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Abstract 
A modeling tool was developed capable of evaluating the thermal performance of a 

commercial building, for the purpose of objectively quantifying the impacts of both 

operational changes and technological retrofits.  The modeling tool was created using a 

steady state energy balance approach, discretized into half hour time steps to capture the 

time varying characteristics of the rate of heat transfer through the building envelope, the 

ventilation systems, appliance heat gains, heat generated by electricity consumption, solar 

energy transfer and space heating through exhaust gas energy recovery with the TEG 

POWER system. 

 Several experimental facilities were used to validate the modeling tool, and to 

provide inputs to the case studies presented.  Data from two separate commercial baking 

operations was collected, and was shown to be in agreement with the model predictions 

with a 7% error.  Several energy conservation measures were simulated, including 

switching to idealized methods of exhaust ventilation, sealing and insulating appliances, 

shutting down appliances during unoccupied hours, and the inclusion of exhaust gas 

energy harvesting.  Implementing all four conservation measures at a single restaurant 

had the effect of reducing electricity consumption by 14% or approximately 17,700 kWh 

(64 GJ), and reducing natural gas consumption by 60% or approximately 18,200 m3 

(608 GJ) annually.  In contrast, proceeding directly to the energy harvesting solution, and 
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bypassing other conservation measures, only allowed for 20% of the total potential 

energy savings to be realized.   

 If the concepts identified are implemented across 2000 comparable restaurants in 

Ontario, there is a potential to reduced electricity consumption by 44.4 million kWh and 

natural gas consumption by 33.7 million cubic meters annually.  The measures would 

effectively eliminate 65,500 metric tonnes of CO2 emissions every year. 
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Symbol Description Units 
  	

𝐴 surface area m2	
  	
𝐴𝐹𝑈𝐸 annual fuel utilization efficiency %	
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𝐸DE sum of all individual energy flows into the 
building kW	

  	

𝐸GHI 
sum of all individual energy flows out of the 
building kW	

  	
𝑔 gravitational constant 𝑚/𝑠9	
  	
ℎMN enthalpy of condensation of saturated water 𝑘𝐽/𝑘𝑔	
  	

ℎDE inner surface heat transfer coefficient 
(convection and radiation) 

𝑊
𝑚9𝐾	
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ℎGHI 
outer surface heat transfer coefficient 
(convection and radiation) 

𝑊
𝑚9𝐾	

  	
𝐻 height of chimney m	
  	
𝐻𝐷𝐷 heating degree days °C	
  	
	𝐼*TUVW phase current A	
  	
𝐿𝐻𝑉[\] lower heating value of natural gas 𝑀𝐽/𝑘𝑔	
  	
𝑚_TD`EWa average mass flow rate of air through chimney 𝑘𝑔/𝑠	
  	
𝑚@DbHIDGE average mass flow rate of dilution air 𝑘𝑔/𝑠	
  	

𝑚WcTUHVI 
average mass flow rate of air exiting the oven 
exhaust vent 𝑘𝑔/𝑠	

  	

𝑚`UdWH* 
mass flow rate of unconditioned air introduced 
into the building in the vicinity of the exhaust 
system  

𝑘𝑔/𝑠	

  	

𝑚EWI	eWEIDbUIDGE 
mass flow rate of air traveling through the 
building that must be conditioned by the 
HVAC system 

𝑘𝑔/𝑠	

  	
𝑚GeWE,bWUdUNW average mass flow rate of air leaking through 

the oven door 𝑘𝑔/𝑠	
  	
𝑚IGIUb	eWEIDbUIDGE mass flow rate of air exhausted from the 

building 𝑘𝑔/𝑠	

  	
𝑀@U mass of dry air in moist air mixture kg	
  	
𝑀g mass of water vapour in moist air mixture kg	
  	
𝑀(𝑑𝑟𝑦	𝑎𝑖𝑟) molar mass of dry air 𝑔/𝑚𝑜𝑙	
  	

𝑀(𝐻9𝑂) molar mass of water vapour 𝑔/𝑚𝑜𝑙	

  	
𝑛 total moles in moist air mixture mol	
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𝑛@U moles of dry air mol	
  	
