 

electrical connection.  The chilled water component is the chilled water inlet 

(chilled water supply) stream flow exergy minus the chilled water discharge 

(chilled water return) stream flow exergy.  The electrical input is the direct Work 

input. 

The exergy lost is the condensate water effluent flow exergy.   
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The exergy destroyed includes the air side pressure drop across the coil, 

the water side pressure drop in the coil, the air pressure drop through the return 

and supply ductwork and air-handling unit casing, and fan systems losses (motor, 

belt and pulley system, and fan inefficiencies). 

6.3.6 System Exergy Based Efficiency 

The four (4) classes of exergy are related within a system as follows: 

 

destroyedlostproducedsupplied EEEE &&&& ++=  Equation 6-25 

 

The Second Law efficiency (ηII) of a system is a function of these defined 

system exergies and is expressed as follows: 
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Produced

E
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II &

&
=η  Equation 6-26 

 

The ideal system has a 100% efficiency in which all supplied exergy is 

converted into the desired produced exergy.  In contrast, a system with high 

exergy lost and high exergy destroyed would yield a relatively low 2nd Law 

efficiency.  Again, as shown in Chapter 7, exergy lost may be recovered to help 

increase the system efficiency.  However, exergy destroyed cannot be recovered 

and thus is most detrimental to system design. 
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6.3.7 Deficiency of First Law System Efficiency 

The first law system efficiency (ηI) is the most widely used method of 

evaluating system efficiency.  The basic First Law efficiency concept is defined 

as the useful energy produced divided by the useful energy supplied as follows: 

 

Supplied

Produced

Energy
Energy

I =η  Equation 6-27 

 

The heating Coefficient of Performance (COP) is based on the above First 

Law efficiency definition as follows: 

 

Supplied

Produced

Energy
HeatingCOP =  Equation 6-28 

 

The cooling Energy Efficiency Ratio (EER) is also based on the First Law 

efficiency as follows: 
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Produced
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WattsEnergy
hrBtuCoolingEER =  Equation 6-29 

 

Because one (1) Watt is equivalent to 3.4122 Btu/hr, the cooling COP is equal to 

the EER divided by 3.4122.   The COP and EER definitions are useful tools to 

evaluate the overall energy efficiency of alternate systems.  However, unlike the 

Second Law efficiency (ηII), the First Law Efficiency (ηI) is not bound by 100%.  

Thus, the designer cannot determine the relative potential for improvement for a 
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given system.  If a system were 30% efficient, one could reason that another 70% 

of efficiency is available in the most ideal case.  However, if the COP were 3 or 

the EER were 10, the designer cannot determine where the system stands relative 

to the physical limits.  Thus, the designer cannot determine how much 

inefficiency is due to equipment inefficiencies versus the physical process limits. 

Consider an electrical heating element.  This device converts electrical 

energy to heat.  Neglecting any thermal losses through the heating element casing 

(a reasonable assumption), the unit coverts all the electrical energy into heat.  

Thus, according to the First Law analysis, this device has a 100% efficiency (η I).  

This seems to be a good system.  However, a packaged heat pump unit typically 

has a COP of 3 or a First Law efficiency of 300% (ηI).  Thus, only after 

comparing the electric heater efficiency to that of another system do we realize 

the electrical heater may not be so desirable.  However, what if we were not 

aware of the heat pump technology.  We would not be able to determine the 

absolute efficiency of the electrical heater and assume, as before, it has a 100% 

First Law efficiency (ηI). 

In contrast, the Second Law efficiency (ηII) is based on an absolute 0 to 

100% scale – there is no 300% Second Law efficiency.  Chapter 9 presents some 

examples of heating systems that we may borrow from to make this point clearer.  

A heating system is designed based on ambient conditions, indoor air conditions 

and discharge air conditions.  Function “B” in Table 9-5 represents the heating 

control volume function.  The Second Law efficiency of this process is 9% (ηII).  

Thus, only 9% of the exergy supplied is used to produce the desired exergy 
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produced.  A system with a COP of 3 would have a Second Law efficiency of 

27% (η II).  Unlike the First Law efficiency, the Second Law efficiency provides 

an absolute efficiency of the function.  Regardless of the designer’s knowledge of 

alternate heating equipment, such as the packaged heat pump, the designer is 

made aware the electrical heater only has an efficiency of 9% and is therefore 

relatively inefficient.  Chapter 9 provides further applications of the Second Law 

efficiency, including a review of the relative inefficiency of selected equipment 

compared to their ideal Second Law efficiency. 

6.4 FIRMING UP FUNCTIONS AND FLOWS 

The functional flow diagram consists of stream flows entering and leaving 

the overall system and individual functions.  Each material stream that flows 

through the system carries a flow exergy unless the stream were at the dead state 

(temperature, pressure and humidity for thermo-mechanical exergy analysis).  The 

definition of the exergy flow requires a clear definition of the stream conditions 

and mass flow rate.  Once the flow conditions are defined, the system can be 

evaluated with respect to exergy, including the exergy produced, supplied, lost 

and destroyed.  Furthermore, the system Second Law efficiency can be computed. 

6.4.1 Document Assumptions 

The prescription of flow conditions is based on parameters defined in the 

Program Requirements and resulting constraints from physical principles.  Where 

the system is under-constrained, the designer can set system parameters based on 

design assumptions.  These assumptions should be clearly documented.  For 
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example, “the supply air temperature is limited to no more than 110°F to prevent 

the scalding of users.” 

6.4.2 Refined Functional Flow Diagram 

The functional flow diagram presented in Chapter 5 is sufficient for 

qualitative modeling.  However, a more refined model is presented for alternate 

overall functions and exergy based analysis.   

Abstraction 

Figure 6-3 presents a model for the abstraction of the design requirements.  

This model identifies the major system components such as the HVAC System, 

the room envelope and the ambient and the general interactions among these 

systems.  In addition, the model identifies general conditions, such as the ambient 

dead state and room design conditions. 

 

Figure 6-3: Abstraction of Design Requirements into Primary Systems and 
Flows. 
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Overall Function 

The abstraction is then refined into one or more overall functions.  Figure 

6-4 below presents a sample overall function for a heating system.  The flow 

types are clarified.  For example, general interactions are identified as room air 

and energy.  Furthermore, additional interactions are added to allow a user 

interface.  The overall function identifies an additional system – the user – that 

interacts with the HVAC System.  Systems may be added at the overall function 

level as may pertain to the particular interpretation of the design requirements. 

 

Figure 6-4: Sample Overall Function for Heating. 

The level of detail to be modeled is the designer’s prerogative.  The 

objective of the model is to capture these assumptions by the designer so as to 

review and improve the design in future iterations.  For example, the user hand 

input into the system is intended to input the room setpoint temperature into the 

system controls.  Alternatively, this could have been modeled as a generic 

information flow from which alternate physical methods of human interaction 
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could be considered in more detailed refinements of the functional model.  Such 

alternates in addition to the “user hand” include sound input through voice 

recognition and body motions (without touch) through motion sensors. 

Available Energy (Exergy) Flow 

In addition to the material, energy and signal flow types, a fourth flow 

type is added to represent a material with positive available energy (exergy).  

These four flow types are presented below in Figure 6-5.   

 

Figure 6-5: Flow Legend for a Firmed-Up Functional Flow Diagram. 

The material, energy and signal flow representations are borrowed from 

the Systematic Design Method symbols [52].  The energy stream is shown as a 

single line arrow and indicates pure energy such as electricity, mechanical work, 

etc.  The dashed arrow represents data or signals (pneumatic, electronic, digital, 

human, etc.).  A new flow type is created to represent material carrying exergy, 

such as thermo-mechanical or chemical.  This flow type is represented as a 

material flow (double line arrow) containing an energy flow (single line arrow).  

Thus, material with thermal or mechanical energy, such as enthalpy, pressure, 

velocity, chemical energy or potential energy are represented as available energy 

(exergy) flows.  A material stream at the dead state (carrying no available energy) 

is represented as a standard material stream. 
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Main Flow vs. Auxiliary Flow 

Chapter 4 Section 4.3 identifies the various requirements for the proposed 

functional flow diagram.  One of these requirements is the ability to distinguish 

between main flows and auxiliary flows for each function.  IDEF0 shows the 

main flows in the horizontal direction.41  Figure 6-6 below shows the main flow 

and auxiliary flow orientations for the functional flow diagram.  The auxiliary 

flow is in the vertical direction and the main flow is in the horizontal direction.  

Main flows enter from the left and exit on the right.  Auxiliary flows enter from 

the top and exit from the bottom.  This convention applies to each function and 

each system.  Thus, by inspection, all flows entering the system on the left and 

leaving at the right are the main system flows and all flows entering at the top and 

leaving at the bottom are auxiliary system flows.  

 

Figure 6-6: Orientation of Main & Auxiliary Flows in a Functional Flow 
Diagram. 

                                                 
41 Reference Figure 4-5 for the basic IDEF0 flow components. 
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Main Sub-Functions vs. Auxiliary Sub-Functions 

In addition to the clarification of main and auxiliary flows, the process 

model requirements list in Chapter 4 Section 4.3 also includes a means to 

distinguish between auxiliary functions and main functions.  Because the concept 

of an auxiliary function is relative, it is difficult to distinguish the function (such 

as with dashed lines) if there are several levels of auxiliary functions.  For 

example, an auxiliary function can also have an auxiliary function.   

 

Figure 6-7: Main Functions and Auxiliary Functions. 
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In lieu of directly tagging a function as main or auxiliary relative to 

another function, the functional flow diagram relies on the main and auxiliary 

flow convention to clarify the main and auxiliary relations among functions.  This 

is illustrated in Figure 6-7 above. 

In this diagram, Function “C” is an auxiliary function to Function “B” 

because its main flow serves as an auxiliary flow to Function “B”.  Because an 

auxiliary function is subservient to the main function, we know that Function “B” 

was developed prior to Function “C” and if Function “B” were deleted, Function 

“C” can also be deleted.  Thus, there is a rich history among the system, 

functions, and flows that can be represented by the main and auxiliary flow 

orientations. 

Function “A” and Function “C” do not have an auxiliary to main 

relationship.  Rather Functions “A” and “C” carry the system main flow and this 

flow is also a main flow to each of these Functions.  Therefore, these two 

functions are main functions relative to the overall system and are therefore 

referred to as Main System Functions.  There is typically a series of main system 

functions that forms a process “train” through the system and carries the main 

system flow.  The set of sub-functions – the system of all main and auxiliary sub-

functions – achieves the overall function.  However, the main system functions 

play a critical role in the system since they carry the main system flow.   

Not all main system functions may be equally critical in achieving the 

overall function.  For example, in Figure 6-7 there is no relative main to auxiliary 

relationship between Function “A” and Function “B” to distinguish one as the 
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critical function.  If such a relative relationship exists within a train of main 

system functions, a method is required to distinguish the critical function(s) from 

the remaining functions in the process train.  For example, the critical main 

system function can be distinguished with a graphical designation, such as a 

double lined function box or other graphical mark.  Such possible methods are not 

further addressed in this work and are identified as future work in Chapter 10. 

Figure 6-8 presents a complete functional flow diagram.  The diagram 

represents a heating system and is borrowed from the heating example in Chapter 

9, Section 9.2.  The diagram includes the overall system boundary, internal sub-

functions and interconnecting flows.  All four (4) flow types, including the 

available energy (exergy) flow, are included for illustration purposes. 

Function “I” in the functional flow diagram in Figure 6-8 shows the 

“Room Air Near Occupant” flow that enters as a main flow with respect to the 

Function “I” but leaves as an auxiliary flow.  Likewise, Function “F” has a flow 

named “User Hand” that enters as a main flow and leaves as an auxiliary flow.  In 

all other functions in the diagram, where the flow enters as a main flow, it leaves 

as a mina flow as well.  A flow may enter as a main flow and leave as an auxiliary 

flow.  This is most common in transformation functions that transform a flow 

from one basic type (i.e.: material) to another types (i.e.: signal).  In such cases, 

the flow enters as a main flow but the leaving main flow is the transformation of 

the main flow – not the same main flow that entered.  If the main flow were not 

stored (assuming steady state) in the control volume, the main flow exits as an 

auxiliary flow with respect to the function. 
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Figure 6-8: Sample Firmed Up Functional Flow Diagram 
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Table 6-1 below presents a sample Material Stream Exergy Schedule.  

This schedule presents the material properties that are required to calculate the 

exergy system properties.  Each flow stream tag references the flow on the 

functional flow diagram. 

Table 6-1: Sample Material Stream Exergy Schedule. 

Flow P HR (W) v (dry 
air) Vel.

# °C K kPa - m^3/kg m/s kJ/kg kW kJ/kg kW kg/s Flow m^3/s CFM

1 Return Air 21.0 294 101.33 0.004 0.839 0.0 31 12 0.78 0.29 0.378 2 0.316 670

2 Return Air 21.0 294 101.33 0.004 0.839 3.5 31 12 0.78 0.30 0.378 Energy 
Bal. 0.316 670

3 Supply Air, Hot 35.0 308 101.33 0.004 0.879 3.5 45 17 2.10 0.79 0.378 2 0.331 702

4 Supply Air, Hot 35.0 308 101.33 0.004 0.879 3.5 45 17 2.10 0.79 0.378 2 0.331 702

Volumetric Rate
Description

Mass RateStream 
Enthalpy Stream ExergyDB T

HEATING "A-1" MATERIAL STREAM EXERGY SCHEDULE

 

Function Exergy Schedule 

Table 6-2 presents a sample Function Exergy Schedule.  This table 

presents the major exergy classifications: 1) exergy produced, 2) exergy lost, 3) 

exergy destroyed, and 4) exergy supplied.  Furthermore, the table identifies the 

sub-function exergy lost ratio, exergy destroyed ratio and Second Law efficiency.  

Each function mark matches that on the functional flow diagram. 
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Table 6-2: Sample Function Exergy Schedule. 

Stream 
Sum

At 
System

Fossil 
Fuel

# kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark) η,ΙΙ η,ΙΙ

A Increase Return Air 
Speed 0.002 7 -0.002 0.002 2-1 0.000 0.000 - 0.000 0.00 0.002 7 1.00 0.330

B Increase Return Air 
Temperature 5.369 8 -0.497 0.497 3-2 0.000 0.000 - 4.872 0.91 5.369 8 0.09 0.031

C Export Room Air 0.000 - 0.000 0.000 4-3 0.000 - - 0.000 - 0.000 - - -

Overall System Level 5.371 7,8 -0.500 0.500 4-1 0.000 0.00 - 4.872 0.91 5.371 7,8 0.09 0.031

Function

Description

HEATING "A-1" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work In

 

 

The fossil fuel Second Law efficiency is the efficiency at the system 

multiplied by the assumed electrical power plant efficiency.  In this dissertation, 

the power plant efficiency is assumed equal to 33% [72].  This is provided as a 

reference for natural gas powered equipment.  For simplicity, the Second Law 

efficiency at the Power Plant for a natural gas device is set equal to the Second 

Law efficiency at the system.  When a system uses natural gas, the overall system 

Second Law efficiency should be reviewed at the Power Plant level. 

The bottom row of the Function Exergy Schedule lists the overall system 

exergies, exergy ratios and Second Law efficiency.  It also lists the required work 

input.  For HVAC design, the work input represents the minimum work input for 

the given flow conditions. 

6.5 PROPOSED EXERGY BASED EVALUATION OF ALTERNATE 
FUNCTIONAL FLOW DIAGRAMS 

The proposed method includes the implementation of the four (4) 

classifications of exergy interactions.  These again are 1) the fuel exergy supplied 
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to the control volume (Es), 2) the useful exergy produced by the control volume 

(Ep), 3) the exergy loss of the control volume (EL), and 4) the exergy destroyed 

(ED), also known as the irreversibility. 

6.5.1 Set the Exergy Destruction to Zero 

If the method is to evaluate the energy efficiency of the functional flow 

diagram independent of the equipment selection, the efficiency of the functional 

flow diagram shall be independent of any losses associated with the equipment 

selection.  Thus, the functional flow efficiency shall be defined as the system 

efficiency at which all equipment Exergy Destruction is equal to zero.  This is the 

crux of this process efficiency evaluation method.  Since each equipment is 

modeled as a functional control volume, the first step is to set the Exergy 

Destruction of each function “i” (ED,F,i) to zero (0). 

 

0,, ≡iFDE&  Equation 6-30 

 

where the subscript “F” indicates the value is associated with the functional flow 

diagram and not the concept after equipment selection.  The exception to the 

above equation is if the function is defined or constrained by the design 

requirements or process decisions such that it must destroy exergy.  This 

exception is elaborated further in Section 6.5.2 to follow.   
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Figure 6-9: Generation of Firmed-Up Functional Flow Diagrams. 

Figure 6-9 presents the steps to generate a firmed-up functional flow 

diagram.  The prescription of zero exergy destruction implies the process 

decisions do not destroy exergy and the function is hypothetically served by 
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reversible equipment that has zero Entropy Generation (Sgen = 0; or ED = 0).  

Reversible equipment is a theoretical idealization.  However, by setting the 

Exergy Destruction of all equipment to zero, the energy efficiency of the 

functional flow diagram is evaluated independent of consequential irreversibility 

of the equipment.  The resulting functional flow diagram efficiency (ηΙΙ ,F) is 

independent of the equipment irreversibilities and would represent the reversible 

efficiency; the maximum theoretical efficiency for the functional flow diagram.  

Setting Exergy Destruction (ED) to zero allows for the evaluation of the process 

decisions independent of equipment selection. 

The flow properties at the function control volume are defined to satisfy a 

zero Exergy Destruction (ED).  For a steady sate control volume formulation, as is 

common in HVAC systems design, the rate of Exergy Destruction ( DE& ) is set to 

zero and is expressed as follows: 

 

01, ≡−++
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where oT  is the ambient temperature, jT  is the temperature at surface j, jQ&  is the 

rate of heat transfer at surface j into the control volume, CVW&  is the work rate onto 

the control volume, im&  is the mass flow rate i entering the control volume, ie  is 

the stream exergy i entering the control volume, em&  is the mass flow rate e exiting 

the control volume, and ee  is the stream exergy e exiting the control volume.  If 

the designer were to specify flow conditions that result in exergy destruction, the 
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method requires the designer to alter the flow conditions to yield zero exergy 

destruction. 
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Figure 6-10: Exergy Stream Interactions at the Control Volume. 

6.5.2 Exception to Zero Exergy Destruction 

As indicated prior, the method allows an exception to the prescription of 

zero exergy destruction.  This exception applies for functions that are intended to 

destroy exergy.  Although these cases can arise, they should be avoided.  

Examples of HVAC functions that destroy exergy include the reheat of cold air 

during a warm day and the throttling of streams towards ambient pressures to 

reduce flow rate or pressure.  If the designer elects to proceed with a function that 

destroys exergy, the Functional flow diagram Efficiency would represent the 

irreversible efficiency and not the reversible. 

6.5.3 Compute the Functional Flow Diagram Energy Efficiency 

With all the flow conditions quantified and the flow exergies computed, 

the system Second Law efficiency is computed through the standard efficiency 

equation.  First, exergy supplied (ES,F), exergy produced (EP,F), exergy lost (EL,F) 

and exergy destroyed (ED,F) for the overall functional flow diagram are computed.  

These are related as follows: 



 131

 

FD,FL,FP,FS, EEEE &&&& ++=  Equation 6-32 

 

The Second Law efficiency of the functional flow diagram is expressed as 

follows: 

 

FS,

FP,
, E

E
FII &

&
=η  Equation 6-33 

 

6.5.4 Evaluating Functional Flow Alternates 

If multiple functional flow diagrams were generated, the designer could 

determine the Second Law efficiency of each alternate and select the system with 

the highest efficiency; pending other design requirements are also satisfied.  After 

the optimal functional flow diagram is selected, the designer could precede with 

equipment selection.  However, as noted in Chapter 3, the third objective of this 

work is to generate guidelines to improve the system energy efficiency.  This 

opportunity is presented in the following Chapter 7. 
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Chapter 7: Exergy Based Efficiency Guidelines 

Chapter 5 presented a method to document process decisions in a 

Functional Flow Diagram.  Chapter 6 developed a means to quantify and evaluate 

the process decisions in the Functional Flow Diagrams with respect to Second 

Law efficiency.  This chapter surveys existing energy efficient HVAC design 

guidelines, reviews exergy based process design guidelines and presents a set of 

energy efficient HVAC design guidelines that incorporate exergy analysis.  Figure 

7-1 presents the overall objectives of this work and the objective of this chapter.  

The process starts with a diagnosis of the functional flow diagram through exergy 

coefficients to determine which portion of the functional flow diagram is deficient 

and what type of deficiency it has.  Specific guidelines are developed to address 

each type of HVAC process deficiency. 
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Figure 7-1: Summary of Major Objectives of Current Work. 



 133

7.1 DIAGNOSE FIRMED-UP FUNCTIONAL FLOW DIAGRAM 

As presented in Chapter 6 Section 6.3, the reduction in system efficiency 

is attributed to exergy lost and exergy destroyed.  Different remedies apply to 

each. The designer should first diagnose the process decisions in the functional 

flow diagram and identify where and what types of deficiencies exist. 

7.1.1 Exergy Destruction 

As stated in Section 6.5.1, the designer should attempt to set all exergy 

destruction to zero.  However, some process decisions make this physically 

impossible.  Thus, the non-zero exergy destruction indicates the designer has 

made process decisions that are fundamentally inefficient.   

Overall Functional Exergy Destruction Ratio FD,λ  

The exergy destruction ratio Dλ  is defined as the ratio of the exergy 

destroyed divided by the exergy supplied [11].  Thus, the overall functional 

exergy destruction ratio is defined as follows: 

 

FS,

FD,
, E

E
FD &

&
=λ  Equation 7-1 

 

where FD,E&  is the rate of overall functional exergy destruction, and FS,E&  is the rate 

of overall functional exergy supply. A high exergy destruction ratio indicates a 

relatively inefficient functional flow diagram and thus potential for improvement. 
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Functional Component Exergy Destruction Ratio *
,, jFDλ  

The exergy destroyed within the functional flow diagram is equal to the 

sum of the component exergy destroyed within each sub-function as follows:   

 
∑=

j
EE jF,D,FD,
&&  Equation 7-2 

 

where jF,D,E&  is the exergy destroyed within sub-function “j”. 

The component exergy destruction ratio *
Dλ  is defined as the component 

exergy destruction divided by the total exergy destruction in the system [11].  

Thus, the component functional exergy destruction ratio for a sub-function “j” is 

defined as follows: 

 

FD,

jF,D,*
,, E

E
jFD &

&
=λ  Equation 7-3 

 

A sub-function with a high component functional exergy destruction rate *
,FDλ  is a 

prime candidate for revision. 

Sub-Function Exergy Destruction Ratio jFD ,,λ  

The exergy destruction ratio Dλ  of a sub-function indicates the relative 

potential for improvement for that sub-function.  Thus, the exergy destruction of 

sub-function “j” is defined as: 
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jF,S,

jF,D,
,, E

E
jFD &

&
=λ  Equation 7-4 

 

where jF,S,E&  is the exergy supplied to sub-function “j.”  A relatively high exergy 

destruction ratio Dλ  indicates a high potential for system improvement.   

Exergy Destruction Cause for Revision 

Revision is warranted when any of the above three ratios is relatively high.  

Each ratio however identifies a different type of revision.  First, the overall 

functional exergy destruction ratio FD,λ  identifies the relative health of the 

functional flow diagram.  A high overall functional exergy destruction ratio FD,λ  

indicates the system should be revised. 