𝑛g moles of water vapour mol	
  	
𝑝 total pressure of moist air mixture Pa	
  	
𝑝@U partial pressure of dry air Pa	
  	
𝑝g partial pressure of water vapour Pa	
  	
𝑝gV water vapour saturation pressure Pa	
  	
𝑝w − 𝑝 dynamic pressure Pa	
  	
𝑃UI` atmospheric pressure Pa	
  	
𝑃*TUVW real power measured in a single phase W	
  	
𝑃IGIUb total real power W	
  	
𝑞z direct normal (or beam) solar energy flux W/m2	
  	
𝑞@ diffuse solar energy flux W/m2	
  	
𝑄B\|,}bW_I~D_DIa(UeN) electrical energy input to the hot water tank kJ	
  	
𝑄�HDb@DEN	�dDE rate of heat transfer through the building walls, 

windows, roof and floor kW	
  	

𝑄B\| rate of energy transfer required to meet the 
domestic hot water load kW	

  	
𝑄}bW_I~D_Ub heat generated through electricity consumption kW	
  	
𝑄MbGG~ rate of heat transfer through the floor kW	
  	

𝑄 energy flow into or out of the building required 
to maintain equilibrium kW	

  	

𝑄GeWE,WcTUHVI 
rate of energy loss from the oven in the form of 
exhaust gas kW	

  	

𝐶𝑜𝑜𝑙𝑖𝑛𝑔	𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 
𝐻𝑒𝑎𝑡𝑖𝑛𝑔	𝑜𝑟 
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𝑄�eWE	�UDE rate of heat transfer from the oven to the room kW	
  	

𝑄GeWE,NUV	DE 
rate of energy transfer to the oven through the 
complete combustion of natural gas kW	

  	
𝑄GeWE,bWUdUNW rate of energy loss from oven door exfiltration kW	
  	

𝑄GeWE,VI~H_IH~W rate of energy loss from the oven through 
convection and radiation kW	

  	
𝑄GeWE,VI~H_IH~W

(~U@)
 rate of energy loss from the oven through 

radiation kW	

  	
𝑄GeWE,VI~H_IH~W

(_GEeW_IDGE)
 rate of energy loss from the oven through 

convection kW	
  	

𝑄~W_GeW~W@ rate of thermal energy extraction from the 
exhaust stream during oven operation kW	

  	
𝑄�GbU~ rate of solar energy transfer to the building kW	
  	
𝑄�*U_W	\WUIDEN recovered thermal energy that is allocated for 

space heating purposes kW	
  	

𝑄�WEIDbUIDGE	�UIWEI 
energy required to dehumidify and condense 
out a portion of the water vapour in the outside 
air 

kW	

  	

𝑄�WEIDbUIDGE	�WEVDzbW 

rate of heat transfer required to change the 
temperature of the net ventilation air from the 
outside temperature to the building set-point 
temperature 

kW	

  	
𝑄gUIW~,WbW_I~D_Ub	(UeN) 

electrical power input to the water tank 
averaged over a 24-hour time interval kW	

  	
𝑄gUIW~,bGVV	(UeN) average rate of heat loss from the water tank kW	
  	

𝑄gUIW~,ITW~`Ub	(UeN) 
thermal energy content of the hot water 
delivered by the water tank averaged over a  
24-hour time interval 
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𝑅 universal gas constant 𝑘𝐽/𝑘𝑚𝑜𝑙 ∙ 𝐾	
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𝑆𝐻𝐺𝐶 𝜃  solar heat gain coefficient - 	
  	

𝑆𝐻𝐺𝐶 B hemispherically averaged solar heat gain 
coefficient - 	

  	
𝑡GeWE	G*W~UIDGE length of time the oven was operating s	

  	
𝑇 temperature of moist air mixture K	

  	
𝑇z average oven surface temperature K	

  	
𝑇_TD`EWa temperature of the exhaust gases in the 

chimney  °C	
  	

𝑇@DbHIDGE temperature of dilution air °C	
  	

𝑇N~ ground surface temperature °C	
  	

𝑇GeWE oven temperature °C	
  	

𝑇DE,			𝑇~GG` room temperature °C	
  	

𝑇GHI	,			𝑇GHIVD@W outside air temperature °C	
  	

𝑇V temperature of surroundings K	
  	

𝑈 heat transfer coefficient of the specific surface 
under consideration 

𝑊
𝑚9𝐾	

  	

𝑈𝐴 GeWE overall heat transfer coefficient of the oven 
(convection and radiation) 