Second, the functional component exergy destruction ratio *
,, jFDλ  

identifies which functions contribute most to the overall functional exergy 

destruction ratio FD,λ .  The functions with the highest contributions should be 

reviewed first.   

Finally, the sub-function exergy destruction ratio jFD ,,λ  identifies the 

potential for improvement within a sub-function.  If two sub-functions have the 

same component exergy destruction ratio *
,, jFDλ , the sub-function with the higher 

exergy destruction ratio jFD ,,λ  should be addressed first because it has the higher 

potential for improvement. 

Figure 7-2 below presents the steps of exergy destruction analysis for a 

sample functional flow diagram.  The overall functional exergy destruction ratio 

FD,λ  is computed, then the functional component exergy destruction ratio *
,, jFDλ  
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is computed for each sub-function and finally the sub-function exergy destruction 

ratio jFD ,,λ  is computed for each sub-function. 
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Figure 7-2: Functional Exergy Destruction Ratio Analysis. 

7.1.2 Exergy Loss 

Chapter 6 Section 6.3.3 defines the exergy lost quantity within a system.  

A system with a high exergy loss is wasting available work to the environment 

that could instead be used to supplement the exergy supplied to the same or other 

system.  The following exergy loss ratios can diagnose the exergy loss in a 

functional flow diagram.  They are analogous to the exergy destruction ratios and. 
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Overall Functional Exergy Loss Ratio FL,λ  

The exergy loss ratio Lλ is defined as the ratio of the exergy lost divided 

by the exergy supplied [11].  Thus, the overall functional exergy loss ratio is 

defined as follows: 

 

FS,

FL,
, E

E
FL &

&
=λ  Equation 7-5 

 

where FL,E& .is the rate of overall functional exergy destruction, and FS,E& .is the rate 

of overall functional exergy supply. A high exergy loss ratio indicates a relatively 

inefficient functional flow diagram and thus potential for improvement. 

Functional Component Exergy Loss Ratio *
,, kFDλ  

Unlike exergy destroyed, the total exergy lost by a system can be less than 

or equal to the total exergy lost by each system component.  Thus, the same holds 

for the total exergy lost by a functional flow diagram as follows: 

 
∑≤

j
EE jF,L,FL,
&&  Equation 7-6 

 

where jF,L,E&  is the exergy lost by each sub-function “j”.  Figure 7-3 below 

presents an example to illustrate this relation.  The exergy lost by sub-function 

“A” can be input into sub-function “B”.  In turn, the exergy loss from sub-

function “B” can be discharged outside the system.42  The total exergy loss within 
                                                 
42 Figure 7-3 disregards other interactions at these functions for simplicity.   
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the system is the sum of exergies in streams 1 and 2.  However, the total exergy 

lost by the system is the exergy of stream 2 only, without any contribution by 

stream 1. 
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Figure 7-3: Exergy Loss of System and Components. 

Thus, an exergy loss ratio cannot be defined as the exergy loss of each 

sub-function divided by the overall system exergy loss because the ratio can 

exceed 1.0.  To ensure a ratio of 1.0, one alternative is to determine the sub-

function exergy loss divided by the total sub-function exergy losses.  However, 

such a ratio has limited use because it may include duplicate sums of the same 

stream, as in the example illustrated in Figure 7-3. 
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Rather than evaluate sub-functions, the ratio could evaluate streams 

(flows).  The sum of flow exergy losses that cross the system boundary are 

cumulative and equal the total system loss as follows: 

 
∑=

k
EE kF,L,FL,
&&  Equation 7-7 

 

where kF,L,E&  is the component exergy loss of a stream (flow) “k” crossing the 

system boundary and leaving the system. 

The component exergy loss ratio *
Lλ  is defined as the component exergy 

loss divided by the total exergy loss by a system.  Thus, the component functional 

exergy loss ratio for a stream “k” is defined as follows: 

 

FL,
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=λ  Equation 7-8 

 

A stream with a high component functional exergy loss ratio *
,FLλ  is a prime 

candidate for recovery. 

Sub-Function Exergy Loss Ratio jFL ,,λ  

The exergy loss ratio Lλ  of a sub-function indicates the relative potential 

for improvement for that sub-function.  Thus, the exergy loss of sub-function “j” 

is defined as: 
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where jF,S,E&  is the exergy supplied to sub-function “j.”  A relatively high exergy 

loss ratio Lλ  indicates a high potential for system improvement.   

Exergy Loss Cause for Revision 

The designer can diagnose the exergy loss of a functional flow diagram 

with the above ratios using a process similar to the exergy destruction diagnosis.  

Each ratio however identifies a different type of revision.  First, a high overall 

functional exergy loss ratio FL,λ  indicates the system should be revised. 

Second, the functional component exergy loss ratio *
,, kFLλ  identifies which 

flows contribute most to the overall functional exergy loss ratio FL,λ .  The flows 

with the highest contributions should be reviewed first for possible recovery. 

Finally, the sub-function exergy loss ratio jFL ,,λ  identifies the potential for 

improvement within a sub-function.  If two sub-functions produce a separate flow 

streams that yield the same component functional exergy loss ratio *
,, kFLλ , the sub-

function with the higher exergy loss ratio jFL ,,λ  should be addressed first because 

it has the higher potential for improvement. 

Figure 7-4 below presents the steps of exergy loss analysis for a sample 

functional flow diagram.  The overall functional exergy loss ratio FL,λ  is 

computed, then the flow component exergy loss ratio *
,, kFLλ  is computed for each 

exiting exergy flow and finally the exergy loss ratio jFL ,,λ  is computed for each 

sub-function. 
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Figure 7-4: Functional Exergy Loss Ratio Analysis. 

7.1.3 Relation Between Ratios and Second Law Efficiency 

As noted in Chapter 6, for any given system, the exergy supplied is equal 

to the sum of the exergy produced, lost and destroyed.  Thus,  

 

DLPS EEEE &&&& ++=  Equation 7-10 

 

Substituting the definition of the Second Law Efficiency ηII yields the 

following relation: 

 

DLII λλη −−=1  Equation 7-11 

 



 142

Thus for any given system, including the overall functional flow diagram or each 

sub-function, the system efficiency is directly related to the system exergy loss 

and exergy destruction.  The reduction of exergy loss and exergy destruction 

increases system efficiency. 

7.2 IMPROVE FUNCTIONAL FLOW DIAGRAM EFFICIENCY 

Figure 7-5 presents the process for improving the efficiency of a firmed-

up functional flow diagram.  The above ratios diagnose the system and identify 

potential areas for improvement.  However, the diagnosis is only the first step.  

Methods are required to improve system efficiency based on this diagnosis. 

7.3 SURVEY OF ENERGY EFFICIENT HVAC DESIGN STANDARDS 

Three (3) publications are surveyed in regards to their HVAC System 

efficiency guidelines.  These publications are: 

1) ANSI/ASHRAE/IESNA 90.1-1999, Energy Efficient Design of New 

Buildings Except Low-Rise Residential Buildings [2]. 

2) International Energy Conservation Code [32]. 

3) Energy Efficiency in Buildings [15]. 

These publications are relatively broad in scope.  In addition to HVAC 

systems, these publications include guidelines for building envelopes, domestic 

water heating, power distribution and lighting.  The objective of this review is to 

illustrate the general scope of the guidelines with respect to process decisions 

made during the development of the functional flow diagram.   
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Figure 7-5: Generation of Energy Efficient Functional Flow Diagram.  
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With exception to the equipment efficiency requirements referenced in 

each section below, this survey does not include specific equipment requirements 

such as insulation requirements for ductwork and piping and associated R-values.  

Such requirements are considered design constraints during equipment selection 

but are not considered during the process design. 

7.3.1 ANSI/ASHRAE/IESNA 90.1 “Energy Standard for Buildings Except 
Low-Rise Residential Buildings” 

The HVAC Systems guidelines of ANSI/ASHRAE/IESNA 90.1 “Energy 

Standard for Buildings Except Low-Rise Residential Buildings” are listed in 

Chapter 6 of the Standard.  It provides specific process system design 

requirements and guidelines to increase the overall system efficiency.  The 

following is an abridged list of guidelines obtained from the standard that are 

applicable during process design [2].  The first guideline refers to equipment 

efficiency and is listed for reference. 

1) Equipment shown in Tables 6.2.1A through 6.2.1 M in the 

standard shall have a minimum performance at the specified 

rating conditions when tested in accordance with the specified 

test procedure [2, Article 6.2.1].  These tables list the following 

types of equipment: 

a. Unitary air conditioners and condensing units. 

b. Unitary and applied heat pumps. 

c. Water chilling packages. 

d. Packaged terminal and room air conditioners and heat 

pumps. 
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e. Warm air furnaces and combination warm air furnaces/air-

conditioning units, heaters. 

f. Boilers. 

g. Heat rejection equipment (condensers). 

2) The supply of heating and cooling energy to each zone shall be 

individually controlled by thermostatic controls responding to 

temperature within the zone.  The perimeter system includes at 

least one thermostatic control zone for each building exposure 

having exterior walls facing only one orientation for 50 

contiguous ft or more [2, Article 6.2.3.1.1]. 

3) Provide an air economizer cycle (free cooling with outside air) 

when the outside air is sufficient for cooling [2, Article 6.1.3 c 

and 6.3.1.1]. 

4) Provide a water economizer cycle (cooling indoor air with water 

loop that is cooled via evaporation, such as a cooling tower) 

when the outside air is sufficient for cooling [2, Article 6.3.1.2]. 

5) When a heat pump is installed, sequence controls to prevent 

electrical strip heating if heat pump is sufficient for heating [2, 

Article 6.1.3 g and 6.2.3.4]. 

6) The control sequence shall prevent the use of cooling and reheat 

at the same time for humidity control; unless the system serves 

an industrial/process or other exceptions listed in the standard 

[2, Article 6.1.3 h]. 
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7) Control programming capability for each day of the week and 

specific night setback heating and cooling temperature 

programming [2, Article 6.1.3 i] 

8) When multiple units serve the same space, the thermostats shall 

be interlocked to prevent simultaneous heating and cooling [2, 

Article 6.1.3 m]. 

9) Exhaust systems shall have a gravity damper for systems less 

than 300 CFM and shall have a motorized damper for systems 

greater than 300 CFM [2, Articles 6.1.3 n and 6.2.3.3.3]. 

10) HVAC systems serving zones that are intended to operate or be 

occupied non-simultaneously shall be divided into isolation 

areas not to exceed 25,000 square feet nor include more than 

one floor [2, Article 6.2.3.2.4]. 

11) Systems with outside air greater than 3000 cfm serving areas 

having an average design occupancy density exceeding 100 

people per 1000 square feet shall include a means to 

automatically reduce outside air intake below design rates when 

spaces are partially occupied.  Exception: System with heat 

recovery complying with 6.3.6.1 [2, Article 6.2.3.8]. 

12) Individual fan systems that have both a design supply air 

capacity of 5000 CFM or greater and have a minimum outside 

air supply of 70% or greater of the design supply air quantity 
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shall have an energy recovery system with at least 50% 

recovery effectiveness [2, Article 6.3.6.1]. 

13) Condenser heat recovery systems shall be installed for heating 

or preheating of service hot water provided all of the following 

are true: a) the facility operates 24 hours a day, b) the total 

installed heat rejection capacity of the water-cooled systems 

exceeds 6,000,000 Btu/h of heat rejection, and c) the design 

service water heating load exceeds 1,000,000 Btu/h [2, Article 

6.3.6.2]. 

14) Individual kitchen exhaust hoods larger than 5,000 CFM shall 

be provided with makeup air sized for at least 50% of exhaust 

air volume that is a) unheated or heated to no more than 60ºF 

and b) non-cooled or cooled without the use of mechanical 

cooling [2, Article 6.3.7.1]. 

ANSI/ASHRAE/IESNA 90.1 allows an alternate approach known as the 

Cost Budget Method.  This alternate approach allows portions of the HVAC 

system to not comply with the component requirements listed in the standard if 

the overall building energy consumption is less than that allowed by the standard.  

The intent of this approach is to allow tradeoffs among the different building 

system elements, such as between lighting and HVAC system, between the 

Building Envelope and HVAC system and so forth. 
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7.3.2 ICC 2000 “International Energy Conservation Code” 

The HVAC Systems guidelines of ICC 2000 “International Energy 

Conservation Code” are listed in Chapter 8 of the Standard.  The standard is 

similar to ANSI/ASHRAE/IESNA 90.1 in structure in that it provides specific 

process design mandates and suggestions to increase the overall system 

efficiency.  The following are a portion of the requirements from ICC 2000 that 

are applicable during process design [32].  The first guideline refers to equipment 

efficiency and is listed for reference. 

1) The equipment shall meet the minimum efficiency requirements 

of Tables 803.2.2(1) through 803.2.2(5), 803.3.2(1) through 

803.3.2(3) and 803.3.2(5) when tested in accordance with 

acceptable testing procedures [32, Article 803.2.2 and 803.3.2].  

These tables list the following types of equipment: 

a. Unitary air conditioners  

b. Condensing units. 

c. Unitary and applied heat pumps. 

d. Packaged terminal air conditioners and heat pumps. 

e. Warm air furnaces and combination warm air furnaces/air-

conditioning units, heaters. 

f. Boilers. 

g. Water chilling packages. 

h. Warm air duct furnaces and unit heaters. 
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2) Each heating and cooling system shall have at least one solid-

state programmable thermostat [32, Article 803.2.3.1]. 

3) When humidistats are installed, they shall prevent the use of 

fossil fuel or electric power to achieve a humidity below 60 

percent when the system controlled is cooling, and above 30 

percent when the system controlled is heating [32, Article 

803.2.3.2]. 

4) Each system over 90,000 Btu/h cooling capacity or 3,000 CFM 

located in other than Climate Zone 1, 2, or 3b shall have an 

economizer that will automatically shut off the cooling system 

and allow all of the supply air to be provided directly from 

outdoors [32, Article 803.2.6] or water economizers that are 

capable of cooling supply air by direct or indirect evaporation 

or both and providing up to 100 percent of the expected system 

cooling load at outside air temperatures of 50°F dry bulb and 

45°F wet bulb and below. 

5) Outdoor air supply and exhaust ducts shall be provided with 

automatic means to reduce and shut off airflow [32, Article 

803.2.7.]. 

6) Heat pumps having supplementary electric resistance heat shall 

have controls that, except during defrost, prevent supplementary 

heat operation when the heat pump can meet heating load [32, 

Article 803.3.3.1.1]. 
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7) Each zone shall be provided with a thermostatic setback control 

that is controlled by either an automatic time clock or 

programmable control system [32, Article 803.3.3.3]. 

8) Hydronic systems greater than or equal to 600,000 Btu/h 

supplying heat or chilled water to comfort air conditioning 

systems shall include controls to reset water temperature and 

reduce pump flow rate [32, Article 803.3.3.7.1]. 

9) Controls shall be provided to automatically reset the supply air 

in response to building load [32, Article 803.3.4.1]. 

In general, all guidelines offered in the ICC 2000 code are included in 

ANSI/ASHRAE/IESNA 90.1.  However, there are some discrepancies in the 

quantitative values that mandate conformance; thus one standard may have a 

stricter requirement than the other under a certain set of circumstances.  For 

example, the ICC 2000 requires the economizer cycle in relatively warm climates 

where ANSI/ASHRAE/IESNA 90.1 does not.  Furthermore, 

ANSI/ASHRAE/IESNA 90.1 includes systems not covered by ICC 2000, such as 

kitchen exhaust systems and condenser heat recovery systems for preheating 

service hot water. 

7.3.3 CIBSE “Energy Efficiency in Buildings Guide” 

Of the three guides surveyed, CIBSE “Energy Efficiency in Buildings 

Guide” [15] guide has the more unique structure.  First, it is not written in 

standard or code language; thus there are no mandatory directives such as “shall” 

or “must.”  This guide is authored by the Chartered Institute of Building Design 
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Engineers London (United Kingdom) and serves only as a guide with no statutory 

legislative backing. 

HVAC efficiency mandates in the United Kingdom for commercial 

buildings are listed in The Building Regulations 2000 approved document 

“Conservation Of Fuel And Power In Buildings Other Than Dwellings” [70]. 

Unlike the CIBSE “Energy Efficiency in Buildings Guide,” the statutory code 

provides maximum energy consumption limits in the form of carbon intensities, 

carbon emission factors or power (Watts) depending on the equipment.  The 

statute provides general limits on heating systems and ventilating systems.  

However, the energy cap on cooling systems is limited to office buildings only.  

Article 1.67 defines the energy cap on the fan power (ventilation component) of 

the cooling system of non-office buildings but clarifies there is no cap on the 

cooling system (refrigeration system) components.  Furthermore, unlike 

ANSI/ASHRAE/IESNA 90.1 and ICC 2000, the United Kingdom Statute does 

not provide specific operating conditions or process mandates.  Another statute in 

the United Kingdom, the Control of Fuel and Electricity Statutory Instrument, sets 

the maximum heating temperature in all non-domestic buildings to 19°C [15].  

However, no other quantitative process condition mandates are available in the 

United Kingdom for heating, cooling and ventilating systems. 

The CIBSE “Energy Efficiency in Buildings Guide” does not consolidate 

the HVAC guidelines in one location; rather they are intermixed with other 

building design considerations.  The benefit of this structure is to highlight HVAC 

System synthesis or conflicts with other building elements.  The drawback is the 
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guidelines are less structured.  The guide provides general design guidelines to 

increase system efficiency.  The following are the general subjects in the CIBSE 

“Energy Efficiency in Buildings Guide” that relate to efficient HVAC process 

design: 

1) Optimizing natural ventilation [15, Article 3.3.2]. 

2) Thermal storage [15, Article 3.3.4]. 

3) Heat recovery [15, Article 3.3.5]. 

4) Free Cooling (economizer cycle) [15, Article 3.3.6]. 

5) Minimizing distribution losses [15, Article 3.3.7]. 

6) Zoning the building and services [15, Article 5.1.2]. 

7) Variable flow control [15, Article 5.1.4]. 

8) Occupant Controls [15, Article 5.5]. 

9) Specific Fan Power should be 2 W/(l/s) [15, Article 6.2]. 

10) Raising (reset) cooling supply temperatures [15, Article 7.1.2]. 

The guide offers the above general process decisions for improved system 

efficiency without specific process flow parameters (flow rate, temperature, etc.) 

that are prevalent in the other two publications surveyed.  The guide also offers 

general system selection and equipment selection information in Chapter 6 

“Ventilation and Air Conditioning Design” and Chapter 7 “Refrigeration.”  The 

information is qualitative and equipment specific similar to the equipment 

oriented framework of the ASHRAE Systems Handbook [5] and general systems 

energy guidebooks.43 

                                                 
43 Reference “Energy Efficient Design and Construction for Commercial Buildings” [67]. 



 153

7.3.4 Summary of Surveyed HVAC Design Guidelines 

In summary, the guides offer general to specific requirements for 

improved HVAC process efficiency.  The survey specifically focuses on process 

oriented requirements rather than equipment requirements as much as possible.  

These guidelines are practical and useful to the HVAC designer.  However, 

because the process and equipment requirements are intermixed, they can be a bit 

confusing to follow.  It would be best to separate process design from equipment 

selection.  This would not only make the guides easier to follow, it would increase 

the potential for energy efficient design as described in Chapter 3 Section 3.2.4.  

The following section presents a broader set of guidelines developed for general 

process design, not specifically HVAC design. 

7.4 SECOND LAW BASED DESIGN GUIDELINES DEVELOPED BY SAMA, 
QIAN AND GAGGIOLI (1989) 

Sama, Qian, and Gaggioli authored a paper in 1989 that included thirteen 

(13) energy efficient process design guidelines based on Second Law analysis 

[57].  They are a result of the collective design experience of the authors; 

especially in the design of chemical process plants[59]. 

As in the HVAC design guidelines surveyed in the prior section, these 

thirteen (13) guidelines also intermix process design decisions and equipment 

selection.  Some guidelines apply to both process design and equipment selection, 

and some only to equipment selection.  Guidelines that apply to equipment 

selection include thermo-economic generalizations such as optimal heat 

exchanger sizing. 
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The guidelines are presented below in italics.  Additional comments are 

provided to clarify the relevance of each guideline to equipment independent 

process design and sample HVAC applications are provided to illustrate their 

relevance to HVAC design. 

1) Guideline: Don’t use excessively large or excessively small 

thermodynamic driving forces in process operations.   

Relevance to Process Design: Equipment dependent 

optimization – not relevant for purely functional process 

decisions.   

Sample HVAC Application: Applies to high velocity or 

pressure systems that may result in excessive equipment friction 

losses and operating costs; and excessively low velocity and 

pressure systems with oversized and thus relatively costly 

equipment (pipes, heat exchangers, pumps, fans, etc.). 

2) Guideline: Minimize the mixing of streams with differences in 

temperature, pressure or chemical composition.   

Relevance to Process Design: Relevant for purely functional 

process decisions.  Causes exergy destruction.   

Sample HVAC Application: reheat of cooled air stream via 

electric heat, hot water coil or dual duct reheat. 

3) Guideline: Don’t discard heat at high temperatures to the 

ambient, or to cooling water.   

Relevance to Process Design: Relevant for purely functional 
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process decisions.  Causes exergy loss.   

Sample HVAC Application: boiler stack exhaust, condenser 

heat rejection, and indoor air exhaust to the ambient. 

4) Guideline: Don’t heat refrigerated streams with hot streams or 

with cooling water.  

Relevance to Process Design: Relevant for purely functional 

process decisions.  Causes exergy destruction.   

Sample HVAC Application: Similar to guideline #2. 

5) Guideline: When choosing streams for heat exchange, try to 

match streams where the final temperature of one is close to the 

initial temperature of the other.  

Relevance to Process Design: Relevant for purely functional 

process decisions.  Causes higher energy efficiency.   

Sample HVAC Application: refine flow conditions for air-to-

air, air-to-water and water-to-water heat exchangers. 

6) Guideline: When exchanging heat between two streams, the 

exchange is more efficient if the heat capacities of the streams 

are similar.  If there is a big difference between the two, 

consider splitting the stream with the larger heat capacity.  

Relevance to Process Design: Relevant for purely functional 

process decisions.  Causes higher energy efficiency.   

Sample HVAC Application: Similar to guideline #5. 
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7) Guideline: Minimize the use of intermediate heat transfer fluids 

when exchanging heat between 2 streams. Three applications 

are possible: 

a. Exergy destruction due to internal friction and thermal 

standby losses of intermediate fluid system:  

Relevance to Process Design: Equipment dependent 

optimization – not relevant for purely functional process 

decisions.   

Sample HVAC Application: Elimination of intermediate 

fluid loop is desired to reduce internal exergy destruction 

due to equipment (friction and standby losses). 

b. When heat can be transferred from hotter to cooler stream 

eliminate pumped heat transfer (pumping heat is only 

required to transfer heat from cooler to hotter stream).   

Relevance to Process Design: Relevant for purely functional 

process decisions.  Minimizes exergy loss (high temperature 

heat rejection to ambient) and optimizes heat exchange flow 

conditions.   

HVAC Application: Outside air economizer, condenser 

water economizer, and plenum free reheat. 

c. When the properties of two fluid streams at a heat exchange 

function are constrained by the designer so that exergy 

destruction cannot be eliminated, it would be ideal to delete 
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the heat exchange altogether if possible.   

Relevance to Process Design: Relevant for purely functional 

process decisions.  Eliminates exergy destruction.   

Sample HVAC Application: Eliminate heat exchange 

between intermediary fluids if not required for corrosion 

protection or other design requirement. 

8) Guideline: Heat (or refrigeration) is more valuable, the further 

its temperature is from the ambient.  

Relevance to Process Design: Relevant for purely functional 

process decisions.  Highlights value of exergy loss.   

Sample HVAC Application: Similar to guideline #3. 

9) Guideline: The economic optimum ∆T of a heat exchanger 

decreases as the temperature decreases, and vice versa.  

Relevance to Process Design: Equipment dependent 

optimization – not relevant for purely functional process 

decisions.   

Sample HVAC Application: When the  ∆T between streams at a 

heat exchanger equipment decreases, the size (area) and thus 

associated costs of the heat exchanger equipment increases – 

assuming equal total heat exchanged and an equal transfer 

coefficient. 

10) Guideline: Minimize the throttling of steam, or other gases.  

Relevance to Process Design: Relevant for purely functional 
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process decisions.  Causes exergy destruction.   

Sample HVAC Application: Minimize functions that throttle 

(dissipate) air, water, refrigerant or other stream velocity or 

pressure. 

11) Guideline: The larger the mass flow, the larger the opportunity 

to save (or to waste) energy.   

Relevance to Process Design: Relevant for purely functional 

process decisions.  Large systems increase the scales for greater 

work energy savings.   

Sample HVAC Application: The absolute work energy savings 

of heating and cooling equipment increase proportionately with 

increased system capacity (mass flow rate). 

12) Guideline: Use simplified exergy (or availability) consumption 

calculations as a guide to process modifications.  

Relevance to Process Design: Relevant for purely functional 

process decisions.   

Sample HVAC Application: Simplified flow exergy relations 

are developed for dry air, water and moist air for HVAC 

systems.  Reference Chapter 6 Section 6.2.5. 

13) Guideline: Some 2nd Law inefficiencies can’t be avoided, others 

can.  Concentrate on those that can.  

Relevance to Process Design: Relevant for purely functional 

process decisions.   
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Sample HVAC Application: The functional flow diagram 

quantification procedure outlined in Chapter 6 requires all sub-

function flows be set to zero unless the system design 

requirements constrain the sub-function to positive exergy 

destruction. 

The guidelines range from general problem solving methods to specific 

recommendations for defining temperatures at heat exchangers.  Sama states the 

above guidelines have been used to reduce the energy efficiency of plant designs, 

including a 34% efficiency increase of a dual pressure nitric acid plant by 

implementing guideline #3 (recovery) and #6 (thermal capacities of steams) [58]. 

7.5 PROPOSED EXERGY BASED GUIDELINES FOR HVAC DESIGN 

In the course of reviewing the current HVAC energy efficiency standards, 

exergy papers authored by Sama, Gaggioli, Bejan and others, and after evaluating 

sample functional flow diagram exergy efficiencies, a set of guidelines were 

developed for HVAC Systems design.  A general set of five (5) guidelines is 

offered for HVAC process design; each with specific applications.  The five 

general guidelines, in no particular order, are: 

1. Pump Exergy from Free Source: Pump exergy from free source of 

exergy to main flow stream if required to overcome stream 

potentials. 

2. Revise Flow Parameters: Revise system flow parameters to reduce 

exergy loss and exergy destruction. 
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3. Recover Lost Exergy: Recover effluent exergy lost and use it to 

reduce the total required exergy supplied. 

4. Delete Unnecessary Pumping: Delete work associated with 

pumping between streams if sufficient potential is available to 

allow desired exergy transfer without pumping. 

5. Minimize Mixing: Minimize mixing of streams with differing 

potentials. 

The following are additional explanations of each guideline and some 

specific applications in HVAC design. 

7.5.1 #1: Pump Exergy from Free Source 

Seek available sources of free exergy flows (basic, sub-basic and 

complement types [51]) that allow for a higher functional flow diagram efficiency 

FII ,η .  Applications include: 

1. Use of ambient thermal energy for heating rather than electric 

heating. 

2. Use of ground thermal energy for heating rather than electric 

heating. 

3. Use of ground thermal energy for cooling rather than ambient air. 

4. Use of water evaporative thermal energy for cooling rather than 

ambient air. 

From an exergy analysis and HVAC design perspective, this guideline 

prompts the designer to rely more on the thermal properties of materials and less 

on the work input (electricity, natural gas, etc.) to achieve the required heating 
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and cooling functions.  Thus, the guideline asks the designer to consider alternate 

available streams of material in lieu of energy flows when developing the 

functional flow diagram. 

The surveyed HVAC efficiency standards do not mandate the use of free 

exergy streams.  Thus, electrical strip heating is allowed.44  The above guidelines 

would motivate the designer to consider alternate technologies based on free 

exergy sources. 

7.5.2 #2: Revise Flow Parameters 

Refine flow parameters to increase the functional flow diagram efficiency 

FII ,η .  Applications include: 

1. Reset indoor space conditions closer to ambient conditions. 

2. Heat or refrigeration is more valuable the further its temperature is 

from the ambient (from Sama et. al. exergy design guideline #8).  

Operate system streams closer to ambient conditions. 

3. Operate systems when ambient conditions are nearer to desired 

space conditions and implement thermal storage functions. 

4. The larger the mass flow, the larger the opportunity to save (or 

waste) energy (from Sama et. al. exergy design guideline #11).  

Reset flow rates when possible to reduce exergy losses. 

5. When choosing streams for heat exchange, try to match streams 

where the final temperature of one is close to the initial 

                                                 
44 The standards generally prohibit reheat, including electric reheat and the use of electric strip 
heating when a heat pump system is provided unless there is potential for frosting.  This should 
not be confused with mandating a specific type of heating technology. 
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temperature of the other (from Sama et. al. exergy design guideline 

#5). 

6. When exchanging heat between two streams, the exchange is more 

efficient if the heat capacities of the streams are similar.  If there is 

a big difference between the two, consider splitting the stream with 

the larger heat capacity (from Sama et. al. exergy design guideline 

#6). 

In HVAC Design practice, the above guideline asks the designer to fine-

tune the process flow conditions to improve system efficiency.  With respect to 

the functional flow diagram (with exception to application #3) new functions are 

not generated, existing functions are not revised and stream types (material, 

energy and stream types) are not revised.  Instead, the flow properties are revised.  

The guideline asks the designer to consider the flow conditions (temperature, 

pressure, humidity, etc.) of the flows prescribed in the functional flow diagram.   

Application #3 offers a temporal shift in the function and thus requires a 

thermal storage function and associated intermediate stream.  However, even in 

application #3, the value added is in the flow conditions (in this case the outside 

air conditions) and not the type of flows as in guideline #1 above.  The addition of 

intermediate flows to the system associated with thermal storage is actually a 

detriment to the system as described in guideline #4 below and not part of the 

value added of this guideline.  

The surveyed HVAC efficiency standards do provide some guidelines for 

the reset of temperatures, such as chilled water and air supply temperatures, 
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overall building night setback control and thermal storage (applications 1, 2, and 3 

above).  However, they do not include guidelines for heat exchanger selection and 

the general mass flow rule (applications 4, 5, and 6 above). 

7.5.3 #3: Recover Lost Exergy 

Recover effluent exergy streams to reduce the Functional flow diagram 

exergy loss ratio FL,λ .  Applications include: 

1. Recover building conditioned exhaust air exergy to temper 

ventilation air. 

2. Recover cooling coil condensate water to temper ventilation air. 

3. Recover cooling system thermal exhaust exergy to temper 

domestic hot water. 

4. Recover cooling system thermal exhaust exergy to reheat air 

streams where required for humidity control. 

The above guideline asks the designer to review all exergy lost and 

identify a means to recover them to contribute to the exergy supplied.  With 

respect to the functional flow diagram, this guideline will result in additional 

functions, especially heat transfer functions in the case of temperature based flow 

exergies.  The surveyed HVAC efficiency standards include the provision of heat 

recovery for exhaust air streams and heat rejection for pre-tempering domestic 

water service (these are applications 1 and 3 respectively).  The guidelines make 

mention of recovered heat for reheat, such as from solar or rejected condenser 



 164

heat for reheat (application 4).  However, the guidelines make no mention of the 

recovery of chilled condensate water to temper outside airflows (application 2)45. 

7.5.4 #4: Delete Unnecessary Pumping 

Minimize the use of intermediate heat transfer fluids when exchanging 

heat between streams (interpretation “b” of Sama et. al. guideline #7):  

Applications include: 

1. Bypass airside-cooling fluids when outside ambient conditions 

allow (airside economizer cycle). 

2. Bypass airside-heating fluids when building plenum space 

conditions are sufficiently warmer than desired space conditions 

(free heating). 

3. Bypass waterside fluids when outside ambient conditions allow 

(waterside economizer cycle). 

This guideline suggests the use of free ambient streams; similar to the free 

exergy sources defined in guideline #1.  However it differs from guideline #1 in 

regards to the functional flow diagram revision.  In practice, guideline #1 results 

in the addition of free sources of exergy streams in addition to existing work (pure 

energy) streams.  However, guideline #4 results in the deletion of work (pure 

energy) streams and no change to the material flow exergy streams (with 

exception to flow conditions). 

                                                 
45 The dehumidification example Chapter 9 Section 0 illustrates the possible application of this 
method.  The example results in a relatively insignificant increase in efficiency due to low mass 
flow. 
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The surveyed HVAC efficiency standards mention the economizer cycle 

or “free” cooling cycle of airside (application 1) and waterside (application 3) 

economizer cycles.  Application 4 presents the concept of free heating from 

available plenum heat due to lighting, roof heat gain and other internal heat loads.  

The concept of free heating is in practice in variable air volume systems.46 

7.5.5 #5: Minimize Mixing 

Minimize the mixing of streams with differences in temperature, 

[humidity,] pressure or chemical composition (Sama et. al. exergy design 

guideline #2).  Don’t heat refrigerated streams with hot streams or with cooling 

water (Sama et. al. exergy design guideline #4): Applications include: 

1. Eliminate reheat of cold air streams (avoid terminal electric or hot 

water reheat functions). 

2. Eliminate reheat of cold air streams with hot air streams (avoid 

dual duct/stream or multi-zone mixing functions). 

This guideline reduces exergy destruction within the function.  Exergy 

analysis will naturally uncover the above applications as poor process choices 

because they will result in non-zero exergy destruction.  The surveyed HVAC 

efficiency standards make mention of these guidelines and prohibit reheat of 

certain streams under conditions.  There are however exceptions that do allow 

reheat under certain circumstances.47 

                                                 
46 Reference fan powered Variable Air Volume terminals [65]. 
47 Reference Article 6.3.2 Simultaneous Heating and Cooling Limitations in 
ANSI/ASHRAE/IESNA 90.1-1999, Energy Efficient Design of New Buildings Except Low-Rise 
Residential Buildings [2]. 
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7.6 CHAPTER SUMMARY 

The diagnosis of the exergy loss and exergy destruction of systems and 

sub-functions identifies areas of potential improvement.  Guidelines can then be 

implemented to address these areas.  Applications are provided for guidelines 

associated with exergy loss and exergy destruction.  The guidelines are intended 

to improve the process design in the functional flow diagram independent of 

equipment selection.  Chapter 8 presents methods to develop and review 

equipment selections.  Chapter 9 presents HVAC examples in which some of 

these guidelines are applied. 
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Chapter 8: Preliminary Equipment Selection 

The Systematic Design Method presented by Pahl and Beitz offers an 

approach for the development of conceptual solutions.  The approach is to 

identify a physical solution to achieve each sub-function and then firm-up the 

collection of physical solutions into a feasible concept that can then be detailed in 

subsequent phases of design.  This chapter applies this approach to HVAC design.  

Furthermore, this chapter considers the actual concept Second Law efficiency 

CII ,η  and compares it to the functional flow diagram Second Law efficiency FII ,η  

for possible iterations in design. 

8.1 WORKING PRINCIPLES (EQUIPMENT TYPES) 

After the functional flow diagram is developed, firmed-up and revised to 

achieve a reasonable energy efficiency, as described in Chapters 5, 6, and 7 

respectively, possible working principles are investigated to achieve each sub-

function.  According to Pahl and Beitz, a working principle must reflect the 

physical effect needed for the fulfillment of a given function and also its 

geometric and material characteristics [52].  In the case of HVAC design, a 

collection of working principles is available for typical sub-functions common in 

HVAC functional flow diagrams.48  These working principles include, but are not 

limited to, support components, piping, valves, ductwork, dampers, packaged air 

and water cooling equipment, packaged air and water heating equipment, heat 

                                                 
48 Reference [47], [49] and [56] for development of solution databases related to design functions. 



 168

rejection equipment, heat exchangers, fans, pumps, sensors, instruments, and 

programmable controllers.49  Figure 8-1 below illustrates the selection of 

equipment for a sub-function in the functional flow diagram. 
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Figure 8-1: Selection of Working Principle for a Sub-Function. 

HVAC equipment selection includes the identification of equipment types 

and the specification of the manufacturer and model required to achieve the 

desired functional performance.  This process involves searching through 

manufacturer product offerings or working with custom manufacturers to detail 

the required system.  A successful concept not only achieves the main flow 

conditions, it also achieves other general design requirements defined in the 

Technical Reports.  These include cost, weight, aesthetics and other constraints 

not directly related to the main function that the equipment is intended to perform. 

8.2 WORKING STRUCTURES (EQUIPMENT SCHEMATICS) 

Each sub-function may have alternate working principles.  Thus, several 

combinations of systems are possible.  Each alternate set of working principles is 

known as an alternate working structure [52] and can be represented as an 

                                                 
49 Reference the ASHRAE Systems Handbook [5], the RS Means Mechanical Cost Data manual 
[55] and textbooks on HVAC Systems design [60] and [44] for additional references of available 
HVAC system components.  Reference [1] for survey of equipment efficiencies. 
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equipment schematic.  See Figure 8-2 below.  For HVAC Systems, where much 

of the equipment is connected via distribution systems such as piping and 

ductwork, the general architecture of the equipment schematics naturally 

resembles that of the functional flow diagram. 

 

Figure 8-2: Generation of the HVAC Physical Concept. 
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The possible number of permutations of unique working structures is 

equal to the product of the number of alternate working principles for all sub-

functions.  This is expressed as follows: 

 
∏=

i
iAC   Equation 8-1 

where i is the number of sub-functions, C is the number of unique working 

structures (physical concepts), and iA  is the number of solution alternates for 

each sub-function i.  For example, a system with only 10 sub-functions each 

having 3 alternate working principles can generate up to 3^10 or 59,049 unique 

working structures. 

Thus, the number of working structures (and associated equipment 

schematics) can be relatively large for a system with several sub-functions and 

alternate working principles.  However, not all combinations may be feasible due 

to the physical characteristics of the equipment and the design requirements.  

Thus, the designer uses qualitative judgment and selects the more feasible 

combination for further development.  Experience, a good grasp of the design 

requirements, and technical knowledge about each alternate working principle are 

all an advantage in this synthesis process.  However, the designer is encouraged to 

develop novel systems and not rely too heavily on past configurations. 

8.3 FIRM-UP INTO PRINCIPLE SOLUTION VARIANTS (EQUIPMENT 
SCHEDULES) 

After two or three alternate working structures are developed, the designer 

firms-up the system by making equipment selections.  These selections are based 

on the process flow conditions identified in the firmed-up functional flow 



 171

diagram.  For example, the selection of a fan would require the airflow and the 

static pressure.  Cooling and heating equipment would require the temperature 

and humidity values of the fluid. 

Firming-up working structures also includes the physical synthesis of 

separate working principles into a common unit.50  For example, the fan, coil, 

condensate pan and return filter could be packaged as one unit, typically known as 

the air handling unit (AHU).51  Thus, physical system hierarchies can be 

developed at this stage of design.  The decision to merge these components into 

one unit is typically driven by manufacturing and quality control.  For example, 

the designer may consider if the contractor who would assemble the individual 

components at the job site could meet or exceed the air handling unit 

manufacturer factory assembled quality level. 

Manufacturers offer product selection catalogs and in recent years product 

selection software to assist the designer in selecting the most suitable units for the 

particular flow conditions.  For example, the designer may specify the indoor and 

outdoor air conditions for a packaged cooling unit and the manufacturer data 

would indicate the actual indoor air conditions, required power input and system 

efficiency (EER – first law efficiency).  Each equipment selection can be 

scheduled on the Plans or Specifications to clearly identify required main flow 

conditions, the auxiliary flows, and equipment data such as manufacturer, model 

                                                 
50 Reference [6], [7], [17] for general HVAC design information relevant for systems synthesis. 
51 Reference Figure 6-2 for a schematic of an Air Handling Unit. 
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number, and options.  The resulting firmed-up working structure is called a 

Solution Variant.52 

8.3.1 Identify Main Flows and Auxiliary Flows in Equipment Schedules 

Table 1-1 in Chapter 1 specifies a pump whose main function is to pump 

water – the main flow.  It is commonly known that the functional intent of a pump 

is to increase the pressure of a fluid at a certain fluid flow rate.  However, this is 

not clearly noted in the schedule.  The schedule does not strictly distinguish the 

main flow properties from the auxiliary flow properties. 

To help organize the intent of the schedule, it is recommended to list the 

main flows before the auxiliary flows as shown in Table 8-1 below.  Furthermore, 

it is recommended to list the equipment selection information to the right of the 

auxiliary flows. 

Table 8-1: Equipment Schedule with Main and Auxiliary Flows Distinguished. 

 

FLOW 
(GPM)

HEAD   
(FT-W)

POWER 
(HP) V PH HZ MANUF. SERIES ROT 

(RPM) SIZE

HWP-1 180 85 10 460 3 60 XYZ 80 1,750 4X4X5

HWP-2 180 85 10 460 3 60 XYZ 80 1,750 4X4X5

PUMP MODEL

PUMP SCHEDULE

MARK
FLOW CONDITIONS ELECTRICAL

 

Main 
Flows 

Auxiliary 
Flows 

Equipment 
Selection  

                                                 
52 Reference [30] and [37] for additional information on the development of concept variants. 
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8.4 EVALUATE VARIANTS AGAINST REQUIREMENTS 

After all equipment is selected and scheduled, the overall system can be 

evaluated relative to the design requirements.  At this point, the system is 

quantitatively well defined.  The system cost53, the unit space requirements, the 

system weight, the system power requirements and the system efficiency can be 

evaluated at this time.  The fellow team members are curious to know this 

information as it may pertain to their work, especially the architect, electrical 

engineer and structural engineer.  However, before proceeding with a solution, 

and there can certainly be pressure to do so by fellow team members, the HVAC 

designer should review the system with respect to the HVAC Design 

Requirements.  For example, the designer should review the system maintenance 

needs, reliability, safety, and energy efficiency.  The following section discusses 

the process for reviewing the system energy efficiency, especially in regards to 

the functional flow diagram energy efficiency FII ,η . 

8.4.1 Evaluation of Equipment Flow Magnitudes 

All main and auxiliary flows defined in the functional flow diagram 

should also exist in the equipment process diagram.  However, there may be 

discrepancies between the functional flow diagram and the equipment schedules.  

Let us consider the main flows and auxiliary flows separately. 

Review Main Flows 

The magnitude of each main flow is computed from the functional 

requirements.  If the equipment is properly selected, the flow conditions of the 
                                                 
53 Reference R. S. Means Mechanical Code Data manual [55] for computer system costs. 
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equipment process diagram should match those of the functional flow diagram.  

Any discrepancy indicates a mismatch between the intended function and the 

selected equipment.  Such a discrepancy could be documented in an equipment 

evaluation table such as the sample equipment Table 9-32. 

Review Auxiliary Flows 

The magnitude of the auxiliary flows shown in the functional flow 

diagram can be computed based on physical laws.  However, these computations 

may require specific properties of the equipment, such as additional losses 

incurred by the equipment.  For example, the designer may compute the energy 

requirement based on no friction losses as discussed in Chapter 6.  After 

equipment selection, there would be discrepancies in the functional auxiliary flow 

and the equipment auxiliary flow conditions.  This value typically differs from the 

auxiliary flow magnitude calculated in the functional flow diagram for the “ideal” 

equipment. 

For example, consider the air-conditioning unit functional flow mode in 

Figure 8-3 below.  In the air conditioning system, the condensing unit releases the 

hot air absorbed by the direct expansion (DX) coil in the air-handling unit.  In an 

ideal functional flow diagram, the exhausted thermal energy of the outside air 

would only release the work (electrical energy) input and the heat absorbed by the 

room air.   
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Figure 8-3: Basic Functional Flow Diagram for Air Cooling. 

After equipment selection, the designer identifies the compressor has 

friction losses and thus the exhaust air is hotter than modeled in the functional 

flow diagram.  Furthermore, the auxiliary flow value (work energy input) is 

higher for the equipment selected than in the ideal case assumed in the functional 

flow diagram.54  Thus the properties of auxiliary flows after equipment selection 

differ from those scheduled for the functional flow diagram. 

Equipment Dependent Auxiliary Flows 

In addition to the auxiliary flows prescribed in the functional flow model, 

the equipment may yield additional auxiliary flows.  We can name these new 

auxiliary flows equipment dependent flows.  In general, these equipment 

dependent flows are analogous to “leaks” in the equipment. 55 

                                                 
54 Reference the “House of Quality” [16] as a tool to document system performance with respect 
to specification metrics such as the Main Flow and Auxiliary flow conditions. 
55 These flows are also known as incidental interactions [69]. 
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For example, a particular air conditioning unit may consist of a condenser 

fan whose rotating blades result in acoustical noise.  This noise is a physical 

stream of energy emanating from the equipment.  Because it is not intended, it is 

not a main flow.  Because it was not identified by the functional flow diagram 

physics, it is not an auxiliary flow in the functional flow diagram. 

When an equipment dependent auxiliary flow arises, the designer would 

evaluate its consequence on the design requirements.  For example, if the noisy 

unit were in a noise sensitive area, the designer may elect to find a quieter unit.  

Alternatively, the designer may elect to add another function to the system, such 

as “Absorb Acoustical Energy” and select a sound-attenuating device. 

8.4.2 Revising Flow Diagram with Equipment Dependent Auxiliary Flows 

Equipment dependent auxiliary flows are a unique class of auxiliary flows.  

They are encountered only after equipment selection.  Thus, prior to equipment 

selection, the physical laws can only prescribe the equipment independent 

auxiliary flows. The equipment schedule should distinguish between equipment 

independent auxiliary flows identified in the functional flow diagram and the 

equipment dependent flows.  Table 8-2 below distinguishes the two by placing the 

equipment independent auxiliary flow to the left of the equipment dependent 

flow.  This follows the general rule of placing the more abstract and functional 

requirement to the left of the more equipment and solution dependent flows and 

general equipment data. 
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Table 8-2: Unit Heater Schedule with Equipment Dependent Auxiliary Flow. 

 
 

SERVICE HEAT 
CAPACITY

AIR 
FLOW

HEATER 
DATA WEIGHT

ROOM MBH CFM KW ENC. HP V PH HZ LBS

OP-UH-001 STORAGE 
AREA 004 34.1 760 10.0 TOTALLY 

ENCLOSED 1/20 480 3 60 60 REZNOR EGE-10

UNIT HEATER SCHEDULE

MARK
FAN MOTOR DATA UNIT SINGLE 

POINT POWER
MANUF. OR 
ENGINEER 
APPROVED 

EQUAL

MODEL NO

Main Flows Auxiliary Flows Equipment Selection 

Equipment Dependent 
Auxiliary Flow 

Process Dependent 
Auxiliary Flow 

 

In this case the functional flow diagram assumed electrical power for the 

heating as an auxiliary function but does not assume air circulation.56  An 

alternate device for this functional flow diagram is a radiant electric heater that 

would not require fan power.  Thus, the fan power in the unit schedule is an 

equipment dependent auxiliary flow and is shown to the right. 