𝑊
𝐾 	

  	
𝑣 velocity 𝑚/𝑠	

  	
𝑉 total volume of moist air mixture m3	

  	
𝑉*TUVW phase voltage V	

  	
𝑉gUIW~	(UeN) 

average volume of hot water used by a 
restaurant each day  L	

  	
𝑉 volume flow rate 𝑚:/𝑠	
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𝑉_GGbUEI	gUIW~ volume flow rate of coolant water  𝐿/𝑚𝑖𝑛	
   

𝑉�~aW~ volume flow rate of natural gas to the fryer 𝑚:/𝑑𝑎𝑦	
  	

𝑊 humidity ratio of the inside and outside air kg/kg	
  	

𝑥@U mole fraction of dry air -	
  	

𝑥g mole fraction of water vapour -	
  	

𝜀 emissivity - 	
  	

𝜃 incident angle degrees	
  	

𝜃 power factor -	
  	

𝜌 density of air 𝑘𝑔/𝑚:	
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𝜎 Stefan-Boltzmann constant 
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Chapter 1 
Introduction and Problem Statement 
1.1 Introduction 
Over the last 50 years, there has been sustained growth in the world economy.  The 

exponential increase in world population since the 1800s coupled with steadily rising 

living standards is placing great strain on natural resources and the environment [1].  This 

growth is supported by a significant increase in global energy consumption, which has 

more than quadrupled since the year 1950 [2]. 

 Canada alone consumed a total of 14,700 PJ in primary energy resources in 2013, 

of which 30% was lost in the electricity generation process, 18% was used for 

transportation, and 16%, 11% and 6% was consumed for industrial, residential and 

commercial use respectivlty [3].  Within the commercial segment, the overall weighted 

average efficiency, for the conversion of input energy to useful outputs, was 71%, 

according to the latest research studies conducted by CESAR (Canada Energy Systems 

Analysis Research) [3].  However, the results presented within provide considerable 

doubt that the current assumption of a 71% commercial building energy efficiency, based 

on current technologies, is accurate in all situations. 
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 The aim of this primary research study was to present a representation of the true 

energy efficiency of a commercial building, by examining the details of the building 

energy balance through a thermodynamic first principles analysis.  The study had a direct 

focus on the thermal performance of commercial baking operations, which were proven 

to have two distinctive operating characteristics; a high heating and cooling design load, 

and a large untapped source of waste heat.  Until now, no significant attempt has been 

made to address these two design issues, albeit if they are considered simultaneously, 

there is a great potential to improve energy efficiency, and to reduce waste.  The primary 

data collection and thermodynamic analysis was tailored for commercial baking 

operations specifically, and these results and the methodology are directly transferable to 

other commercial buildings which employ natural gas fired appliances.  The analysis tool 

developed to conduct this study, which is grounded in the fundamentals of 

thermodynamics, heat and mass transfer, provides a quick and simple means of evaluating 

the net impact of any operational change or technological retrofit on the energy 

performance of a commercial building. 

 The significance of this problem, the excessive demand for and wasted supply of 

thermal energy, and the need for a simplified analysis tool, is evident when simply 

observing the historical natural gas consumption from a random sample of twenty pizza 

restaurants located in Southern Ontario [4]. 
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Figure 1.1: Sample of Restaurant Natural Gas Use [4] 

 Figure 1.1 above provides a rough insight into both of the aforementioned issues, 

as pizzerias are a prime example of popular commercial baking operations.  Observing 

the summer months, where no building heating was required, revealed that the average 

natural gas consumption associated with operating the cooking appliances was 

approximately 50 m3 per day, or 18,250 m3 per year.  To put this value into context, the 

quantity of natural gas required to operate the ovens would be able to provide heating to 

approximately seven average Canadian homes for one year [5].  Considering that the 

majority of the energy content of the natural gas is exhausted from the building, this 

represents a significant source of waste heat.  Next, observing the natural gas use in the 
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winter months after identifying the base appliance load revealed that an average of 

5,000 m3 was used per year for building heating; the equivalent of heating two average 

Canadian homes [5].  The operating characteristics that lead to a higher heating demand 

in the winter, consequently lead to a high cooling demand in the summer. 

 The goal of this thesis, was to create a simplified modeling tool capable of 

identifying and objectively evaluating methods of reducing the total energy consumption 

of a commercial building. 