8.5 COMPUTE EXERGY DESTROYED, LOST AND SECOND LAW 
EFFICIENCY 

The computation of the physical concept exergy destruction CD,E , exergy 

lost CL,E , and Second Law efficiency CII,η  are similar to the computation of terms 

for the functional flow diagram.  The difference is the flow conditions in the 

equipment schedules differ from the flow conditions defined in the firmed up 

functional flow diagram schedules.  In HVAC design, differences in flows may 

include the electrical work energy input, the entering and leaving flow conditions 

at heat exchangers, and pressure drops through distribution systems (piping and 

ductwork). 

                                                 
56 Reference the heating example in Chapter 5 Section 5.2.4. 
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8.5.1 Exergy Destruction 

Chapter 7 Section 7.1.1 defines the exergy destruction ratio Dλ  and 

presents system and sub-function ratios to diagnose the functional flow diagram.  

The same type of diagnosis is possible for the physical concept to identify 

alternate concepts and alternate concept components that may require revision.   

Overall Concept Exergy Destruction Ratio CD,λ  

The overall functional exergy destruction ratio is defined as follows: 

 

CS,

CD,
, E

E
CD &

&
=λ  Equation 8-2 

 

where CD,E&  is the overall rate of concept exergy destruction, and CS,E&  is the 

overall rate of concept exergy supply. A high exergy destruction ratio indicates a 

relatively inefficient concept and thus potential for improvements. 

Concept Component Exergy Destruction Ratio *
,, jCDλ  

The exergy destroyed within the concept is equal to the sum of each 

equipment exergy destroyed within the concept: 

 
∑=

j
EE jC,D,CD,
&&  Equation 8-3 

 

where jC,D,E&  is the exergy destroyed within equipment “j”. 



 179

The component exergy destruction ratio *
Dλ  is defined as the component 

exergy destruction divided by the total exergy destruction in the system [11].  

Thus, the component concept destruction ratio for equipment “j” is defined as 

follows: 

 

CD,

jC,D,*
,, E

E
jCD &

&
=λ  Equation 8-4 

 

Equipment with a high component exergy destruction rate *
,CDλ  is a prime 

candidate for replacement or revision. 

Equipment Exergy Destruction Ratio jCD ,,λ  

The exergy destruction ratio Dλ  of equipment indicates the relative 

potential for improvement for that equipment or the potential for finding a more 

efficient unit.  The exergy destruction of equipment “j” is defined as: 

 

jC,S,

jC,D,
,, E

E
jCD &

&
=λ  Equation 8-5 

 

where jC,S,E&  is the exergy supplied to equipment “j.”  A relatively high exergy 

destruction ratio Dλ  indicates a high potential for system improvement.   

Exergy Destruction Cause for Revision 

Revision is warranted when any of the above three ratios is relatively high.  

First, the overall concept exergy destruction ratio CD,λ  identifies the efficiency of 
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the concept with respect to the component internal inefficiencies.  A high overall 

concept exergy destruction ratio CD,λ  indicates the system components should be 

reviewed once more and revised. 

Second, the concept component exergy destruction ratio *
,, jCDλ  identifies 

which equipment contributes most to the overall concept exergy destruction ratio 

CD,λ .  The equipment with the highest contribution should be reviewed first.   

Finally, the concept exergy destruction ratio jCD ,,λ  identifies the potential 

for improvement within the concept.  If two equipment have the same component 

exergy destruction ratio *
,, jCDλ , the equipment with the higher exergy destruction 

ratio jCD ,,λ  should be addressed first because it has the higher potential for 

improvement. 

8.5.2 Exergy Loss 

The following are exergy loss ratios to diagnose the concept exergy loss.  

The process is analogous to the exergy destruction analysis. 

Overall Concept Exergy Loss Ratio CL,λ  

The overall concept exergy loss ratio is defined as follows: 

 

CS,

CL,
, E

E
CL &

&
=λ  Equation 8-6 

 

where CL,E&  is the overall rate of concept exergy destruction, and CS,E&  is the 

overall rate of concept exergy supply. A high exergy loss ratio indicates a 

relatively inefficient concept and thus potential for improvements. 



 181

Concept Component Exergy Loss Ratio *
,, kCDλ  

Chapter 7 Section 0 describes the unique nature of the exergy loss analysis 

with respect to the flows at the system boundary.  The same analysis applies to the 

concept.  Thus, the total exergy lost by a concept is as follows: 

 
∑≤

j
EE jC,L,CL,
&&  Equation 8-7 

 

where jC,L,E&  is the exergy lost by equipment “j”.  The sum of flow exergy 

losses that cross the system boundary are cumulative and equal the total system 

loss as follows: 

 
∑=

k
EE kC,L,CL,
&&  Equation 8-8 

 

where kC,L,E&  is the component exergy loss of a stream (flow) “k” crossing the 

system boundary and leaving the system. 

The component exergy loss ratio *
Lλ  is defined as the component exergy 

loss divided by the total exergy loss by a system.  Thus, the component concept 

exergy loss ratio for a stream “k” is defined as follows: 

 

CL,

kC,L,*
,, E

E
kCL &

&
=λ  Equation 8-9 
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A stream with a high component concept exergy loss ratio *
,CLλ  is a prime 

candidate for recovery.  It is possible for the exergy loss to increase with respect 

to the functional flow diagram due to inefficiencies in the system that translate 

into increased effluent stream exergies.  Thus, an increase in *
,CLλ  may allow 

greater opportunity for recovery if it were not deemed necessary when developing 

the functional flow diagram. 

Equipment Exergy Loss Ratio jCL ,,λ  

The exergy loss ratio Lλ  of equipment indicates the relative potential for 

improvement for that equipment.  Thus, the exergy loss of equipment “j” is 

defined as: 

 

jC,S,

jC,L,
,, E

E
jCL &

&
=λ  Equation 8-10 

 

where jC,S,E&  is the exergy supplied to equipment “j.”  A relatively high exergy 

destruction ratio Lλ  indicates a high potential for equipment revision or 

replacement. 

Exergy Loss Cause for Revision 

Each ratio identifies a different type of revision.  First, a high overall 

concept exergy loss ratio CL,λ  indicates the concept should be revised.  Second, 

the concept component exergy loss ratio *
,, kCLλ  identifies which flows contribute 

most to the overall concept exergy loss ratio CL,λ .  The flows with the highest 

contributions should be reviewed first for recovery.  Finally, the equipment 
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exergy loss ratio jCL ,,λ  identifies the potential for revision to equipment.  If two 

types of equipment each produce a separate flow stream that have the same 

component concept exergy loss ratio *
,, kCLλ , the equipment with the higher exergy 

loss ratio jCL ,,λ  should be addressed first because it has the higher potential for 

improvement. 

8.5.3 Second Law Efficiency 

The Second Law efficiency of the physical concept is expressed as 

follows: 

 

CS,

CP,
, E

E
CII &

&
=η  Equation 8-11 

 

The concept second law efficiency is also related to the concept exergy 

loss ratio and concept exergy destruction ratio as follows: 

 

CDCLCII ,,, 1 λλη −−=  Equation 8-12 

 

A physical concept with either a high exergy loss ratio or exergy destruction ratio 

will have a low efficiency. 

8.6 EVALUATE AGAINST FUNCTIONAL FLOW DIAGRAM EFFICIENCY 

The above individual equipment exergy ratios and second law efficiencies 

and overall system exergy ratios and second law efficiency provide a substantial 

set of data.  First, high equipment ratios can be identified and revised by changing 
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equipment models or types.  Excessive distribution losses, such as pressure losses, 

can be revised by increasing pipe and duct sizes, reducing fittings, increase valve 

fitting sizes and so forth. 

8.6.1 Compare Exergy Efficiencies and Ratios 

After the system is relatively tuned to satisfy the design requirements, the 

exergy ratios and concept second law efficiency are revised to reflect any 

changes.  Then, they are compared to the functional flow diagram exergy supplied 

and second law efficiency.  There should be no difference between the functional 

flow diagram exergy produced CF,E&  and physical concept exergy produced CP,E&  

because this is the main function that binds the two models.  These are based on 

the system main flows. 

However, the concept exergy supplied CS,E&  is greater than the functional 

flow exergy supplied FS,E&  because of differences in the exergy ratios.  The 

concept exergy loss CLE ,
&  may be equal to or greater than the functional flow 

diagram exergy loss FLE ,
& .  The concept exergy destruction CDE ,

&  is always greater 

than the functional flow diagram exergy destruction FDE ,
& .  As a result, the 

functional flow diagram Second Law efficiency FII ,η  is always greater than the 

concept Second Law efficiency CII ,η .  These relations are expressed as follows: 
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where CPFP EE ,,
&& = , 0,, ≥≥ FLCL EE &&  and 0,, ≥> FDCD EE && .  Thus, the difference in 

the concept Second Law efficiency CII ,η  and the functional flow diagram Second 
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Law FII ,η  efficiency is attributed to potential increases in exergy lost and 

expected increases in exergy destroyed.  This evaluation also applies at the more 

detailed level of individual sub-function and equipment pairs. 

A direct comparison between the functional flow diagram and system 

concept exergy ratios is not useful if the supplied exergy changes.  The ratios are 

based on the exergy supplied (the denominator in these ratios) and thus cannot be 

compared on an equal basis. However, for each model, these ratios provide vital 

information for the potential improvements of individual components. 

8.6.2 Concept For The Next Most Efficient Functional Flow Diagram 

The functional flow diagram with the highest efficiency may not 

necessarily produce the most efficient concept.  It is possible the available 

equipment for the most efficient functional flow diagrams are relatively 

inefficient. After a concept is generated for the functional flow diagram with the 

highest efficiency FII ,η , the designer should generate a concept based on the next 

most efficient alternate functional flow diagram in case it yields a more energy 

efficient Concept. 

8.6.3 Eliminate Functional Flow Diagrams Less Efficient Than a Concept 

The concept efficiency is always less than the efficiency of the functional 

flow diagram on which it is based.  Thus, for the concept based on functional flow 

diagram “1”: 

 

1,,1,, FIICII ηη <  Equation 8-14 

 



 186

The above relation does not hold among concepts for different functional 

flow diagrams.  For example, it is possible for the Second Law efficiency of an 

alternate functional flow diagram “1” be lower than the Second Law efficiency of 

a Concept based on a functional flow diagram “2”.  This is expressed as follows: 

 

2,,1,, CIIFII ηη <  Equation 8-15 

 

By combining the above two equations, the following is obtained: 

 

2,,1,,1,, CIIFIICII ηηη <<  Equation 8-16 

 

Thus, any concept resulting from a functional flow diagram “2” is 

guaranteed by the physical laws to be less efficient than the current Concept 

obtained for functional flow diagram “1.”  Thus, unless there is an overwhelming 

reason due to other design requirements to adopt a concept based on functional 

flow diagram “1”, it should be abandoned in favor of functional flow diagram 

“2.” 

The above analysis is a testament to the application of this method.  A 

functional flow diagram can be abandoned if its efficiency is less than the 

efficiency of a concept.  The designer does not need to select equipment and 

develop concepts for the inefficient functional flow diagram and therefore does 

not need to expend additional project resources to verify if these functional flow 

diagrams result in efficient concepts. 
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8.7 CHAPTER SUMMARY 

In summary, the method allows the designer to select equipment for the 

individual sub-functions in the functional flow diagram.  Main flows, auxiliary 

flows and equipment dependent auxiliary flows can be distinguished in the 

equipment schedule.  Equipment dependent auxiliary flows can result in new sub-

functions or may result in the revision of the equipment selection due to 

unacceptable consequences of the equipment dependent auxiliary flows. 

Overall concept and equipment exergy ratios and Second Law efficiencies 

can be evaluated to select the most efficient Concept. These values can also be 

compared to those of the functional flow diagram from which the concept is 

based.  These evaluations identify potential areas for system improvement.   

Exergy analysis also allows the deletion of inefficient functional flow 

diagrams prior to equipment selection for the functional flow diagram.  Unless 

there are overwhelming design requirements that rule otherwise, a functional flow 

diagram can be abandoned if its efficiency is less than the efficiency of a concept.  

Chapter 9 presents three HVAC examples that apply the methods established in 

this work.
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Chapter 9: HVAC Design Examples 

This chapter implements the proposed functional flow diagram and exergy 

analysis methods in three (3) HVAC design examples.  These are 1) heating, 2) 

cooling and 3) dehumidification.  Other overall functions certainly exist, such as 

air particulate filtration, humidification, gaseous scrubbing, and so forth.57  The 

intent of this chapter is not to cover all possible overall functions but rather to 

illustrate the implementation of the method established in this work.  Each 

example includes the development of the design requirements, generation of the 

main objective through the abstraction of design requirements, development of 

one or more overall function, development of one or more functional flow 

diagram, preliminary equipment selection and improvements based on the exergy 

guidelines. 

One objective of this chapter is to serve as an aid for those who wish to 

apply this method.  Second, this chapter illustrates the benefit of this method by 

identifying shortfalls of common HVAC Systems and how they can be improved 

through the implementation of the method. 

9.1 PROGRAM REQUIREMENTS 

Chapter 2 presents a detailed approach to the development of program 

requirements.  These steps are required prior to the abstraction of the 

requirements, the development of functional flow diagrams and equipment 

                                                 
57 Reference Figure 5-4: Common Overall Functions in HVAC Design. 
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selection.  Table 9-1 and Table 9-2 below present a sample set of requirements for 

a generic 3,000 square foot single story office.  This office will require heating, 

cooling and outside air ventilation.  In theory, the building can have separate 

systems for heating, cooling and outside air dehumidification.  However, in 

practice, two or all three of these overall functions could be achieved by one 

system.  As discussed in Chapter 5, the integration of sub-functions of different 

overall functions does require evaluation with respect to the design requirements.  

For example, the functions intended to increase the air speed or sense room air 

temperature can be integrated into one common function.  If the zones are defined 

such that these functions do not occur at the same time, these functions can 

typically be integrated under one system. 

For simplicity in illustrating the basic functional intent of each system, the 

functional flow diagrams of the following examples only address their overall 

function.  If integration were implemented, it would result in a larger functional 

flow diagram addressing multiple overall functions.  Typical packaged units allow 

for this integration and include a heating element, cooling coil, and outside air 

mixing plenum. 
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Table 9-1: Requirements List for a 3,000 Square Foot Office (1 of 2). 
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Table 9-2: Requirements List for a 3,000 Square Foot Office (2 of 2). 
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9.2 HEATING SYSTEM EXAMPLE 

9.2.1 Heating Example: Abstraction 

The main objective is to maintain a room temperature at or above 21ºC.  

The physical object is the room and given its thermal envelope properties and 

outside air conditions, a thermal heat loss is experienced between the envelope 

and outside environment.  To maintain the objective, a thermal heat load is 

required to make-up for the heat loss.  This heat load is to be obtained from the 

environment and transmitted to the room via an HVAC System to be designed.  

The overall abstraction of the objective, the main systems and the identification of 

the required flows are illustrated in Figure 9-1 below. 

 

Figure 9-1: Abstraction of Heating Design Requirements. 

9.2.2 Heating Example: Overall Function 

New systems, the refinement of prior defined flows and the definition of 

new flows are possible at the development of the overall heating function.  

Multiple overall functions are possible based on these decisions.  The following 

sets of figures illustrate alternates “A”, “B” and “C” for the overall function. 



 193

 

Figure 9-2: Alternate “A” Overall Function For Heating:  Circulation And 
Heating of Room Air. 

 

Figure 9-3: Alternate “B” Overall Function For Heating: Supply Steam Directly 
into Room. 
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Figure 9-4: Alternate “C” Overall Function For Heating: Supply Radiant Heat 
Directly into Room. 

The selection of the desired overall function from the developed alternates 

of overall functions should be made with respect to the design requirements.  For 

example, the designer may decide the introduction of steam into the room as 

proposed in Alternate “B” is not desirable because it introduces water into the 

system; the Owner may be wary of water damage and thus may opt not to 

consider this concept.  Alternate “C” proposes the use of radiant heat.  This 

concept is certainly viable and could result in various high temperature systems to 

inject heat into the space.  For the purposes of illustration, this example will be 

carried out based on Overall Function Alternate “A” that assumes the circulation 

of room air serves as the medium for heat transfer.  It is important to know these 

alternates were developed and are recorded in the design archives for future 

reference.  Table 9-3 below summarizes the alternate overall functions and their 

evaluation. 
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Table 9-3: Evaluation of Alternate Heating Overall Functions. 

Alternate Description Acceptable 
(Yes/No) Reason if Not Acceptable

A Circulation and Heating of Room Air No Introduces Pressurized water.

B Supply Steam Directly into Room Yes -

C Supply Radiant Heat Directly into Room Yes -

Abstraction: Maintain Room Air Temperature at or above 21C.

 

9.2.3 Heating Example: Functional Flow Diagram 

Further assumptions associated with Alternate “A” are documented during 

the development of the respective Functional Flow Diagrams.  These are: 

1) The building has electrical service. 

2) Natural gas service, or other fossil fuel, is not available at the site. 

3) The ambient air thermal energy is accessible. 

1) Ground source thermal energy is not accessible. 

4) Ambient temperature: 0°C 

5) Thermal heating load: 5.369 kW 

6) Room design temperature: 21°C. 

7) For occupant safety, limit hot supply air temperature to: 35 °C. 

8) Limit exhaust temperature to 5 °C below ambient to limit frosting. 

9) Assume room air system inlet velocity is 0 m/s. 

10) Assume room air system discharge velocity is 3.5 m/s based on an 

acoustical NC rating of approximately 35. 

11) Assume outside air system inlet velocity is 0 m/s. 

12) Assume outside air system discharge velocity is 6 m/s based on an 

acoustical NC rating of approximately 45. 
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Figure 9-5: Alternate “A-1” Function Flow Diagram For Heating: Use 
Electricity to Directly Heat the Air. 

Alternate heating Functional Flow Diagrams are developed based on the 

above general assumptions.  Alternates “A-1” and “A-2” are presented in the 
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following figures.  After each functional flow diagram follows the exergy analysis 

tables associated with that diagram.  The Material Stream Exergy Schedules 

identify the physical properties, including enthalpy and exergy, of the major 

material streams.  The Function Exergy Schedules identify the exergy produced, 

lost, destroyed and supplied within each sub-function and overall function.   

Table 9-4: Heating “A-1” Material Stream Exergy Schedule. 

Flow P HR (W) v (dry 
air) Vel.

# °C K kPa - m^3/kg m/s kJ/kg kW kJ/kg kW kg/s Flow m^3/s CFM

1 Return Air 21.0 294 101.33 0.004 0.839 0.0 31 12 0.78 0.29 0.378 2 0.316 670

2 Return Air 21.0 294 101.33 0.004 0.839 3.5 31 12 0.78 0.30 0.378 Energy 
Bal. 0.316 670

3 Supply Air, Hot 35.0 308 101.33 0.004 0.879 3.5 45 17 2.10 0.79 0.378 2 0.331 702

4 Supply Air, Hot 35.0 308 101.33 0.004 0.879 3.5 45 17 2.10 0.79 0.378 2 0.331 702

Volumetric Rate
Description

Mass RateStream 
Enthalpy Stream ExergyDB T

HEATING "A-1" MATERIAL STREAM EXERGY SCHEDULE

 

Table 9-5: Heating “A-1” Function Exergy Schedule. 

Stream 
Sum

At 
System

Fossil 
Fuel

# kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark) η,ΙΙ η,ΙΙ

A Increase Return Air 
Speed 0.002 7 -0.002 0.002 2-1 0.000 0.000 - 0.000 0.00 0.002 7 1.00 0.330

B Increase Return Air 
Temperature 5.369 8 -0.497 0.497 3-2 0.000 0.000 - 4.872 0.91 5.369 8 0.09 0.031

C Export Room Air 0.000 - 0.000 0.000 4-3 0.000 - - 0.000 - 0.000 - - -

Overall System Level 5.371 7,8 -0.500 0.500 4-1 0.000 0.00 - 4.872 0.91 5.371 7,8 0.09 0.031

Function

Description

HEATING "A-1" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work In
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Figure 9-6: Alternate “A-2” Function Flow Diagram for Heating: Pump the 
Thermal Capacity of Ambient Air to Heat the Indoor Air. 
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Table 9-6: Heating “A-2” Material Stream Exergy Schedule. 

Flow P HR (W) v (dry 
air) Vel.

# °C K kPa - m^3/kg m/s kJ/kg kW kJ/kg kW kg/s Flow m^3/s CFM

1 Return Air 21.0 294 101.33 0.004 0.839 0.0 31 12 0.78 0.29 0.378 2 0.316 670

2 Return Air 21.0 294 101.33 0.004 0.839 3.5 31 12 0.78 0.30 0.378 Energy 
Bal. 0.316 670

3 Supply Air, Hot 35.0 308 101.33 0.004 0.879 3.5 45 17 2.10 0.79 0.378 2 0.331 702

4 Supply Air, Hot 35.0 308 101.33 0.004 0.879 3.5 45 17 2.10 0.79 0.378 2 0.331 702

22 Outside Air 0.0 273 101.33 0.004 0.779 0.0 10 10 0.00 0.00 0.953 23 0.739 1,566

23 Outside Air 0.0 273 101.33 0.004 0.779 6.0 10 10 0.02 0.02 0.953 Energy 
Bal. 0.739 1,566

24 Outside Air, 
Cold -5.0 268 101.33 0.004 0.765 6.0 5 5 0.06 0.06 0.953 23 0.726 1,537

25 Outside Air, 
Cold -5.0 268 101.33 0.004 0.765 6.0 5 5 0.06 0.06 0.953 23 0.726 1,537

Stream 
Enthalpy Stream ExergyDB T

HEATING "A-2" MATERIAL STREAM EXERGY SCHEDULE

Volumetric Rate
Description

Mass Rate

 

Table 9-7: Heating “A-2” Function Exergy Schedule. 

Stream 
Sum

At 
System

Fossil 
Fuel

# kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark) η,ΙΙ η,ΙΙ

A Increase Return Air 
Speed 0.002 7 -0.002 0.002 2-1 0.000 - - 0.000 0.00 0.002 7 1.00 0.330

B Increase Return Air 
Temperature 0.542 8 -0.542 0.497 3-2 0.062 0.11 24 0.000 0.00 0.542 8 0.92 0.303

C Export Room Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

L Increase Outside 
Air Speed 0.017 21 -0.017 0.017 23-22 0.000 - - 0.000 0.00 0.017 21 1.00 0.330

M Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

Overall Heat the Room 0.562 7,8,21 -0.562 0.500 4-1 0.062 0.11 24 0.000 0.00 0.562 7,8,21 0.89 0.294

HEATING "A-2" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work InFunction

Description
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In all exergy analyses in this chapter, the dead state pressure is chosen as 

standard atmospheric pressure at 101.3 kPa.  For the following heating examples, 

the dead state temperature is 0°C – the same temperature as the outside air 

conditions during which this analysis takes place. 

9.2.4 Heating Example: Evaluation of Alternate Functional Flow 
Diagrams 

This example illustrates a relatively fundamental design decision – the use 

of electrical energy for heating versus the use of a heat pump process. Table 9-5 

indicates the Second Law Efficiency of the system is only 9%.  The Second Law 

Fossil Fuel Efficiency, assuming an efficiency of 33%, is therefore only 3.1%.  

This is a relatively low efficiency.  Assume the power plant were gas-fired and 

thus operated on natural gas as the fossil fuel to generate work.  The fuel would 

combust, expand and rotate a turbine.  The rotating turbine drives a generator to 

produce electricity.  For an average power plant, only 33% of the available work 

energy (exergy) of the fuel is converted to produce useful work in the form of 

electricity [72]. 