1.2 Motivation – The TEG POWER Research Project 
The motivation for this study stems from the Thermal Electric Generator Pizza Oven 

Waste Energy Recovery (TEG POWER) research project, which began at McMaster 

University in 2010.  Over the last seven years, the TEG POWER system has been in 

development at the McMaster Thermal Management Research Laboratory (TMRL), and 

has been designed with the ability to efficiently capture the wasted heat from a natural gas 

oven, and repurpose it for hot water and space heating needs, while converting a portion 

of the energy into electricity to sustain operation.  The core of the system is the air-to-

liquid exhaust gas heat exchanger, which transfers thermal energy from the hot exhaust 

gases of the appliance, through a collection of Thermoelectric Generators (TEGs) in 

parallel, to the coolant water which flows through the surrounding cold side heat 

exchanger. 

 The TEG POWER project began with the design of an experimental facility 

capable of measuring the power generation characteristics and thermal conductivity of 

commercially available TEGs, for the purpose of integration into the heat exchanger 
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design [6].  Since project inception, the exhaust gas heat exchanger has seen 

transformational improvements through numerous projects, with the focuses of: 

improving the hot side and cold side heat exchanger performance independently, 

designing components for manufacturability, investigating the coupled effects between 

waste heat recovery and buoyancy driven flow [7], and modeling the systems transient 

thermal storage characteristics. 

 This thesis takes a step back from the detailed design of the system, and sheds 

light on the energy balance of the restaurant as a whole, using the building energy 

analysis tool developed to identify the potential energy savings that may be achieved, 

through a combination of operational changes and the TEG POWER Solution.  The 

research presented is valuable, as it provides direct insight into the systems economic 

viability, social acceptance and greenhouse gas reduction potential. 

1.3 Scope 
The scope of this thesis was to develop a modeling tool capable of determining the total 

annual energy savings that can be realized by a commercial building, and investigate the 

impact of operational changes and energy conservation measures.  The main text 

describing these accomplishments has been divided into five chapters: 

 Chapter 2 begins by summarizing the current literature, with a focus on building 

energy modeling methods, commercial kitchen ventilation best practices, relevant codes 

and standards, and the oven operating characteristics that directly impact the energy 

balance of the building. 
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 Chapter 3 introduces the thermodynamic model, designed to predict the energy 

consumption of a building Heating Ventilation and Air Conditioning (HVAC) system.  

The mathematical models for each component of the energy balance, including heat 

transfer through the building skin, ventilation, oven heat gains, heat generated by 

electricity consumption, solar energy transfer and space heating through exhaust gas 

energy recovery are described. 

 Chapter 4 highlights the main experimental facilities that were designed to 

provide inputs to the building energy model, as well as to provide a means of model 

validation.  Two separate restaurants in Hamilton, referred to as Store A and Store B, 

were selected to investigate the impact of exhaust system configuration on building 

energy performance.  Experiments were also conducted on the test oven at the TMRL, to 

quantify the effects of oven heat loss, and the rate of thermal energy extraction from the 

oven through the TEG POWER system.  A section on model validation has also been 

included, where the results of the building HVAC energy model described in Chapter 3 

were compared against the experimental data collected from Store A and Store B. 

 Chapter 5 presents a case study of Store A and Store B employing the modeling 

tools to quantify the effects of implementing four potential energy conservation measures.  

The first measure, is to substitute exhaust canopies with chimneys for oven ventilation.  

The second, is to seal and insulate all ovens, to mitigate the increased heat loss side 

effects that arise from chimney based oven ventilation.  The third, is to turn off all ovens 

at night, and fully seal the exhaust vent with a mechanically actuated exhaust damper.  

The fourth, and final conservation measure, is the inclusion of energy harvesting, to 
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recover a portion of the waste heat from the exhaust stream, and to repurpose it for space 

heating in the winter, and oven preheating in the summer. 

 Chapter 6 draws conclusions from the research study, and presents 

recommendations for future work with substantive impact moving forwards. 
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Chapter 2 
Literature Review 
2.1   Introduction 
This chapter presents a critical review of the literature that was most relevant in 

developing the energy model presented in this thesis.  An analysis of the current state of 

the art building energy modeling methods is presented, along with an assessment of the 

commercial software currently available.  The most significant research studies in the 

area of commercial kitchen ventilation practices are evaluated, along with the relevant 

codes and standards that must be abided for a new design.  Lastly, the oven energy 

balance and exhaust system fundamentals are summarized, with specific emphasis on the 

operating characteristics of a typical gas fired oven that directly affect the energy balance 

of the building it operates within. 
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2.2   Review of Building Energy Modeling Methods 
Computer simulation of building energy performance has been a prominent research field 

since the mid 1970’s, and today’s analysis tools provide practical engineering design 

support [8].  Energy models have found their use for two main areas:  

1) In the design phase of new building projects, to predict the energy performance 

for design optimization. 