Once the electricity arrives at the building property, functional flow 

alternate “A-1” suggests using this electricity to directly heat the air.  Table 9-5 

indicates that heating 0.378 kg/s of air from 21°C to 35°C requires approximately 

5.27 kW of electrical energy.  However, the available energy of this air is only 

0.497 kW.  That is, if we decide to reverse this process to generate work, such as 

electricity, at best (with no exergy destroyed or exergy losses), we can only 

recover 0.497 kW or 9% of the electrical energy input.  From the perspective of 

the original fossil fuel energy input at the power plant, again assuming a 33% 
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plant efficiency, the reverse of the heating process air would at best only recover 

3.1% of the original fossil fuel energy consumed. 

If fossil fuel, such as natural gas, were available at this facility, it could be 

used to directly heat the air, without generating electricity.  If the heating device 

were ideal such that all the natural gas exergy were transferred to the air, the 

second law efficiency ηII of the burner would be 9%, exactly the same as the 

electrical heater.  The only difference is the fossil fuel multiplier is not relevant to 

natural gas exergy supplies.  Thus, the benefit of natural gas heating is the fossil 

fuel multiplier is waived. 

However, unlike electrical heating elements, natural gas duct heaters do 

have exergy loss.  The majority of this exergy loss is experienced through the 

combustion exhaust vent, also known as the flue or stack.  A commercial natural 

gas burner serving a duct heater typically operates between 80% to 90% 

efficiency.  That is, 80% to 90% of the available heat content of the fuel when 

combusted is transferred to the air.  For example, natural gas is typically rated at 

1,000 Btu per Cubic Foot.  Thus, if the duct heater were 80% efficient, for every 

cubic foot of natural gas burned, 800 Btu is transferred to the air.  Thus, if exergy 

loss were considered, the second law efficiency ηII of a gas-fired device would be 

approximately 7% to 8%.  Although this efficiency is relatively low, it is over 

twice the electric heating efficiency. 

Functional Flow Alternate “A-2” makes use of the exergy within the 

outside air.  Although the outside air is colder than the indoor, it still contains 
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thermal energy relative to absolute zero.  The objective of Alternate “A-2” is to 

tap into this available reservoir of energy and use it to heat the building. 

Table 9-13 indicates only 0.542 kW of work energy is required for the 

ideal (no exergy destroyed or lost) heat pump.  The overall second law efficiency 

ηII of the Alternate “A-2” is 89%.  Again, from the perspective of the fossil fuel 

burned at a fossil fuel fired power generating facility, this efficiency is multiplied 

by 33% to yield an overall efficiency of 29%.  This efficiency is the largest of 

those evaluated thus far.  It is approximately ten (10) times greater than the 

electrical heating efficiency.  In addition, if natural gas were available at this 

facility, the ideal heat pump system is again more efficient, approximately three 

(3) times more efficient than a natural gas heating system.  Thus, Alternate “A-2” 

is the most efficient of those considered and shall be carried through equipment 

selection as presented in the following section.  Table 9-8 below presents a 

summary of the alternate functional flow diagrams. 

Table 9-8: Evaluation of Alternate Heating Functional Flow Diagrams. 

Loss Destroyed At 
System

Fossil 
Fuel

kW kW kW kW kW η,ΙΙ η,ΙΙ

A-1 Use Electricity to Directly 
Heat the Air 5.371 0.500 0.000 4.872 5.371 0.093 0.031 No

A-2
Pump the Thermal 

Capacity of Ambient Air to 
Heat the Indoor Air

0.562 0.500 0.062 0.000 0.562 0.890 0.294 Yes

SUMMARY OF ALTERNATE HEATING FUNCTION EXERGY SCHEDULES

Acceptable 
(Yes/No)DescriptionAlternate

Work In

Exergy

SuppliedProduced

2nd Law Eff.
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9.2.5 Heating Example: Exergy Based Refinements of Function Flow 
Diagram 

Again, the five exergy guidelines are as follows: 

1. Pump exergy from free source of exergy to main flow stream if 

required to overcome stream potentials. 

2. Revise system flow parameters to reduce exergy loss and exergy 

destruction. 

3. Recover effluent exergy lost and use it to reduce the total required 

exergy supplied. 

4. Delete work associated with pumping between streams if sufficient 

potential is available to allow desired exergy transfer without 

pumping. 

5. Minimize mixing streams of differing potentials. 

One of these guidelines has been applied in the case of the heating 

example.  Alternate “A-1” uses the exergy in electricity.  However, Alternate “A-

2” uses the exergy available in the ambient air.  Thus, Alternate “A-2” 

implements Guideline 1. As noted in the resulting tables, the application of this 

guideline resulted in a significant improvement in efficiency and reduction in 

work energy (electricity) input.  The following examples will implement other 

guidelines for illustration. 

9.2.6 Heating Example: Equipment Selection 

The above evaluation of alternate heating functional flow diagrams 

considers ideal functions with no exergy destruction.  The intent is to evaluate the 

alternate functional flow diagrams independent of equipment deficiencies.  
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However, physical equipment will have some level of exergy destruction.  For 

example, an electrical heating strip has exergy destruction since not all of the 

work input can be recovered back to useful work once it is converted to heat in 

the form of the hot air enthalpy.  However, in the case of equipment with moving 

parts, such as compressors, fans, pumps and other devices with friction losses, 

exergy destruction is significant. 

A search for equipment to serve function “B: Increase Return Air 

Temperature” in Figure 9-6 uncovers various manufacturers that provide heat 

pump equipment.  These are offered in various system configurations.  These 

include 1) packaged roof top units, 2) terminal packaged units, and 3) split system 

condensing units and air handling units.  Reference Figure 9-7, Figure 9-8, and 

Figure 9-9 for typical details of these alternate systems.  The Split systems tend to 

have a slightly lower COP due to refrigerant piping losses.  The terminal 

packaged units tend to have a lower COP due to reduced coil area.  The roof top 

packaged unit typically has the higher efficiency values. 



 205

 

Figure 9-7: Typical Packaged Roof Top Unit. 

 

Figure 9-8: Typical Packaged Terminal Unit. 
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Figure 9-9: Typical Air Handler Unit and Condensing Unit Split System. 

A selection from several roof top manufacturers for the conditions listed in 

Table 9-6 resulted in an average energy work input of 2.0 kW resulting in a COP 

of approximately 2.7.  Thus, for the actual unit, there is an exergy destruction of 

approximately 1.5 kW; yielding an exergy destruction ratio λD of 0.73 as shown 

in Table 9-9 below.  Approximately three-quarters (75%) of the exergy input is 

destroyed inside the unit through friction losses.  The destroyed exergy is the non-

recoverable heat and noise that propagates from the unit and into the environment.  

The table does not include exergy destruction due to fan power since ductwork 

pressure losses have not yet been calculated.  Also, the manufacturer does not 

report the outdoor discharge temperature of the unit and thus the exergy loss is 

assumed equal to the functional flow losses.  Therefore, all losses are attributed to 

the exergy destruction.  The designer should attempt to obtain the outdoor 
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discharge temperature of the unit if at all possible.  The lack of this manufacturer 

data reduces the ability of the designer to better identify potential for reducing 

exergy loss through heat recovery or other means. 

Table 9-9: Heating “A-2” Equipment Exergy Schedule. 

Stream 
Sum

At 
System

Fossil 
Fuel

# kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark) η,ΙΙ η,ΙΙ

A Increase Return Air 
Speed 0.002 7 -0.002 0.002 2-1 0.000 - - 0.000 0.00 0.002 7 1.00 0.330

B Increase Return Air 
Temperature 2.000 8 -0.542 0.497 3-2 0.062 0.03 24 1.458 0.73 2.000 8 0.25 0.082

C Export Room Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

L Increase Outside 
Air Speed 0.017 21 -0.017 0.017 23-22 0.000 - - 0.000 0.00 0.017 21 1.00 0.330

M Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

Overall Heat the Room 2.019 7,8,21 -0.562 0.500 4-1 0.062 0.03 24 1.458 0.72 2.019 7,8,21 0.25 0.082

Function

Description

HEATING "A-2" EQUIPMENT EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work In

 

 

Table 9-9 shows a total equipment second law efficiency ηII of 25%; and a 

second law fossil fuel efficiency ηII of 8.2%.  Thus, the final equipment efficiency 

is still higher than the maximum possible efficiency of electric heating, with a 

second law fossil fuel efficiency ηII of 3.1%.  Furthermore, based on the power 

efficiency of 33%, the heat pump equipment efficiency is approximately equal to 

or greater than the natural gas fired second law efficiency ηII of 7 to 8%.  

Furthermore, if the power plant efficiency were to increase beyond 33%, the heat 

pump system would be even more efficient than the natural gas fired heating 

equipment.  For example, if the power plant were a high efficiency fuel cell 

whose efficiency were 60% or greater, the second law fossil fuel efficiency ηII for 
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the heat pump system would increase to approximately 15%; far surpassing the 

maximum possible efficiency of 9% for the natural gas fired duct heater. 

Table 9-7 shows the heat pump has an even greater potential if the exergy 

destruction could be reduced.  Although the exergy destruction is unavoidable 

with moving components, improvements in compressor, refrigerant and other 

system component technologies could allow higher system efficiencies.  Overall, 

the heat pump system is the most energy efficient heating system evaluated.  

Table 9-10 below presents a summary of the comparison between the equipment 

and function exergy schedules for Heating Alternate “A-2.” 

Table 9-10: Heating Alternate "A-2" Equipment versus Function Exergy. 

Loss Destroyed At 
System

Fossil 
Fuel

kW kW kW kW kW η,ΙΙ η,ΙΙ

Function
Pump the Thermal 

Capacity of Ambient Air to 
Heat the Indoor Air

0.562 0.500 0.062 0.000 0.562 0.890 0.294

Equipment Packaged Heat Pump 2.019 0.500 0.062 1.458 2.019 0.247 0.082

1.458 0.000 0.000 1.458 1.458 -0.642 -0.212DIFFERENCE (Equip. - Function)

HEATING ALTERNATE "A-2" COMPARISON OF EQUIPMENT TO FUNCTION EXERGY

DescriptionFunction or 
Equipment

Work In

Exergy

SuppliedProduced

2nd Law Eff.

 

9.3 COOLING SYSTEM EXAMPLE 

9.3.1 Cooling Example: Abstraction 

The main objective is to maintain a room temperature at or below 24ºC.  

The physical object is the room and given its thermal envelope properties and 
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outside air conditions, a thermal heat gain is experienced between the envelope 

and outside environment.  To maintain the objective, a heat rejection (thermal 

cooling load) is required to remove the heat gain.  The heat is to be obtained from 

the room and rejected into the environment via an HVAC System.  The overall 

abstraction of the objective, the main systems and the identification of the 

required flow are illustrated below in Figure 9-10. 

 

Figure 9-10: Abstraction of Cooling Design Requirements. 

9.3.2 Cooling Example: Overall Function 

As shown in the prior heating example, the development of the overall 

function allows an opportunity to introduce new systems, refine prior defined 

flows and identify new flows.  Multiple overall functions are possible based on 

these decisions.  The following figures illustrate a total of six (6) different 

alternates marked as alternates “A” through “F” that can each serve as an overall 

function for cooling. 
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Figure 9-11: Alternate “A” Overall Function for Cooling:  Circulation of Room 
Air and Cooling Room Air by Pumping Heat to Environment. 

 

Figure 9-12: Alternate “B” Overall Function for Cooling:  Circulation of Room 
Air and Cooling Room Air With Evaporative Cooling. 
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Figure 9-13: Alternate “C” Overall Function for Cooling:  Circulation of Room 
Air and Cooling Room Air Directly with Outside Air. 

 

Figure 9-14: Alternate “D” Overall Function for Cooling:  No Circulation of 
Room Air and Cooling Room Directly through Wall Conduction. 
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Figure 9-15: Alternate “E” Overall Function for Cooling:  Circulation of Chilled 
Water and Rejection of Heat by Pumping into Environment. 

 

Figure 9-16: Alternate “F” Overall Function for Cooling:  Same as Alternate “A” 
Except Rejection Occurs at Night. 

Alternate “B” requires the use of water to cool the air.  By its nature, this 

process will make the air more humid as it cools the air.  Assume the building is 

located in a relatively humid environment and, further more, the Owner has 

expressed a concern about mold and mildew.  This option is discarded since it 
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would promote a humid atmosphere and the growth of mold and mildew in a 

humid environment58.  “C” proposes the use of outside air directly to cool the 

space.  Although this alternate would save energy, it is only possible if the outside 

air were cooler than the indoor required temperature.  It shall be discarded at this 

time since the outdoor air is warmer than the indoor air59.  Alternate “D” requires 

cooling directly through the conduction of the room envelope.  This is feasible, 

however, there is a risk of developing condensate on the room walls.  Alternate 

“E” proposes the use of chilled water as the media for carrying heat from the 

room.  This can certainly be a viable option.  However, for the sake of this 

example, assume the Owner has indicated, as in the heating example, that no 

pressurized water is to be used due to the potential of water damage within the 

building.  We are left with two options, Alternate “A” and Alternate “F.”  Both of 

these options rely on some mechanism to pump the heat from the cooler air to the 

hotter outside environment.  The difference in the two is Alternate “F” proposes 

to pump the heat at a cooler time; thus Alternate “F” will require some means of 

thermal energy storage.  Table 9-11 below summarizes the alternate overall 

functions and their evaluation. 

 

                                                 
58 This option would be viable in dry climates, such as desert climates in the US Southwest. 
59 In addition to cool climates, this option is also viable in cases where there is a large internal 
heat load, such as kitchen equipment, electrical transformers and other heat producing equipment 
during temperate outdoor conditions. 
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Table 9-11: Evaluation of Alternate Cooling Overall Functions. 

Alternate Description Acceptable 
(Yes/No) Reason if Not Acceptable

A Circulation of Room Air and Cooling Room 
Air by Pumping Heat to Environment Yes -

B Circulation of Room Air and Cooling Room 
Air With Evaporative Cooling No Humid climate and results in 

mold and mildew.

C Circulation of Room Air and Cooling Room 
Air Directly with Outside Air No Outdoor Air is Warmer than 

Indoor Air

D No Circulation of Room Air and Cooling 
Room Directly through Wall Conduction No Can Develop Condensate on 

Room Walls

E Circulation of Chilled Water and Rejection of 
Heat by Pumping into Environment No Introduces Pressurized Water.

F Same as Alternate “A” Except Rejection 
Occurs at Night Yes -

Evaluation of Alternate Overall Functions

Abstraction: Maintain Room Air Temperature at or below 24C.

 

 

9.3.3 Cooling Example: Functional Flow Diagram 

The functional flow diagrams to follow provide the sub-functions for the 

selected overall function.  The assumptions list below are documented during the 

development of the Functional Flow Diagrams: 

1) The building has electrical service. 

2) The ambient air thermal energy is accessible. 

3) Ground source thermal energy is not accessible. 

4) Ambient temperature when cooling required: 36°C 

5) Ambient temperature at night: 27°C 

6) Ambient humidity: 0.0138 kg water / kg dry air  (37% RH) 

7) Thermal cooling load: 26.3 kW (7.50 Tons) 
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8) Room design temperature: 24 °C. 

9) Room design humidity: 0.0093 kg water / kg dry air (50% RH) 

10) To prevent condensate, limit supply air temperature to: 12 °C. 

11) Cold supply air is saturated; humidity: 0.0087 kg water / kg dry 

air  (100% RH) 

12) Assume outdoor air has temperature increase of: 5 °C 

13) Assume room air system inlet velocity is 0 m/s. 

14) Assume room air system discharge velocity is 3.5 m/s based on 

an acoustical NC rating of approximately 35. 

15) Assume outside air system inlet velocity is 0 m/s. 

16) Assume outside air system discharge velocity is 6 m/s based on 

an acoustical NC rating of approximately 45. 

17) Assume water is available for intermediate fluid thermal energy 

storage. 

18) Limit intermediate chilled water temperature to 7 °C minimum 

to prevent freezing of water. 

19) Assume intermediate chilled water has temperature differential 

increase of: 5 °C 

20) Assume intermediate chilled water velocity is no greater than 2 

m/s to reduce wear on water transport system. 

Functional Flow Diagram “A-1” is developed based on the overall 

function Alternate “A” and is presented in Figure 9-17. 
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Figure 9-17: Alternate “A-1” Function Flow Diagram for Cooling: Pump the Heat 
from the Return Air Stream to the Environment. 
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As explained in the prior heating example, in all exergy analyses in this 

chapter, the dead state pressure is chosen at 101.3 kPa standard atmospheric 

pressure.  For the following cooling examples, the dead state temperature is 21°C 

– the lower of the available water and air temperatures.  In this case, naturally 

available water in environment; whether subsurface water or lake water, has the 

lower temperature at 21°C.  Table 9-12 and Table 9-13 below present the material 

stream exergy schedule and the function exergy schedule, respectively, for the 

functional flow diagram. 

Table 9-12: Cooling “A-1” Material Stream Exergy Schedule. 

Flow P HR (W) v (dry 
air) Vel.

# °C K kPa - m^3/kg m/s kJ/kg kW kJ/kg kW kg/s Stm m^3/s CFM

1 Return Air 24.0 297 101.33 0.0093 0.855 0.0 48 91 0.13 0.24 1.908 2 1.615 3,422

2 Return Air 24.0 297 101.33 0.0093 0.855 3.5 48 91 0.13 0.25 1.908 Energy 
Bal. 1.615 3,422

3 Supply Air, 
Cold 12.0 285 101.33 0.0087 0.819 3.5 34 65 0.29 0.56 1.908 2 1.549 3,282

4 Supply Air, 
Cold 12.0 285 101.33 0.0087 0.819 3.5 34 65 0.29 0.56 1.908 2 1.549 3,282

22 Outside Air 36.0 309 101.33 0.0138 0.895 0.0 72 391 0.38 2.08 5.457 23 4.820 10,211

23 Outside Air 36.0 309 101.33 0.0138 0.895 6.0 72 391 0.40 2.18 5.457 Energy 
Bal. 4.820 10,211

24 Outside Air, 
Hot 41.0 314 101.33 0.0138 0.910 6.0 77 419 0.69 3.75 5.457 23 4.898 10,377

25 Outside Air, 
Hot 41.0 314 101.33 0.0138 0.910 6.0 77 419 0.69 3.75 5.457 23 4.898 10,377

26 Condensate 
Water 12.0 285 - - - - 50.5 0.058 0.6 0.00071 0.001 Mass 

Bal. - -

27 Condensate 
Water 12.0 285 - - - - 50.5 0.058 0.6 0.00071 0.001 26 - -

Stream 
Enthalpy Stream ExergyDB T

COOLING "A-1" MATERIAL STREAM EXERGY SCHEDULE

Volumetric Rate
Description

Mass Rate
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If the air were hotter than the water, in theory, the hot air could be cooled 

to the water temperature.  Thus, the hot air holds available energy (exergy) with 

respect to the water.  Thus, the dead state temperature is not based on the ambient 

air temperature at 36°C during the day; or 27°C where cooling occurs at night.  If 

the efficiency and work input are evaluated on an equal basis, they should be 

evaluated at the same dead state temperature and pressure.  The following systems 

are evaluated at an atmospheric pressure of 101.3 kPa and a temperature of 21°C. 

Table 9-13: Cooling “A-1” Function Exergy Schedule. 

Stream 
Sum

At 
System

Fossil 
Fuel

# kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark) η,ΙΙ η,ΙΙ

A Increase Return 
Air Speed 0.012 7 -0.012 0.012 2-1 0.000 - - 0.00 0.00 0.012 7 1.00 0.330

B Reduce Return 
Air Temperature 1.887 8 -1.887 0.31 3-2 3.754 1.99 24,26 0.00 0.00 1.887 8 0.16 0.054

C Export Room Air 0.000 - 0.000 0.00 - 0.000 - - 0.00 - 0.000 - - -

L Increase Outside 
Air Speed 0.098 21 -0.098 0.098 23-22 0.000 - - 0.00 0.00 0.098 21 1.00 0.330

M Export Outside 
Air 0.000 - 0.000 0.00 - 0.000 - - 0.00 - 0.000 - - -

N Export 
Condensate 0.000 - 0.000 0.00 - 0.000 - - 0.00 - 0.000 - - -

Overall Cool the Room 1.997 7,8,21 -1.997 0.32 4-1 3.755 1.88 24,26 0.00 0.00 1.997 7,8,21 0.16 0.053

COOLING "A-1" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work InFunction

Description

 

The following Figure 9-18 presents a functional flow diagram for the 

overall Function “F” in which heat rejection occurs at night.  Table 9-14 and 

Table 9-15 to follow present the material stream exergy schedule and the 

functional exergy schedule, respectively, for the functional flow diagram. 
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Figure 9-18: Alternate “F-1” Function Flow Diagram for Cooling: Transfer Heat 
From Air to Intermediate Chilled Water; Reject Heat at Night. 
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Table 9-14: Cooling “F-1” Material Stream Exergy Schedule. 

Flow P HR (W) v (dry 
air) Vel.

# °C K kPa - m^3/kg m/s kJ/kg kW kJ/kg kW kg/s Stm m^3/s CFM

1 Return Air 24.0 297 101.33 0.0093 0.855 0.0 48 91 0.13 0.24 1.908 2 1.615 3,422

2 Return Air 24.0 297 101.33 0.0093 0.855 3.5 48 91 0.13 0.25 1.908 Energy 
Bal. 1.615 3,422

3 Supply Air, 
Cold 12.0 285 101.33 0.0087 0.819 3.5 34 65 0.29 0.56 1.908 2 1.549 3,282

4 Supply Air, 
Cold 12.0 285 101.33 0.0087 0.819 3.5 34 65 0.29 0.56 1.908 2 1.549 3,282

22 Outside Air 27.0 300 101.33 0.0138 0.869 0.0 62 317 0.06 0.32 5.091 23 4.366 9,249

23 Outside Air 27.0 300 101.33 0.0138 0.869 6.0 62 317 0.08 0.41 5.091 Energy 
Bal. 4.366 9,249

24 Outside Air, 
Hot 32.0 305 101.33 0.0138 0.884 6.0 68 344 0.22 1.14 5.091 23 4.438 9,403

25 Outside Air, 
Hot 32.0 305 101.33 0.0138 0.884 6.0 68 344 0.22 1.14 5.091 23 4.438 9,403

26 Condensate 
Water 12.0 285 - - - - 50.5 0.058 0.6 0.00071 0.001 Mass 

Bal. - -

27 Condensate 
Water 12.0 285 - - - - 50.5 0.058 0.6 0.00071 0.001 26 - -

28 Chilled Water 7.0 280 - - - 2.0 29.3 36.4 1.4 1.69482 1.243 Mass 
Bal. - -

29 Chilled Water 7.0 280 - - - 0.0 29.3 36.4 1.4 1.69233 1.243 28 - -

30 Chilled Water, 
Supply 7.0 280 - - - 2.0 29.3 36.4 1.4 1.69482 1.243 29 - -

31 Chilled Water, 
Return 12.0 285 - - - 2.0 50.5 62.7 0.6 0.77376 1.243 30 - -

Volumetric Rate
Description

Mass RateStream 
Enthalpy Stream ExergyDB T

COOLING "F-1" MATERIAL STREAM EXERGY SCHEDULE

 



 221

Table 9-15: Cooling “F-1” Function Exergy Schedule. 