2) Simulating the performance of an existing building, to establish baseline 

operating characteristics and to predict retrofit savings. 

 Regardless of the end use, all physical models are comprised of the same three 

components: input variables (outside and inside dry bulb temperatures, operating 

schedules, etc.), system characteristics (geometry, thermal conductivity, etc.), and output 

variables (typically energy consumption).  With knowledge of two of these components, 

the model may be solved for the unknown variable. 

2.2.1 Model Classification 
Models can be classified by the methodology used to create them, which can be created 

using either a first principles approach, or an approach based on empirical test data. 

 First principles models start by creating a description of the physical system, 

according the well-established physical laws of thermodynamics, heat and mass transfer.  

A detailed knowledge of the building structure, and the physical phenomenon that 

significantly affect its energy performance are required.  Input variables are then selected 

to represent the conditions that the system will be subject to, and the model is executed to 

calculate the output variables.  They are typically employed in the design analysis stage 
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of a project, as they do not require empirical test data from a physical structure to develop 

the model. 

 Empirical models are created when knowledge of the input and output variables is 

available, and the goal is to determine a mathematical description of the system 

characteristics.  These models are relevant when the structure has already been built, and 

data from its normal operation has been measured.  Empirical models are generally 

simpler (i.e. a polynomial function of one or multiple regressor variables) since many 

individual parameters are combined within coefficients, and provide a more accurate 

prediction of future energy performance compared to a first principles model, since 

objects in the physical world seldom behave in accordance with idealized theoretical 

predictions.  However, these models are black-box in nature, and are not grounded by the 

fundamental laws of physics, which limits their flexibility in modeling the future energy 

performance of the building outside of the specific condition the model was built to 

represent.  This hampers an empirical model’s ability to confidently predict retrofit 

savings associated with multiple design changes.  For this reason, the majority of 

commercial building energy modeling software available has been built on the first 

principles approach. 

2.2.2 Review of Commercial Software Developments 
A wide range of Building Performance Simulation (BPS) tools used for full building and 

energy systems analysis are currently available for commercial use.  The most popular 

include: e-QUEST, ESP-r, TRNSYS and EnergyPlus [9].  However, no individual tool 

possesses the capabilities required to address all of the significant aspects that must be 
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considered to accurately model the energy performance of a building which implements 

novel technologies, where the user requirements exceed the functionality of the tool [10].  

For example, ESP-r’s strength lies in its ability to model thermal energy transfer within a 

building and with its surroundings [11].  However, the component library lacks depth, and 

developing models of novel technologies requires a detailed knowledge of the source-

code [12].  On the other hand, TRNSYS was originally developed as a tool for modeling 

thermal and electrical energy systems, namely solar thermal hot water systems [13].  

However, it lacks the thoroughness of ESP-r and other BPS tools for modeling complex 

thermal interactions within the building structure [12].  Although it is possible to link the 

two tools to perform a co-simulation, it introduces may new modeling complexities [12]. 

The applicability of using EnergyPlus was specifically investigated as a means of 

modeling the retrofit savings of the restaurants.  EnergyPlus is a whole building energy 

simulation tool, and has been under development by the U.S. Department of Energy 

Office of Energy Efficiency and & Renewable Energy since 1996 [14].  The project was 

built on the foundations of the BLAST and DOE-2 simulation engines, whose source 

codes had become fragmented over their +20 year development history by the U.S. 

Department of Defense and the U.S. Department of Energy respectively [14].  The 

mission was to, “Develop, maintain, and support a Building Energy Management engine 

for fair and accurate assessment of different energy efficiency measures for all types of 

buildings projects,” targeted at, “New construction & retrofit design, HVAC selection & 

sizing, energy-efficiency code development & compliance, asset ratings & labels, policy 
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analysis, commissioning, fault-detection, demand-response & model-predictive control, 

control design, product design, research & education [15].” 