Stream 
Sum

At 
System

Fossil 
Fuel

# kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark) η,ΙΙ η,ΙΙ

A Increase Return 
Air Speed 0.012 7 -0.012 0.012 2-1 0.00 - - 0.00 0.00 0.012 7 1.00 0.330

B Reduce Return 
Air Temperature 0.000 - 0.611 0.31 3-2 0.00 0.00 26 0.61 0.66 0.000 - 0.34 0.111

C Export Room Air 0.000 - 0.000 0.00 - 0.00 - - 0.00 - 0.000 - - -

L Increase Outside 
Air Speed 0.092 21 -0.092 0.092 23-22 0.00 - - 0.00 0.00 0.092 21 1.00 0.330

M Export Outside Air 0.000 - 0.000 0.00 - 0.00 - - 0.00 - 0.000 - - -

N Export 
Condensate 0.000 - 0.000 0.00 - 0.00 - - 0.00 - 0.000 - - -

O Reduce Water 
Temperature 1.657 8 -1.657 0.92 28-31 1.14 0.69 24 0.00 0.00 1.657 8 0.56 0.183

P Store Chilled 
Water 0.000 - 0.002 0.00 - 0.00 - - 0.00 1.00 0.002 - - -

Q Increase Chilled 
Water Speed 0.002 33 -0.002 0.002 31-29 0.00 - - 0.00 0.00 0.002 33 1.00 0.330

Overall Cool the Room 1.762 7,8,21 -1.149 0.32 4-1 1.14 0.65 24,26 0.61 0.35 1.762 7,10,12 0.18 0.060

Function

Description

COOLING "F-1" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work In

 

 

9.3.4 Cooling Example: Evaluation of Alternate Functional Flow 
Diagrams 

The 2nd Law Efficiency of Alternate “A-1” is 16% and that of Alternate 

“F-1” is higher at 18%.  Alternative “F-1” is approximately 13% more efficient 

than Alternative “A-1.”  Thus, thermal storage does provide an advantage under 

these operating conditions.  The above example illustrates the relative gain of this 

method from a basic principles approach, assuming no exergy destruction in the 

components; with exception to the heat exchanger.  Exergy destruction within the 

heat exchanger is a function of the entering and leaving water and air conditions 
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defined in Table 9-14.  These conditions inherently require some exergy 

destruction as shown in Table 9-15.   

It is apparent that cooling at night would allow for a more efficient system.  

These efficiency values are based on zero exergy destruction within the main 

cooling functions – function “B” for Alternate “A-1” and function “O” for 

Alternate “F-1.”  This example illustrates how an intrinsic improvement in energy 

efficiency can be made when developing the functional flow diagram and prior to 

and independent of equipment selection. 

In Alternate “F-1”, note that Function “O” represents the heat exchange 

between the chilled water and the air.  This is a case of a functional flow exergy 

destruction that cannot be set to zero and results in a 34% exergy destruction 

ratio.  Thus, if this could be eliminated, there would be a substantial increase in 

the overall system efficiency.  However, it cannot be eliminated based on the 

current model assumptions.  It may be possible to reduce this exergy destruction 

as discussed in the following section by implementing one of the exergy design 

guidelines.  Table 9-16 below summarizes the alternate functional flow diagrams. 

Table 9-16: Evaluation of Alternate Cooling Functional Flow Diagrams. 

Loss Destroyed At 
System

Fossil 
Fuel

kW kW kW kW kW η,ΙΙ η,ΙΙ

A-1 Pump Heat from Return 
Air to Environment 1.997 0.321 3.755 0.000 1.997 0.161 0.053 Yes

F-1

Pump Heat from Return 
Air to Intermdidate Chilled 

Water; Reject Heat at 
Night to Environment

1.762 0.321 1.144 0.614 1.762 0.182 0.060 Yes

SUMMARY OF ALTERNATE COOLING FUNCTION EXERGY SCHEDULES

Alternate Description
Work In

Exergy 2nd Law Eff.

Acceptable 
(Yes/No)Produced Supplied
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9.3.5 Cooling Example: Exergy Based Refinements of Function Flow 
Diagram 

Again, the five exergy guidelines are as follows: 

1. Pump exergy from free source of exergy to main flow stream if 

required to overcome stream potentials. 

2. Revise system flow parameters to reduce exergy loss and exergy 

destruction. 

3. Recover effluent exergy lost and use it to reduce the total required 

exergy supplied. 

4. Delete work associated with pumping between streams if sufficient 

potential is available to allow desired exergy transfer without 

pumping. 

5. Minimize mixing streams of differing potentials. 

Alternate “F-1” makes use of the cooler nighttime ambient air 

temperature.  This allows for an increased efficiency and reduced energy input 

compared to Alternate “A-1.”  This was an implementation of Guideline 2, 

Application #3: “Operate systems when ambient conditions are nearer to desired 

space conditions and implement thermal storage functions.”  Applications #1, #5 

and #6 of Guideline 2 are also promising. 

Application #1 proposes the following: “Reset indoor space conditions 

closer to ambient conditions.”  Thus, in this case, we can explore the potential of 

increasing the indoor temperature setpoint closer to the ambient conditions.  It is 

intuitive that increasing the thermostat setting should save energy.  But how 

much?  Assume the setpoint were increased from the programmed value of 24°C 
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to a new value of 27°C.  The resulting cooling load decreases from 26.3 kW (7.47 

Tons) to 19.7 kW (5.6 Tons) – a 25% reduction in load.  This revised indoor air 

temperature in effect changes the design requirements and the flows entering the 

system – it is a new design problem.  The results are shown in Table 9-17 below. 

Table 9-17: Cooling “A-1-r1” Function Exergy Schedule at a Dead State 
Temperature of 21°C and Indoor Air Conditions of 27°C. 

Stream 
Sum

At 
System

Fossil 
Fuel

# kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark) η,ΙΙ η,ΙΙ

A Increase Return 
Air Speed 0.007 7 -0.007 0.007 2-1 0.000 - - 0.000 0.00 0.007 7 1.00 0.330

B Reduce Return Air 
Temperature 1.314 8 -1.314 0.14 3-2 2.803 2.13 24,26 0.000 0.00 1.314 8 0.10 0.034

C Export Room Air 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

L Increase Outside 
Air Speed 0.073 21 -0.073 0.073 23-22 0.000 - - 0.000 0.00 0.073 21 1.00 0.330

M Export Outside Air 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

N Export 
Condensate 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

Overall Cool the Room 1.394 7,8,21 -1.394 0.14 4-1 2.803 2.01 24,26 0.000 0.00 1.394 7,8,21 0.10 0.034

Function

Description

COOLING "A-1-r1" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work In

 

Again, because the load was reduced, the functional flow diagram 

represented by Table 9-17 is intrinsically different and represents a different 

design problem from that of Table 9-13.  Thus, a direct comparison of 2nd Law 

Efficiency is not relevant between these two tables.  However, a comparison of 

the required work energy input is valid.  Table 9-17 indicates the work input was 

reduced from 1.997 kW to 1.394 kW – a 30.2 % reduction in power input.  Thus, 

for a 25% reduction in load, the system experienced a 30.2% reduction in required 
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energy input.  Thus Application 1 of Guideline 2 does result in less power 

consumption. 

Application #6 of guideline 2 states: “When exchanging heat between two 

streams, the exchange is more efficient if the heat capacities of the streams are 

similar.  If there is a big difference between the two, consider splitting the stream 

with the larger heat capacity.”  This is based on exergy design guideline #6 by 

Sama et. al.  As discussed prior, function “O” of Alternate “F-1” represents the 

heat exchange between the chilled water and the air.  This is a case of a functional 

flow exergy destruction that cannot be set to zero and results in a 34% exergy 

destruction ratio.  Implementation of Guideline 2 Application #6 may allow for a 

reduction in this exergy destruction ratio.  The product of the mass rate m&  and 

specific heat pc  define the heat capacity C of a stream: 

 

pcmC ⋅= &  Equation 9-1 

 

The heat capacity of the air stream in Function “O” for the conditions 

listed in Table 9-14 is 2.19 kW/K.  The heat capacity of the water for the 

conditions listed in Table 9-14 is 5.26 kW/K.  Thus, the water stream heat 

capacity is about 140% greater than the air heat capacity.  According to Guideline 

2 Application #6, these heat capacities should be near equal.  Thus, one or both of 

the stream conditions should be modified to achieve equality.  Because the air 

conditions are more integral to the design requirements, we will assume those 

remain as is and the water stream conditions can be modified.  Assume the chilled 
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water supply temperature remains at 7°C.  The chilled water return temperature 

shall be varied to provide a heat capacity of 2.19 kW/K.  This is achieved at a 

chilled water return temperature of 19°C.  The resulting function exergy schedule 

is shown below in Table 9-18.  The table shows the input energy is reduced to 

1.568 kW, a 21% reduction from the energy input of 1.997 kW listed in the 

baseline functional flow diagram of Table 9-13. 

Table 9-18: Cooling “F-1-r1” Function Exergy Schedule at Equalized Room Air 
and Chilled Water Heat Capacities (Guideline 2, Application #6). 

Stream 
Sum

At 
System

Fossil 
Fuel

# kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark) η,ΙΙ η,ΙΙ

A Increase Return Air 
Speed 0.012 7 -0.012 0.012 2-1 0.000 - - 0.000 0.00 0.012 7 1.00 0.330

B Reduce Return Air 
Temperature 0.000 - 0.418 0.31 3-2 0.001 0.00 26 0.418 0.57 0.000 - 0.42 0.140

C Export Room Air 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

L Increase Outside 
Air Speed 0.092 21 -0.092 0.092 23-22 0.000 - - 0.000 0.00 0.092 21 1.00 0.330

M Export Outside Air 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

N Export Condensate 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

O Reduce Water 
Temperature 1.463 8 -1.463 0.73 28-31 1.144 0.78 24 0.000 0.00 1.463 8 0.50 0.164

P Store Chilled Water 0.000 - 0.001 0.00 - 0.000 - - 0.001 1.00 0.001 - - -

Q Increase Chilled 
Water Speed 0.001 33 -0.001 0.001 31-29 0.000 - - 0.000 0.00 0.001 33 1.00 0.330

Overall Cool the Room 1.568 7,8,21 -1.149 0.32 4-1 1.144 0.73 24,26 0.419 0.27 1.568 7,10,12 0.20 0.068

COOLING "F-1-r1" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work InFunction

Description

 

Changing the water flow parameters to allow equal heat capacities 

between the air and water streams did allow for low exergy destruction in 
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function “O” and thus increased the overall 2nd Law Efficiency of the functional 

flow diagram and reduced the required energy input.  However, it may be possible 

to reduce the energy input and increase the 2nd Law Efficiency even further. 

Application #5 of Guideline 2 states: “When choosing streams for heat 

exchange, try to match streams where the final temperature of one is close to the 

initial temperature of the other.”  This is Sama et. al. exergy design guideline #5 

[58].  Revising both the supply and return water temperatures to equal the air 

stream temperatures at the heat exchange allows for almost zero exergy 

destruction.  Table 9-19 below presents the results of a revised chilled water 

stream with a supply temperature of 11°C (near the air leaving temperature of 

12°C)60 and a return temperature of 24°C (equal to the air leaving temperature of 

24°C). 

The table shows the input energy is reduced to 1.201 kW, a 40% reduction 

from the energy input of 1.997 kW listed in the baseline functional flow diagram 

of Table 9-13.  Guideline 2 Application 5 resulted in greater energy efficiency 

than Guideline 2 Application 6.  A comparison of efficiencies shows Application 

5 resulted in an efficiency of 27% (Table 9-19), versus the 20% (Table 9-18) of 

Application 6.  Thus, in this case, equalizing supply and return temperatures 

resulted in a more efficient functional flow diagram than equalizing heat 

capacities. 

                                                 
60 The supply water temperature could not be set to 10°C since this resulted in a negative exergy 
destruction – this is not allowed.  Thus, the temperature was set to the next higher significant digit 
of 11°C.  This level of accuracy is relatively sufficient for HVAC temperature water control. 
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Guideline 4 states “Minimize Intermediary Flows.”  Thus, ideally, the 

chilled water loop would be eliminated altogether in Alternate “F-1” and the 

indoor air could be cooled via the outdoor air.  However, the water serves as a 

thermal capacitor to bridge the time gap.  If the outdoor daytime air temperature 

were equal to the nighttime air temperature, thermal storage would not be 

necessary. 

Table 9-19: Cooling “F-1-r2” Function Exergy Schedule at Equalized Room Air 
and Chilled Water Supply and Return Temperatures (Guideline 2, Application 
#5). 

Stream 
Sum

At 
System

Fossil 
Fuel

# kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark) η,ΙΙ η,ΙΙ

A Increase Return 
Air Speed 0.012 7 -0.012 0.012 2-1 0.000 - - 0.000 0.00 0.012 7 1.00 0.330

B Reduce Return Air 
Temperature 0.000 - 0.013 0.31 3-2 0.001 0.00 26 0.013 0.04 0.000 - 0.96 0.316

C Export Room Air 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

L Increase Outside 
Air Speed 0.092 21 -0.092 0.092 23-22 0.000 - - 0.000 0.00 0.092 21 1.00 0.330

M Export Outside Air 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

N Export 
Condensate 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

O Reduce Water 
Temperature 1.097 8 -1.058 0.32 28-31 1.144 1.04 24 0.039 0.04 1.097 8 0.29 0.097

P Store Chilled 
Water 0.000 - 0.001 0.00 - 0.000 - - 0.001 1.00 0.001 - - -

Q Increase Chilled 
Water Speed 0.001 33 -0.001 0.001 31-29 0.000 - - 0.000 0.00 0.001 33 1.00 0.330

Overall Cool the Room 1.201 7,8,21 -1.149 0.32 4-1 1.144 0.95 24,26 0.053 0.04 1.201 7,10,12 0.27 0.088

Function

Description

COOLING "F-1-r2" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work In

 

As a case of study, Table 9-20 below presents a function exergy schedule 

of Alternate “A-1” with a daytime temperature of 27°C – equal to the nighttime 

temperature.  The resulting efficiency is 27% and the energy input is 1.183 kW.  
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This table illustrates maximum efficiency that can be achieved by Alternate “F-

1.”  By comparison, the refinement of Alternate “F-1” in Table 9-19 has the 

highest efficiency of all the refinements for this alternate.  Furthermore, because 

the exergy destruction of Function “O” in Table 9-19 is almost zero, the overall 

functional flow diagram achieves the efficiency and energy input values of the 

ideal case listed in Table 9-20.  Thus, in the case of Alternate “F-1”, Table 9-19 

illustrates the best that is physically possible for the listed design assumptions. 

Table 9-20: Cooling “A-1” Function Exergy Schedule with Daytime 
Temperature Equal to Nighttime Temperature of 27°C. 

Stream 
Sum

At 
System

Fossil 
Fuel

# kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark) η,ΙΙ η,ΙΙ

A Increase Return 
Air Speed 0.012 7 -0.012 0.012 2-1 0.000 - - 0.000 0.00 0.012 7 1.00 0.330

B Reduce Return Air 
Temperature 1.076 8 -1.076 0.31 3-2 1.191 1.11 24,26 0.000 0.00 1.076 8 0.29 0.095

C Export Room Air 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

L Increase Outside 
Air Speed 0.095 21 -0.095 0.095 23-22 0.000 - - 0.000 0.00 0.095 21 1.00 0.330

M Export Outside Air 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

N Export 
Condensate 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

Overall Cool the Room 1.183 7,8,21 -1.183 0.32 4-1 1.191 1.01 24,26 0.000 0.00 1.183 7,8,21 0.27 0.090

Function

Description

COOLING "A-1" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work In

 

 

Table 9-21 below presents a summary of the alternate functional flow 

diagrams.  The table illustrates all original alternates and their associated revisions 

as a consequence of applying the exergy based guidelines.  Alternate “A-1-r1” is 

not acceptable at this time because it requires a revision to the original design 
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requirements and therefore needs further Owner feedback.  The following section 

presents the equipment selection.  Although alternate A-1 has a lower efficiency, 

equipment selection will be provided for comparison purposes. 

Table 9-21: Evaluation of Alternate Cooling Functional Flow Diagrams. 

Loss Destroyed At 
System

Fossil 
Fuel

kW kW kW kW kW η,ΙΙ η,ΙΙ

A-1 Pump Heat from Return 
Air to Environment 1.997 0.321 3.755 0.000 1.997 0.161 0.053 No

A-1-r1

Pump Heat from Return 
Air to Environment; Reset 

Indoor Conditions (new 
Design Requirements)

1.394 0.143 2.803 0.000 1.394 0.102 0.034 (Need Owner 
Feedback)

F-1

Pump Heat from Return 
Air to Intermdidate Chilled 

Water; Reject Heat at 
Night to Environment

1.762 0.321 1.144 0.614 1.762 0.182 0.060 No

F-1-r1

Pump Heat from Return 
Air to Intermdidate Chilled 

Water; Reject Heat at 
Night to Environment 
(Guideline 2, App. #6)

1.568 0.321 1.144 0.419 1.568 0.205 0.068 No

F-1-r2

Pump Heat from Return 
Air to Intermdidate Chilled 

Water; Reject Heat at 
Night to Environment 
(Guideline 2, App. #5)

1.201 0.321 1.144 0.053 1.201 0.267 0.088 Yes

SUMMARY OF ALTERNATE COOLING FUNCTION EXERGY SCHEDULES

Alternate Description
Work In

Exergy 2nd Law Eff.

Acceptable 
(Yes/No)Produced Supplied

 

9.3.6 Cooling Example: Equipment Selection 

It is apparent that Alternate “A-1” has less functions and is less complex 

than Alternate “F-1”. Accordingly, because “F-1” has more functions, it requires 

more equipment and will therefore most probably have a higher initial cost.  

Conversely, Alternate “F-1” has a lower energy consumption, especially those 

versions refined with the use of the exergy guidelines.  Thus, depending on the 
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current economics of both equipment and energy costs, the payback period61 of 

alternate “F-1” relative to “A-1” can vary.  After this time, the more efficient 

system, in this case alternate “F-1”, would have a lower total cost.  The designer 

and Owner would typically select the more efficient system if the payback period 

were commensurate with the life expectancy of the facility program. 

The equipment selection of Alternate “A-1” is similar to the heat pump 

unit selection demonstrated in the heating example.  There are various 

configurations of equipment that can achieve the functional flow diagram.  These 

include packaged equipment (all functions achieved in one manufactured unit), 

split systems (condensing units separated from air handling equipment), custom 

built units (components chosen separately and built on site) and others.  Assume 

the budget does not allow for excessively custom built equipment.  Also, assume 

there is little room in the conditioned space to place the air distribution equipment 

(air handling unit) in the space.  Furthermore, assume the Owner has concerns of 

condensate water overflowing from the unit and onto the occupied space.  Thus, 

the split system and custom built equipment approach are not desirable at this 

time.  A packaged unit is evaluated as follows. 

A packaged unit is selected for the given operating conditions.  These 

include the total and sensible cooling loads, entering indoor air conditions and 

flow rate, and outdoor air temperature and flow rate.  The packaged unit is similar 

in exterior to the packaged heat pump shown in Figure 9-7.  The selected unit 

                                                 
61 The payback period is defined as the time (typically in years) at which the sum of the total up-
front capital cost and accrued operating cost of an alternate system is equal to that of another 
alternate (i.e. existing) system. 



 232

would provide an EER62 of 14.0 at the design operating conditions and thus 

requires 6.41 kW of electrical power.  Table 9-13 lists 1.997 kW is required in the 

case of zero exergy destruction.  Thus, the difference (4.41 kW) in energy is 

attributed to the exergy destruction within the selected unit.  This energy is 

expended in friction loss, vibrations, sound and heat gain between the unit and the 

environment.  Thus, for the selected unit, only 31% of the energy is actually 

providing useful work while the remaining 69% is being expended due to exergy 

destruction within the unit.  In the future, HVAC manufacturers will develop 

more efficient systems that will allow the system to operate closer to the zero 

exergy destruction efficiency.  Although the system will never achieve zero 

exergy, the calculation of the functional flow diagram zero exergy destruction 

work input provides a benchmark for each system.  Table 9-30 below presents a 

summary of the comparison between the equipment and function exergy 

schedules for Cooling Alternate “A-1.” 

Table 9-22: Cooling Alternate "A-1" Equipment versus Function Exergy. 

Loss Destroyed At 
System

Fossil 
Fuel

kW kW kW kW kW η,ΙΙ η,ΙΙ

Function Pump Heat from Return 
Air to Environment 1.997 0.321 3.755 0.000 1.997 0.161 0.053

Equipment Packaged Cooling Unit 6.410 0.321 3.755 4.413 6.410 0.050 0.017

4.413 0.000 0.000 4.413 4.413 -0.111 -0.037DIFFERENCE (Equip. - Function)

COOLING ALTERNATE "A-1" COMPARISON OF EQUIPMENT TO FUNCTION EXERGY

Function or 
Equipment Description

Work In

Exergy 2nd Law Eff.

Produced Supplied

 
                                                 
62 Energy Efficiency Ratio defined as the cooling capacity in Btu/hr divided by the total unit 
energy input in Watts. 
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Similar equipment selection is possible for alternate “F-1”.  The water 

cooling equipment is referred to as a chiller.  Because the functional flow diagram 

shows the chiller cooled with outside air, an air-cooled chiller would be selected.  

As in the case of the packaged air cooled unit described above, these units also 

have inefficiencies.  Reference Figure 9-19 below for a typical air-cooled chiller 

installation.  The selected unit for this application and flow conditions yields an 

EER of 22.   

 

Figure 9-19: Typical Air Cooled Chiller Installation. 

Thus, in the case of alternate “F-1”, the unit requires 4.08 kW of energy to 

cool the water.  In addition to the packaged air-cooled chiller electrical load, there 

are other loads in this system.  These include the chilled water pump and air 

distribution fan.  These are sized based on the detailed pipe designs and ductwork 

design, respectively.  Assume the piping system is sized and the required pump 

assembly requires a 0.8 kW of energy and the air distribution fan requires 0.32 

kW of energy.  Furthermore there are standby losses due to heat loss through the 
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water storage vessel.  We will assume these losses are negligible at this time.  

Thus, the total system electrical energy requirement is 5.20 kW.  This results in a 

total system EER of 17.3.  Alternate “F-1-r2” with refined heat exchanger 

temperature conditions resulted in a zero exergy destruction energy input of 1.2 

kW.  Thus, the proposed system expends 4.0 kW due to exergy destruction.  

Improving the air-cooled chiller design, reducing piping and ductwork friction 

loss and selecting more efficient pumps and fan would reduce this exergy 

destruction.  Table 9-31 and below presents a summary of the comparison 

between the equipment and function exergy schedules for Cooling Alternate “F-1-

r2.” 

Table 9-23: Cooling Alternate "F-1-r2" Equipment versus Function Exergy. 

Loss Destroyed At 
System

Fossil 
Fuel

kW kW kW kW kW η,ΙΙ η,ΙΙ

Function

Pump Heat from Return 
Air to Intermdidate Chilled 

Water; Reject Heat at 
Night to Environment 
(Guideline 2, App. #5)

1.201 0.321 1.144 0.053 1.201 0.267 0.088

Equipment
Air Cooled Chiller and 

Thermal Storage 
Circulating Loop

5.200 0.321 1.144 4.051 5.200 0.062 0.020

3.999 0.000 0.000 3.999 3.999 -0.205 -0.068DIFFERENCE (Equip. - Function)

COOLING ALTERNATE "F-1-r2" COMPARISON OF EQUIPMENT TO FUNCTION EXERGY

Function or 
Equipment Description

Work In

Exergy 2nd Law Eff.

Produced Supplied
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9.4 DEHUMIDIFICATION SYSTEM EXAMPLE 

9.4.1 Dehumidification Example: Abstraction 

The main objective of this example is to import outside air at a 

temperature of 23°C and a humidity level of 0.0087 Humidity Ratio (HR).  

However, this condition of outside air is required when the ambient air is warmer 

and more humid than desired.  Therefore, an HVAC system is required to 

condition the outside air and transport the air into the room.  As the air inside the 

room is exhausted, the room is replenished with fresh outside air.  The overall 

abstraction of the objective and the main systems and the identification of the 

required flow are illustrated below in Figure 9-20. 

 

Figure 9-20: Abstraction Of Dehumidification Design Requirements. 

9.4.2 Dehumidification Example: Overall Function 

Figure 9-21 below presents one possible alterative to achieve the overall 

objective.  Outside air enters the HVAC Systems, is conditioned to the desired 

temperature and humidity levels and is then transported into the room. 
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Figure 9-21: Alternate “A” Overall Function for Dehumidification:  Supply of 
Outside Air and Discharge of Room Air Exhaust to Environment. 

9.4.3 Dehumidification Example: Functional Flow Diagram 

The functional flow diagram to follow provides the sub-functions for the 

selected overall function.  The following assumptions are documented during the 

development of the Functional Flow Diagram: 

1) The building has electrical service. 

2) The ambient air thermal energy is accessible. 

3) Ambient temperature: 36°C. 

4) Ambient humidity: 0.0138 kg water / kg dry air. 

5) Outside air flow rate: 4.28 m3/second (at indoor design air 

conditions). 

6) Room design temperature: 23 °C. 

7) Room design humidity: 0.0087 kg water / kg dry air. 
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8) Assume outdoor air has temperature differential increase of: 

5°C 

9) Assume room air system inlet velocity is 0 m/s. 

10) Assume room air system discharge velocity is 3.5 m/s based on 

an acoustical NC rating of approximately 35. 

11) Assume outside air system inlet velocity is 0 m/s. 

12) Assume outside air system discharge velocity is 6 m/s based on 

an acoustical NC rating of approximately 45. 

Functional Flow Diagram “A-1” is developed based on the overall 

function Alternate “A” and is presented in Figure 9-22 below.  In this diagram, 

Function “B” serves to dehumidify the air.  This function includes several flow 

interactions, including two outside air flows (streams #2 and #23).  One of these 

outside flows (flow #2) serves as the main flow for introducing outside into the 

room.  The other flow (stream #23) is an auxiliary flow required to cool the main 

flow as part of the thermodynamic pumping of heat between the streams.  Table 

9-24 and Table 9-25 present the material stream exergy schedule and function 

exergy schedule, respectively, for the functional flow diagram. 
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Figure 9-22: Alternate “A-1” Function Flow Diagram for Dehumidifying: Pump 
Heat From Outside Air to Environment and Reheat with Electricity. 
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Table 9-24: Dehumidifying “A-1” Material Stream Exergy Schedule. 

Flow P HR (W) v (dry 
air) Vel.

# °C K kPa - m^3/kg m/s kJ/kg kW kJ/kg kW kg/s Stm m^3/s CFM

1  Outside Air, 
Hot & Humid 36.0 309 101.33 0.0138 0.895 0.0 72 358 0.00 0.00 5.000 Given 4.416 9,356

2  Outside Air, 
Hot & Humid 36.0 309 101.33 0.0138 0.895 3.5 72 358 0.01 0.03 5.000 1 4.416 9,356

3 Outside Air, 
Cold and Dry 12.0 285 101.33 0.0087 0.819 3.5 34 170 1.16 5.80 5.000 1 4.061 8,604

4
Outside Air, 
Tempered & 

Dry
23.0 296 101.33 0.0087 0.851 3.5 45 226 0.44 2.22 5.000 1 4.218 8,936

5
Outside Air, 
Tempered & 

Dry
23.0 296 101.33 0.0087 0.851 3.5 45 226 0.44 2.22 5.000 1 4.218 8,936

22 Outside Air 36.0 309 101.33 0.0138 0.895 0.0 72 1695 0.00 0.00 23.657 8 20.895 44,268

23 Outside Air 36.0 309 101.33 0.0138 0.895 6.0 72 1695 0.02 0.43 23.657 8 20.895 44,268

24 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1890 0.12 2.90 23.657 Energy 

Bal. 21.435 45,414

25 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1890 0.12 2.90 23.657 8 21.435 45,414

26 Condensate 
Water 12.0 285 - - - - 50.5 1.287 4.2 0.10772 0.026 Mass 

Bal. - -

27 Condensate 
Water 12.0 285 - - - - 50.5 1.287 4.2 0.10772 0.026 10 - -

Stream 
Enthalpy Stream ExergyDB T

DEHUMIDIFYING "A-1" MATERIAL STREAM EXERGY SCHEDULE

Volumetric Rate
Description

Mass Rate

 

 

The functional flow diagram 2nd Law Efficiency is a relatively low 3%.  

This makes the fossil fuel based efficiency even lower at 1.1%.  Methods should 

be investigated to improve this value.  The following section implements some of 

the guidelines presented in Chapter 7 to improve the system efficiency. 
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Table 9-25: Dehumidifying “A-1” Function Exergy Schedule. 

Stream 
Sum

At 
System

Fossil 
Fuel

Mark kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark)
η,ΙΙ η,ΙΙ

A Increase Outside 
Air Speed 0.031 7 -0.031 0.031 2-1 0.000 - - 0.000 0.00 0.031 7 1.00 0.330

B Dehumidify Outside 
Air 8.359 8 -8.359 5.77 3-2 3.012 0.36 24,26 0.000 0.00 8.359 8 0.69 0.228

C Increase Outside 
Air Temperature 56.194 39 3.579 3.58 4-3 0.000 - - 59.772 1.00 59.772 39 0.06 0.020

D Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

L Increase Outside 
Air Speed 0.426 21 -0.426 0.43 23-22 0.000 - - 0.000 0.00 0.426 21 1.00 0.330

M Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

N Export Condensate 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

Overall Dehumidify Outside 
Air 65.009 7,8,39,2

1 -5.237 2.22 5 - 1 3.012 0.05 24,26 59.772 0.92 65.009 7,8,39,2
1 0.03 0.011

Function

Description

DEHUMIDIFYING "A-1" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work In

 

9.4.4 Dehumidification Example: Exergy Based Refinements of Function 
Flow Diagram 

Chapter 7 presents the following five general exergy guidelines: 

1. Pump exergy from free source of exergy to main flow stream if 

required to overcome stream potentials. 

2. Revise system flow parameters to reduce exergy loss and exergy 

destruction. 

3. Recover effluent exergy lost and use it to reduce the total required 

exergy supplied. 
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4. Delete work associated with pumping between streams if sufficient 

potential is available to allow desired exergy transfer without 

pumping. 

5. Minimize mixing streams of differing potentials. 

The heating and cooling examples illustrated the implementation of 

guidelines 1 and 2 respectively.  As will be evident in the following 

implementations, Guideline 3, “Recover Lost Exergy” applications #1, #2 and #4 

provide opportunities for improvement.  These applications are: 

1. Recover building conditioned exhaust air exergy to temper 

ventilation air. 

2. Recover cooling coil condensate water to temper ventilation air. 

4. Recover cooling system thermal exhaust exergy to reheat air 

streams where required for humidity control. 

First, we will consider application #4; the recovery of thermal effluent and 

use it to reheat the cold air.  This revision requires a review of the functional flow 

diagram and the introduction of new flow streams.  By inspection of Table 9-24, 

the heat rejection at Function “B, Dehumidify Outside Air” due to the difference 

in outside air enthalpies (difference of Flow Streams 23 and 24) is 195 kW.  Table 

9-25 indicates the energy required for energy input at Function “C, Increase 

Outside Air Temp.” is 56.2 kW.  Thus, from a 1st Law Perspective, there is ample 

energy exhausted that could be used to reheat the cold air.  Furthermore, the 

exhausted air is hotter than the air to be heated.  Thus, from a basic 2nd Law 

perspective, the function would be a simple heat exchange (rather than a heat 
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pump) and would not require additional work input.  The revised functional flow 

diagram shall be Alternative “A-2” and is presented below in Figure 9-23. 

The functional flow diagram illustrates the use of the hot outside air 

effluent (Stream 24) from Function “B, Dehumidify Outside Air” and to reheat 

the outside air for the space (Function C).  In addition, the functional flow 

diagram illustrates a control function (Function T) to modulate the amount of 

outside air to be supplied as part of the reheat function and the portion of which to 

be bypassed to the outside air.  This function replaces the prior function that 

modulated the electrical energy input.  A new function is added (Function U) to 

exhaust the excess outside air.  Thus, even with this option, there is still some 

level of effluent exhaust that is not fully used.  To reduce exergy destruction in 

Function “C, Increase Outside Air Temperature,” the leaving tempered air 

temperature (Stream 38) is set to the leaving “outside air tempered and dry” 

(Stream 4) temperature of 23°C.  This is the implementation of Guideline 2 

Application 6. 

Table 9-26 and Table 9-27 present the resulting exergy stream and 

function exergy data, respectively.  The improvements presented by Alternative 

“A-2” with respect to the base Alternative “A-1” are relatively significant.  Table 

9-27 indicates a reduction of energy input from 65.0 kW (as shown in Table 9-25) 

to 8.8 kW – a 86.5% reduction in energy input.  Furthermore, the 2nd Law 

efficiency increased from the mere 3% to a reasonable 25%.  Thus, the 

application of Guideline 3 Application 4 resulted in a substantial reduction in 

energy input and improvement in system efficiency. 
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Figure 9-23: Alternate “A-2” Function Flow Diagram for Dehumidifying: 
Recover Exhaust Exergy for Reheat (Guideline 3, Application 4). 
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Table 9-26: Dehumidifying “A-2” Material Stream Exergy Schedule (Guideline 
3, Application 4). 

Flow P HR (W) v (dry 
air) Vel.

# °C K kPa - m^3/kg m/s kJ/kg kW kJ/kg kW kg/s Stm m^3/s CFM

1  Outside Air, 
Hot & Humid 36.0 309 101.33 0.0138 0.895 0.0 72 358 0.00 0.00 5.000 Given 4.416 9,356

2  Outside Air, 
Hot & Humid 36.0 309 101.33 0.0138 0.895 3.5 72 358 0.01 0.03 5.000 1 4.416 9,356

3 Outside Air, 
Cold and Dry 12.0 285 101.33 0.0087 0.819 3.5 34 170 1.16 5.80 5.000 1 4.061 8,604

4
Outside Air, 
Tempered & 

Dry
23.0 296 101.33 0.0087 0.851 3.5 45 226 0.44 2.22 5.000 1 4.218 8,936

5
Outside Air, 
Tempered & 

Dry
23.0 296 101.33 0.0087 0.851 3.5 45 226 0.44 2.22 5.000 1 4.218 8,936

22 Outside Air 36.0 309 101.33 0.0138 0.895 0.0 72 1695 0.00 0.00 23.657 8 20.895 44,268

23 Outside Air 36.0 309 101.33 0.0138 0.895 6.0 72 1695 0.02 0.43 23.657 8 20.895 44,268

24 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1890 0.12 2.90 23.657 Energy 

Bal. 21.435 45,414

25 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1890 0.12 2.90 23.657 8 21.435 45,414

26 Condensate 
Water 12.0 285 - - - - 50.5 1.287 4.2 0.10772 0.026 Mass 

Bal. - -

27 Condensate 
Water 12.0 285 - - - - 50.5 1.287 4.2 0.10772 0.026 10 - -

38 Outside Air, 
Tempered 23.0 296 101.33 0.0138 0.858 6.0 58 151 0.31 0.80 2.596 Energy 

Bal. 2.196 4,653

39 Outside Air, 
Tempered 23.0 296 101.33 0.0138 0.858 6.0 58 151 0.31 0.80 2.596 38 2.196 4,653

40 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1682 0.12 2.59 21.062 Mass 

Bal. 19.083 40,431

41 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1682 0.12 2.59 21.062 40 19.083 40,431

Volumetric Rate
Description

Mass RateStream 
Enthalpy Stream ExergyDB T

DEHUMIDIFYING "A-2" MATERIAL STREAM EXERGY SCHEDULE
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Table 9-27: Dehumidifying “A-2” Function Exergy Schedule (Guideline 3, 
Application 4). 

Stream 
Sum

At 
System

Fossil 
Fuel

Mark kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark)
η,ΙΙ η,ΙΙ

A Increase Outside 
Air Speed 0.031 7 -0.031 0.031 2-1 0.000 - - 0.000 0.00 0.031 7 1.00 0.330

B Dehumidify Outside 
Air 8.359 8 -8.359 5.77 3-2 3.012 0.36 24,26 0.000 0.00 8.359 8 0.69 0.228

C Increase Outside 
Air Temperature 0.000 - 5.685 3.58 4-3 0.798 0.38 38 5.685 2.70 2.106 25-38 1.70 0.561

D Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

L Increase Outside 
Air Speed 0.426 21 -0.426 0.43 23-22 0.000 - - 0.000 0.00 0.426 21 1.00 0.330

M Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

N Export Condensate 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

U Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

Overall Dehumidify Outside 
Air 8.816 7,8,21 -5.717 2.22 5 - 1 21.968 2.49 27,39, 

41 5.685 0.64 8.816 7,8,21 0.25 0.083

DEHUMIDIFYING "A-2" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work InFunction

Description

 

Guideline 3 Application 4 states: “Recover building conditioned exhaust 

air exergy to temper ventilation air.”  Thus, in this case, instead of exhausting the 

room air directly to the environment, one could recover the thermal energy from 

the exhaust air to temper the outside fresh air. 

The prior overall function “A” assumes the room air is exhausted directly 

into the environment.  Because this approach requires the use of the room exhaust 

air, the overall function shall be redefined as Alternate “B” shown below in 

Figure 9-24.   



 246

 

Figure 9-24: Alternate “B” Overall Function for Dehumidification:  Supply 
Outside Air and Recover Exhaust Exergy for Outside Air Stream. 

The functional flow diagram for Alternate “B” is based on Functional 

Flow Diagram alternate “A-2.”  It implements Guideline 3 Application 4 to use 

the heat rejection to reheat the air.  This functional flow diagram is presented 

below in Figure 9-25.  The resulting stream exergy schedule and functional 

exergy schedule are presented in the Table 9-28 and Table 9-29, respectively. 

The improvements presented by Alternative “B-1” with respect to the 

prior Alternative “A-2” are substantial.  Table 9-29 indicates a reduction of 

energy input from 8.82 kW (as shown in Table 9-27) to 6.385 kW – a 27.6% 

reduction in energy input.  Furthermore, the 2nd Law efficiency increased from 

25% to 35%.  Thus, the application of Guideline 3 Application 1 resulted in a 

further reduction in energy input and improvement in system efficiency. 
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Figure 9-25: Alternate “B-1” Function Flow Diagram for Dehumidifying: 
Recover Exhaust Air Exergy to Temper Outside Air (Guideline 3, 
Application 1 and 4). 
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Table 9-28: Dehumidifying “B-1” Material Stream Exergy Schedule (Guideline 
3, Application 1 and 4). 

Flow P HR (W) v (dry 
air) Vel.

# °C K kPa - m^3/kg m/s kJ/kg kW kJ/kg kW kg/s Stm m^3/s CFM

1  Outside Air, 
Hot & Humid 36.0 309 101.33 0.0138 0.895 0.0 72 358 0.00 0.00 5.000 Given 4.416 9,356

2  Outside Air, 
Hot & Humid 36.0 309 101.33 0.0138 0.895 3.5 72 358 0.01 0.03 5.000 1 4.416 9,356

42  Outside Air, 
Tempered 23.1 296 101.33 0.0138 0.858 3.5 58 291 0.29 1.47 5.000 1 4.231 8,964

3 Outside Air, 
Cold and Dry 12.0 285 101.33 0.0087 0.819 3.5 34 170 1.16 5.80 5.000 1 4.061 8,604

4
Outside Air, 
Tempered & 

Dry
23.0 296 101.33 0.0087 0.851 3.5 45 226 0.44 2.22 5.000 1 4.218 8,936

5
Outside Air, 
Tempered & 

Dry
23.0 296 101.33 0.0087 0.851 3.5 45 226 0.44 2.22 5.000 1 4.218 8,936

22 Outside Air 36.0 309 101.33 0.0138 0.895 0.0 72 1095 0.00 0.00 15.290 8 13.504 28,610

23 Outside Air 36.0 309 101.33 0.0138 0.895 6.0 72 1095 0.02 0.28 15.290 8 13.504 28,610

24 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1221 0.12 1.88 15.290 Energy 

Bal. 13.854 29,351

25 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1221 0.12 1.88 15.290 8 13.854 29,351

26 Condensate 
Water 12.0 285 - - - - 50.5 1.287 4.2 0.10772 0.026 Mass 

Bal. - -

27 Condensate 
Water 12.0 285 - - - - 50.5 1.287 4.2 0.10772 0.026 10 - -

38 Outside Air, 
Tempered 23.0 296 101.33 0.0138 0.858 6.0 58 151 0.31 0.80 2.596 Energy 

Bal. 2.196 4,653

39 Outside Air, 
Tempered 23.0 296 101.33 0.0138 0.858 6.0 58 151 0.31 0.80 2.596 38 2.196 4,653

40 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1014 0.12 1.56 12.694 Mass 

Bal. 11.502 24,368

41 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1014 0.12 1.56 12.694 40 11.502 24,368

43 Room Exhaust 
Air 23.0 296 101.33 0.0087 0.851 0.0 45 226 0.44 2.19 5.000 1 4.218 8,936

44 Room Exhaust 
Air 23.0 296 101.33 0.0087 0.851 3.5 45 226 0.44 2.22 5.000 1 4.218 8,936

45 Room Exhaust 
Air, Warm 36.0 309 101.33 0.0087 0.888 3.5 59 293 0.16 0.79 5.000 1 4.403 9,328

Stream 
Enthalpy Stream ExergyDB T

DEHUMIDIFYING "B-1" MATERIAL STREAM EXERGY SCHEDULE

Volumetric Rate
Description

Mass Rate
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Table 9-29: Dehumidifying “B-1” Function Exergy Schedule (Guideline 3, 
Application 1 and 4). 

Stream 
Sum

At 
System

Fossil 
Fuel

Mark kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark)
η,ΙΙ η,ΙΙ

A Increase Outside 
Air Speed 0.031 7 -0.031 0.031 2-1 0.000 - - 0.000 0.00 0.031 7 1.00 0.330

W Increase Exhaust 
Air Speed 0.031 48 -0.031 0.031 44-43 0.000 - - 0.000 0.00 0.031 48 1.00 0.330

V Decrease Outside 
Air Temperature - 0.000 1.43 42-2 0.790 0.55 45 0.000 0.00 1.435 44-45 1.00 0.330

B Dehumidify Outside 
Air 6.048 8 -6.048 5.77 3-42 1.985 0.33 24,26 0.000 0.00 6.048 8 0.95 0.315

C Increase Outside 
Air Temperature 0.000 - 4.657 3.58 4-3 0.798 0.74 38 4.657 4.32 1.079 25-38 3.32 1.095

D Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

L Increase Outside 
Air Speed 0.275 21 -0.275 0.28 23-22 0.000 - - 0.000 0.00 0.275 21 1.00 0.330

M Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

N Export Condensate 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

U Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

X Export Exhaust Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

Overall Dehumidify Outside 
Air 6.385 7,8,21,4

8 -3.286 2.22 5 - 1 18.600 2.91 27,39, 
41,46 4.658 0.73 6.385 7,8,21,4

8 0.35 0.115

Function

Description

DEHUMIDIFYING "B-1" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work In

 

Guideline 3 Application 2 states “Recover cooling coil condensate water 

to temper ventilation air.”  The condensate water mass flow rate is relatively 

small, thus there is typically little advantage in recovering this water.  However, 

in the case of high condensate flow rate, as in the case of an outside air 

dehumidifier, recovery of condensate exergy should be considered.  The recovery 

of condensate is presented in the functional flow diagram in Figure 9-26.  Table 

9-30 and Table 9-31 present the material stream exergy schedule and the function 

exergy schedule, respectively, of the functional flow diagram. 
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Figure 9-26: Alternate “B-2” Function Flow Diagram for Dehumidifying: 
Recover Condensate Water Exergy to Temper Outside Air 
(Guideline 3, Application 1, 2 and 4). 
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Table 9-30: Dehumidifying “B-2” Material Stream Exergy Schedule (Guideline 
3, Applications 1, 2 and 4). 

Flow P HR (W) v (dry 
air) Vel.

# °C K kPa - m^3/kg m/s kJ/kg kW kJ/kg kW kg/s Stm m^3/s CFM

1  Outside Air, 
Hot & Humid 36.0 309 101.33 0.0138 0.895 0.0 72 358 0.00 0.00 5.000 Given 4.416 9,356

2  Outside Air, 
Hot & Humid 36.0 309 101.33 0.0138 0.895 3.5 72 358 0.01 0.03 5.000 1 4.416 9,356

50  Outside Air, 
Tempered 35.5 309 101.33 0.0138 0.894 3.5 71 356 0.01 0.03 5.000 1 4.409 9,341

42  Outside Air, 
Tempered 23.1 296 101.33 0.0138 0.858 3.5 58 291 0.29 1.47 5.000 1 4.231 8,964

3 Outside Air, 
Cold and Dry 12.0 285 101.33 0.0087 0.819 3.5 34 170 1.16 5.80 5.000 1 4.061 8,604

4
Outside Air, 
Tempered & 

Dry
23.0 296 101.33 0.0087 0.851 3.5 45 226 0.44 2.22 5.000 1 4.218 8,936

5
Outside Air, 
Tempered & 

Dry
23.0 296 101.33 0.0087 0.851 3.5 45 226 0.44 2.22 5.000 1 4.218 8,936

22 Outside Air 36.0 309 101.33 0.0138 0.895 0.0 72 1095 0.00 0.00 15.283 8 13.498 28,598

23 Outside Air 36.0 309 101.33 0.0138 0.895 6.0 72 1095 0.02 0.28 15.283 8 13.498 28,598

24 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1221 0.12 1.88 15.283 Energy 

Bal. 13.848 29,338

25 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1221 0.12 1.88 15.283 8 13.848 29,338

26 Condensate 
Water 12.0 285 - - - - 50.5 1.287 4.2 0.10772 0.026 Mass 

Bal. - -

51 Condensate 
Water 36.0 309 - - - - 150.8 3.845 0.0 0.00000 0.026 Mass 

Bal. - -

27 Condensate 
Water 36.0 309 - - - - 150.8 3.845 0.0 0.00000 0.026 10 - -

38 Outside Air, 
Tempered 23.0 296 101.33 0.0138 0.858 6.0 58 151 0.31 0.80 2.596 Energy 

Bal. 2.196 4,653

39 Outside Air, 
Tempered 23.0 296 101.33 0.0138 0.858 6.0 58 151 0.31 0.80 2.596 38 2.196 4,653

40 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1013 0.12 1.56 12.687 Mass 

Bal. 11.496 24,355

41 Outside Air, 
Hot 44.0 317 101.33 0.0138 0.919 6.0 80 1013 0.12 1.56 12.687 40 11.496 24,355

43 Room Exhaust 
Air 23.0 296 101.33 0.0087 0.851 0.0 45 226 0.44 2.19 5.000 1 4.218 8,936

Volumetric Rate
Description

Mass RateStream 
Enthalpy Stream ExergyDB T

DEHUMIDIFYING "B-2" MATERIAL STREAM EXERGY SCHEDULE

 



 252

Table 9-31: Dehumidifying “B-2” Function Exergy Schedule (Guideline 3, 
Applications 1, 2 and 4). 

Stream 
Sum

At 
System

Fossil 
Fuel

Mark kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark)
η,ΙΙ η,ΙΙ

A Increase Outside 
Air Speed 0.031 7 -0.031 0.031 2-1 0.000 - - 0.000 0.00 0.031 7 1.00 0.330

W Increase Exhaust 
Air Speed 0.031 48 -0.031 0.031 44-43 0.000 - - 0.000 0.00 0.031 48 1.00 0.330

Z Decrease Outside 
Air Temperature - 0.106 0.00 50-2 0.000 0.00 51 0.106 0.98 0.108 26-51 0.02 0.006

V Decrease Outside 
Air Temperature - 0.000 1.43 42-50 0.790 0.55 45 0.000 0.00 1.435 44-45 1.00 0.330

B Dehumidify Outside 
Air 6.045 8 -6.045 5.77 3-42 1.984 0.33 24,26 0.000 0.00 6.045 8 0.95 0.315

C Increase Outside 
Air Temperature 0.000 - 4.657 3.58 4-3 0.798 0.74 38 4.657 4.32 1.078 25-38 3.32 1.095

D Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

L Increase Outside 
Air Speed 0.275 21 -0.275 0.28 23-22 0.000 - - 0.000 0.00 0.275 21 1.00 0.330

M Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

N Export Condensate 0.000 - 0.108 0.00 - 0.000 - - 0.108 - 0.108 - - -

U Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

X Export Exhaust Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

Overall Dehumidify Outside 
Air 6.382 7,8,21,4

8 -3.177 2.22 5 - 1 18.486 2.90 27,39, 
41,46 4.870 0.76 6.382 7,8,21,4

8 0.35 0.115

DEHUMIDIFYING "B-2" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work InFunction

Description

 

The prior alternate “B-1” shows a work input of 6.385 kW.  Alternate “B-

2” with the recovery of condensate exergy shows a work input of 6.382 kW.  This 

is a negligible efficiency improvement.  Alternate “B-2” does make use of the 

condensate water and can reduce the outside air temperature (stream 50 in Table 

9-30) from 36°C to 35.5°C, a 0.5°C reduction.  However, this small temperature 
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differential is relatively insignificant.  Any equipment costs associated with the 

additional piping and heat exchanger (Function “Z”) would not be viable. 

Function “V, Decrease Outside Air Temp.” assumes the transfer of 

sensible heat from the exhaust air to the fresh outside air.  However, as another 

alternative, the function could allow for both sensible and latent transfers between 

the exhaust and outside air streams.  By stipulating a zero exergy destruction, the 

resulting system would simply not require any energy other than the energy 

required to increase the air speed.  This alternative would result in a relatively 

insignificant energy input compared to any of the above alternatives.  An 

inspection of the energy required to increase air speed (assuming no frictional 

losses in ductwork system) is no more than 0.1 kW.  Thus, compared to all 

alternatives, such a concept would require the least energy input.  However, in 

practice, this concept hinges greatly on the ability to find equipment that would 

provide the relatively complete transfer of sensible and latent energy.  Only a 

review of available technologies and equipment selection could help identify the 

feasibility of this concept.  This is reviewed during equipment selection and a new 

Alternate “B-3” is developed. 

9.4.5 Dehumidification Example: Equipment Selection 

A desiccant heat recovery wheel transfers both the sensible and latent 

loads between the exhaust and outside air streams.  The wheel material serves as a 

thermal capacitor to transfer the sensible heat.  Furthermore a descant material 

entraps water vapor and transfers the latent (moisture) load between the streams. 
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An equipment selection for a viable heat recovery wheel resulted in a 

relatively efficient wheel.  Table 9-32 below schedules the equipment 

performance.  However, unlike the ideal wheel that would have zero exergy 

destruction, the selected wheel results in approximately 1.01 kW of exergy 

destruction for the required sensible and latent heat transfer.  Reference Table 

9-33 below. 

Table 9-32: Dehumidifying Desiccant Heat Recovery Wheel Equipment. 

Entering Air Entering Air

(Stream 44) Required Equipment (Stream 2) Required Equipment

Temperature (DB) C 36 23 26.9 23 36 32.5

Humidity (kg/kg) 0.0138 0.0087 0.0103 0.0087 0.0138 0.0125

Heat Wheel Equipment 
Selection for Alternate 

B-2
Leaving Air (Stream 45) Leaving Air (Stream 42)

Outdoor Air Conditions Exhaust Air Conditions

 

 

Table 9-32 above indicates the heat recovery wheel does not deliver the 

required air conditions, for either the outdoor air stream and the exhaust air 

stream.  Thus, additional dehumidification is required to achieve the design 

requirements.  As a consequence, we could develop and alternate similar to “B-1” 

which allows for both heat recovery and dehumidification but is unique because it 

allows for both latent and sensible heat recovery in Function “V.”  The alternate 

“B-3” Functional Flow Diagram is similar to that shown in Figure 9-25 with 

exception to the revision of Function “V” from “Decrease Outside Air 

Temperature” to “Decrease Outside Air Temperature and Humidity.” 
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Table 9-33: Dehumidifying “B-3” Function Exergy Schedule (Guideline 3, 
Application 1 with Recovery Wheel Equipment Performance and Application 4). 

Stream 
Sum

At 
System

Fossil 
Fuel

Mark kW Stream 
(Mark) (kW) kW Stream 

(Mark) kW λ Stream 
(Mark) kW λ kW Stream 

(Mark)
η,ΙΙ η,ΙΙ

A Increase Outside 
Air Speed 0.031 7 -0.031 0.031 2-1 0.000 - - 0.000 0.00 0.031 7 1.00 0.330

W Increase Exhaust 
Air Speed 0.031 48 -0.031 0.031 44-43 0.000 - - 0.000 0.00 0.031 48 1.00 0.330

V Decrease Outside 
Air Temperature - 1.008 1.04 42-2 0.177 0.09 45 1.008 0.49 2.048 44-45 0.51 0.167

B Dehumidify Outside 
Air 6.129 8 -6.129 5.77 3-42 1.617 0.26 24,26 0.000 0.00 6.129 8 0.94 0.311

C Increase Outside 
Air Temperature 0.000 - 4.289 3.58 4-3 0.798 1.12 38 4.289 6.04 0.710 25-38 5.04 1.662

D Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

L Increase Outside 
Air Speed 0.221 21 -0.221 0.22 23-22 0.000 - - 0.000 0.00 0.221 21 1.00 0.330

M Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

N Export Condensate 0.000 - 0.000 0.00 - 0.000 - - 0.000 - 0.000 - - -

U Export Outside Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

X Export Exhaust Air 0.000 - 0.000 0.000 - 0.000 - - 0.000 - 0.000 - - -

Overall Dehumidify Outside 
Air 6.412 7,8,21,4

8 -2.304 2.22 5 - 1 15.600 2.43 27,39, 
41,46 5.298 0.83 6.412 7,8,21,4

8 0.35 0.115

DEHUMIDIFYING "B-3" FUNCTION EXERGY SCHEDULE

SuppliedProduced Loss

2nd Law Eff.

Destroyed

Exergy

Work InFunction

Description

 

Table 9-34 presents a summary of the alternate dehumidification 

functional flow diagrams and associated exergy and efficiency values. 
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Table 9-34: Evaluation of Alternate Dehumidification Functional Flow 
Diagrams. 

Loss Destroyed At 
System

Fossil 
Fuel

kW kW kW kW kW η,ΙΙ η,ΙΙ

A-1
Pump Heat From Outside 

Air to Environment and 
Reheat with Electricity

65.009 2.225 3.012 59.772 65.009 0.034 0.011 No

A-2
Recover Exhaust Exergy 
for Reheat (Guideline 3, 

Application 4)
8.816 2.225 21.968 5.685 8.816 0.252 0.083 No

B-1

Recover Exhaust Air 
Exergy to Temper Outside 

Air (Guideline 3, 
Application 1 and 4)

6.385 2.225 18.600 4.658 6.385 0.348 0.115 Yes

B-2

Recover Condensate 
Water Exergy to Temper 
Outside Air (Guideline 3, 
Application 1, 2 and 4)

6.382 2.225 18.486 4.870 6.382 0.349 0.115 No

B-3

Recover Exhaust Air 
Exergy to Temper Outside 

Air (Guideline 3, 
Application 1 with 
Recovery Wheel  

Performance and 4)

6.412 2.225 15.600 5.298 6.412 0.347 0.115 Yes

SUMMARY OF ALTERNATE DEHUMIDIFICATION FUNCTION EXERGY SCHEDULES

Alternate Description
Work In

Exergy 2nd Law Eff.

Acceptable 
(Yes/No)Produced Supplied

 

For the wheel selected in Table 9-32, the HVAC system would require an 

additional cooling capacity of 96.5 kW to achieve the desired outside air supply 

conditions.  The equipment would require 56.2 kW of reheat capacity.  Since this 

is less than the cooling capacity, the unit could implement the recovery of thermal 

exhaust as established in Alternative “B-1.”  Thus, an additional dehumidification 

unit is required in addition to the heat recovery wheel to achieve these flow 

conditions.  Table 9-34 below presents a summary of the alternate 

dehumidification functional flow diagrams.  Alternates “B-1” and “B-3” are 

recommended for further review due to their efficiency values. 
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Equipment selection based on Alternate “B-3” shall be illustrated given 

the heat recovery wheel selection listed in Table 9-32. A packaged make-up air 

unit is selected to cool and reheat the air.  The unit implements cooling with a 

standard refrigeration circuit consisting of a direct expansion coil with valve, 

condenser coil, compressor, condenser fan and condenser reheat.  At the rated 

conditions, the unit cooling efficiency is approximately 12 EER.  Thus, the unit 

requires 27.4 kW of electrical energy.  Assume ductwork design results in an 

exhaust air fan power of 3.7 kW and an equivalent fan power for the outside air 

stream.  Thus, the total system power requirement is 34.8 kW for the equipment 

selection based on Alternate “B-3.”  The ideal (zero exergy destruction) energy 

input as listed in Table 9-33 is 7.4 kW.  Thus, the physical equipment expends 

approximately 28.4 kW due to exergy destruction.  These are inefficiencies in the 

compressor, fans, refrigerant piping heat loss and other equipment components. 

Table 9-35: Dehumidification Alternate "B-3" Equipment versus Function 
Exergy. 

Loss Destroyed At 
System

Fossil 
Fuel

kW kW kW kW kW η,ΙΙ η,ΙΙ

Function

Recover Exhaust Air 
Exergy to Temper Outside 

Air (Guideline 3, 
Application 1 with 
Recovery Wheel  

Performance and 4)

6.41 2.22 15.60 5.30 6.41 0.347 0.115

Equipment
Heat Rcovery Wheel and 
Packaged Cooling Unit 
with Condenser Reheat

34.80 2.22 15.60 33.69 34.80 0.064 0.021

28.39 0.00 0.00 28.39 28.39 -0.283 -0.093DIFFERENCE (Equip. - Function)

DEHUMIDIFICATION ALTERNATE "B-3" COMPARISON OF EQUIPMENT TO FUNCTION EXERGY

Function or 
Equipment Description

Work In

Exergy 2nd Law Eff.

Produced Supplied
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Equipment selection for Alternative “A-1” is reviewed for comparison. As 

listed in Table 9-25, the functional flow diagram for alternate “A-1” requires 65.0 

kW.  Because this functional flow diagram energy input is based on zero exergy 

destruction, this is the minimum energy required for this concept.  Thus, after 

equipment selection, this value would increase.  Alternate “A-1” requires 188 kW 

of cooling capacity.  Thus, assuming a 12 EER unit is found for Alternate “A-1,” 

the cooling alone requires 53.5 kW of energy for the compressor and condenser 

systems.  Furthermore, the concept requires a 56.2 kW electric heater.  In 

addition, assume the outside and exhaust air fans each require 3.7 kW as for the 

system above.  Thus, the total system electrical demand is 117 kW.  The 

difference between ideal zero exergy destruction energy input of 65.0 kW and 117 

kW is attributed to exergy destruction. 

Table 9-36: Dehumidification Alternate "A-1" Equipment versus Function 
Exergy. 

Loss Destroyed At 
System

Fossil 
Fuel

kW kW kW kW kW η,ΙΙ η,ΙΙ

Function
Pump Heat From Outside 

Air to Environment and 
Reheat with Electricity

65.01 2.22 3.01 59.77 65.01 0.034 0.011

Equipment Packaged Cooling Unit 
with Electric Reheat 117.00 2.22 3.01 111.76 117.00 0.019 0.006

51.99 0.00 0.00 51.99 51.99 -0.015 -0.005DIFFERENCE (Equip. - Function)

DEHUMIDIFICATION ALTERNATE "A-1" COMPARISON OF EQUIPMENT TO FUNCTION EXERGY

Function or 
Equipment Description

Work In

Exergy 2nd Law Eff.

Produced Supplied

 

The above equipment selection for alternate “A-1” was actually not 

required.  By inspection, the equipment selection for Alternate “B-3” resulted in a 
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system with 34.8 kW.  Because this actual equipment energy input is about half 

the energy required by the most ideal case depicted by Functional Flow Diagram 

“A-1,” alternate “A-1” can be deleted.63  In summary, the equipment selection 

based on Alternate “B-3” resulted in a system with 70.3% less energy 

consumption, or under one-third the energy consumption, than the equipment 

selected for Alternate “A-1.” 

9.5 CHAPTER SUMMARY  

The proposed method was implemented for heating, cooling and 

dehumidification design examples.  As anticipated, the function exergy 

destructions were set to zero and the Functional Flow Diagram Efficiencies (ηΙΙ ,F) 

were computed.  Where alternate functional flow diagrams were available, the 

method identified the more energy efficient functional flow diagram. 

The examples also illustrate the implementation of several design 

guidelines.  For example, where the exergy loss ratio was non-zero, the method 

identifies potential for exergy recovery.  Guidelines were also implemented to 

illustrate the reduction of exergy destruction by changing flow parameters.  The 

examples also illustrated a functional flow diagram can be abandoned if its 

efficiency is less than the efficiency of a concept (a system with flows and 

equipment selection). 

                                                 
63 Reference Chapter 8 Section 8.6.3 for additional information on the elimination of inefficient 
functional flow diagrams. 
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Chapter 10: Summary and Future Work 

Chapter 3 identified three main objectives for the improvement of the 

preliminary design phase in HVAC design.  These are listed again as follows.  In 

summary, the preliminary design phase should allow the designer to: 

1) Model process decisions independent of equipment selection. 

2) Evaluate alternate process decisions with respect to design 

requirements such as energy efficiency. 

3) Improve process decisions to better achieve the design 

requirements such as energy efficiency. 

 
 
 
 

1. Document 
Process 

Independent of 
Equipment 
(Chapter 5) 

3. Improve 
Process 

Efficiency 
(Chapter 7) 

2. Evaluate 
Process 

Efficiency 
Independent of 

Equipment 
(Chapter 6) 

 

Design Requirements

Evaluate 

 

Process Decisions 

Evaluate 

 

System Concept 

Evaluate 

1

2

3

 

Figure 10-1: Summary of Major Objectives of Current Work. 

10.1 SUMMARY OF PROPOSED METHODS 

A method was developed to document process decisions in HVAC 

Design.  Chapter 5 presents the functional flow diagram; a tool to document 
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process decisions independent of equipment selection.  Chapter 6 refines the 

functional flow diagram for firmed-up design thus introducing the notion of a 

quantitative functional flow prior to equipment selection.  These refinements 

include the following: 

1) The introduction of an exergy (available energy) flow type in 

addition to the standard material, energy and signal flows. 

2) The orientation of auxiliary and main flows in the functional 

flow diagram to distinguish main and auxiliary flows for each 

function and system as a whole. 

3) The distinction of auxiliary flows to identify auxiliary functions 

with respect to their main functions. 

4) The development of the Material Stream Exergy Schedule and 

Function Exergy Schedule to present the quantities of material 

flow streams and functions, respectively. 

A method was developed to evaluate the energy efficiency of process 

decisions.  Chapter 6 presents an exergy-based method to firm-up flow conditions 

and to identify system efficiencies.  The proposed method includes: 

1) Minimizing the exergy destruction within each sub-function and 

setting to zero whenever possible to allow for solution 

independent flow conditions in the functional flow diagram. 

2) The evaluation of exergy terms for each sub-function and 

overall system: a) exergy produced, b) exergy supplied, c) 



 262

exergy lost, and d) exergy destroyed.  Exergy lost streams and 

exergy destroyed values identify areas in need of improvement. 

3) The evaluation of exergy coefficients for each sub-function and 

overall systems: a) Second Law (exergetic) efficiency, b) 

exergy loss ratio, and c) exergy destruction ratio.  Low 

efficiency ratios and high exergy loss and exergy destruction 

ratios identify areas for improvement. 

Guidelines based on current energy efficient HVAC standards and exergy 

based design guidelines were developed to improve the functional flow diagram 

efficiency for HVAC design.  The general guidelines are: 

1) Pump Exergy from Free Source: Pump exergy from free source 

of exergy to main flow stream if required to overcome stream 

potentials. 

2) Revise Flow Parameters: Revise system flow parameters to 

reduce exergy loss and exergy destruction. 

3) Recover Lost Exergy: Recover effluent exergy lost and use it to 

reduce the total required exergy supplied. 

4) Delete Unnecessary Pumping: Delete work associated with 

pumping between streams if sufficient potential is available to 

allow desired exergy transfer without pumping. 

5) Minimize Mixing: Minimize mixing of streams with differing 

potentials. 
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Chapter 8 introduces the implementation of concepts from the functional 

flow diagram to refine equipment schedules and introduces exergy based concepts 

to evaluate the physical concept.  The proposed method includes: 

1) Main flows, auxiliary flows and equipment dependent auxiliary 

flows are distinguished in the equipment schedule. 

2) Overall concept and equipment exergy ratios and Second Law 

efficiencies are evaluated to select the most efficient Concept. 

These values are also compared to the functional flow diagram 

to determine the potential for concept improvement with respect 

to the physical limits set by the functional flow diagram. 

3) Exergy analysis also allows the deletion of inefficient functional 

flow diagrams prior to equipment selection for the functional 

flow diagram.  A functional flow diagram can be abandoned if 

its efficiency is less than the efficiency of a concept. 

Chapter 9 consisted of heating, cooling and dehumidification examples to 

illustrate the method.  The method identifies the potential efficiency of alternative 

functional flow diagrams and allows the designer to select among alternate 

functional flow diagrams (process designs) prior to equipment selection.  The 

review of each concept with respect to the functional flow diagram identifies the 

losses within the equipment due to exergy destruction and exergy loss.  The 

guidelines were implemented to increase the system efficiency.  
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10.1.1 Limitations of Proposed Methods 

The method requires the quantification of thermo-mechanical or chemical 

characteristics of the materials in the functional flow diagram.  This property can 

be computed with simplified relations for most common fluids, such as air and 

water.  Others are tabulated in references.64  However, the designer may uncover 

fluids whose thermo-physical properties are not readily available such as new 

refrigerants, oils and others that may require additional research. 

As discussed in Chapter 6 Section 6.4.2, the proposed method allows for a 

means to distinguish between main and auxiliary functions when these functions 

are related by an auxiliary flow.  However, the method does not distinguish 

between main and auxiliary functions when the functions are related by a main 

flow as in the case of the main system functions referred to as a “process train” in 

Chapter 6.  A means is required to distinguish between the critical and main 

functions in a main system function process train.  Furthermore, a means is 

required to document any specific dependencies of non-critical functions in the 

process train to critical functions, if any.  Such required methods are proposed for 

future work. 

10.2 FUTURE WORK 

The proposed method provides the HVAC designer a rigorous approach to 

evaluate the physical limits of alternate process designs.  The method implements 

simplified exergy equations for specific materials, the implementation of physical 

laws (mass, energy, and exergy at the minimum), the drawing of flow diagrams, 

                                                 
64 Reference [10], [11], [43], and [64]. 
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the generation of schedules and so on.  Because of time constraints in HVAC 

design, designers may not be willing to invest the time to implement the method.  

Thus, tools would be required to help expedite the implementation of this method. 

10.2.1 Tools to Automate Exergy Analysis for HVAC Systems 

Software could be developed to help automate the process, facilitate the 

learning curve and help expedite the implementation.  For example, hyperlinks 

could be generated between the drawings and the spreadsheet schedules to 

quickly generate the schedules and compute system exergy terms.  

Ideally, the software would provide full freedom to the designer to 

construct any functional flow diagram and physical concept for any HVAC design 

requirements.  However, as a first pass, the software may be composed of system 

templates whose components are predefined.  Thus, in this case, the designer 

would input the various flow conditions and compare the results.  A significant 

drawback of templates is the limiting of design alternates.  Regardless of such 

limitations, software could help expedite the model set-up and computation.  With 

such a tool, a more extensive survey of existing HVAC system can be performed 

for general research in addition to specific system designs.  Such a survey would 

indicate the process efficiency of HVAC system architectures and highlight their 

strengths and areas for improvement. 

10.2.2 Mandate Second Law Analysis in Energy Codes 

The software may not necessarily provide the required incentive to 

implement more energy efficient designs.  Thus, the Second Law efficiency could 

be adopted as part of the energy efficiency code.  As noted in Chapter 7, the 
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current codes do not distinguish between process design and equipment selection.  

At the least, the method could introduce this concept for energy efficient design 

guidelines and system evaluation.  Specific guidelines, such as the guidelines 

presented in Chapter 7, could be developed for process design and separate 

guidelines could be developed for equipment selection. 

With respect to evaluation, the codes could be revised to distinguish 

between process design (functional flow) efficiency and equipment efficiency.  

Thus, minimum criteria could be developed for each.  In this manner, electric 

heating would be less encouraged. 

In practice, the HVAC Designer may not welcome additional rules and 

regulations.  The current standards are already lengthy and not all HVAC 

Designers are fully familiar with these codes.  Thus, the challenge is certainly in 

the presentation.  The code should allow templates, similar to the software 

described above, to help facilitate process design and equipment Second Law 

evaluations.   

10.2.3 Application of Method Beyond HVAC Systems Design 

The method presented in this dissertation could be applied to any type of 

process design in which material stream exergies are quantifiable.  Thus, the 

method is by no means limited to HVAC design.  Other possible process design 

areas include, but are not limited to: 

1) Manufacturing Processes Equipment 

2) Fluid Handling Equipment 

3) Industrial Refrigeration Process Plants 
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4) Material Processing Facilities 

5) Chemical Processing Facilities 

6) Power Generation Facilities 

The larger the system, the greater the potential for reduction in available 

work input.  If there are potential improvements in relatively smaller HVAC 

plants, there should be greater improvements in the larger industrial process 

plants.  The application of this method to large systems, including large HVAC 

systems, can result in improved system efficiencies resulting in lower operating 

costs. 

10.3 SYMBIOSIS OF DESIGN METHODS, HVAC DESIGN AND SECOND LAW 
ANALYSIS 

In summary, this work illustrates how the merger of differing fields of 

research creates a symbiosis to yield novel concepts.  This work brings together 

the process design strength of Design Methods, the mature design applications of 

the field of HVAC Design and the quantitative analysis techniques of physical 

systems design, especially Second Law analysis.  The merging of these specific 

fields in one body of work allows for a unique symbiosis among these fields and 

thus brings forth novel methods to the fields of Design Methods, HVAC Design, 

and Second Law Analysis. 
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