The program was created with a highly structured modular design, where the 

EnergyPlus Simulation Manager controls data interactions between the Heat and Mass 

Balance Simulation Module (which calculates zone loads), and the Building Systems 

Simulation Module (which determines the response of plant equipment to the zone loads).  

A feedback loop was implemented between the two modules, which reflects unmet zone 

loads as updated zone temperatures in the next time step [14].  The heat balance method, 

based on the first law of thermodynamics with the assumption of a uniform zone air 

temperature, was used to calculate the zone loads in the Heat and Mass Balance 

Simulation Module, which are defined as the total rate of energy transfer to or from the 

zone air mass.  Intricacies of the solution procedure have been documented by Walton 

[16], and their integration into the EnergyPlus simulation engine have been published by 

Strand et al. [17].  Several sub-modules draw on precursor simulation tools, including 

COMIS (for modeling multi-zone airflows, infiltration and ventilation) [18] and 

WINDOW 4.1 (for determining window performance characteristics) [19]. 

 For its longstanding history and widespread use, EnergyPlus was used in 

combination with the Design Builder graphical user interface to create a thermal model of 

the two specific restaurants under consideration.  However, after experimenting with the 

capabilities of the software package, it was decided to move forward with the more 

simplified steady-state analysis method, presented in Chapter 3, for several reasons.  

Firstly, the largest source of error involved in the modeling process was identifying and 
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quantifying the physical phenomenon that most significantly impacted the energy balance 

of the building.  Regardless of the rigor of the EnergyPlus heat balance solution method, 

the results produced would be erroneous if inputs were not determined correctly.  Since 

operational characteristics were shown to fluctuate in a purely random fashion based on 

occupant decision making, using the more accurate EnergyPlus simulation engine to solve 

the energy balance on smaller time-steps, would have not produced a solution that was 

any closer to reality.  The steady-state energy balance, with simplified analytical models 

for each of the major energy flows between the building and its surroundings, allowed for 

each modeling decision to be justified.  It also provided greater flexibility in modeling the 

effects of the TEG POWER system, where chimney flow rates were specified as a 

function of appliance operating mode and outdoor dry-bulb temperature.  In comparison, 

it was not possible to specify exhaust volume or mass flow rates that varied with 

temperature in EnergyPlus.  EnergyPlus was used solely to determine the rate of heat 

transfer to the building via solar radiation. 
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2.3   Proper Appliance Ventilation: Relevant Codes and Standards 
In this section, the relevant codes and standards pertaining to appliance ventilation within 

a typical quick-service restaurant are discussed.  As pizzerias were featured in this 

analysis, the focus will be on the operating requirements of both natural gas ovens and 

deep fryers, commonly used in tandem across the entire industry.  In all cases observed, 

fryers were ventilated with wall mounted canopy style hoods with no makeup air 

introduction, while ovens were ventilated with either wall mounted canopy style hoods 

equipped with short-circuit makeup air introduction, and/or class B style chimneys.  

 The Blodgett “Gas Deck Oven Installation, Operation, and Maintenance Manual” 

specifies that both methods are acceptable for appliance ventilation, albeit for unknown, 

and possibly misinformed reasons, mechanically driven exhaust ventilation is 

recommended [20].  Regardless, installation of both styles of ventilation equipment is 

subject to the Ontario Building Code [21], specifically, supplementary standards: 

• ASHRAE 90.1, Energy Standard for Buildings Except Low-Rise Residential 

Buildings [22], for state of the art commercial kitchen ventilation 

requirements. 

• NFPA 96, Standard for Ventilation Control and Fire Protection of 

Commercial Cooking Operations [23], for venting system design and 

replacement air requirements to limit the maximum allowable building 

depressurization.  

Ventilation system design is also subject to the following code adopted by the Technical 

Standards and Safety Act, 2000 [24]: 

• CSA B149.1-10, Natural Gas and Propane Installation Code [25], for venting 

system design requirements.   
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2.3.1 High Performance Commercial Kitchen Ventilation 
The substantial energy impact of traditional canopy based commercial kitchen ventilation 

(CKV) systems has come under scrutiny, leading to much research in the area of high 

performance CKV.  This section presents a compendium of the significant publications 

related to commercial kitchen ventilation best practices.  The most comprehensive 

publication to date is ASHRAE 90.1, Energy Standard for Buildings Except Low-Rise 

Residential Buildings [22], effective in 2010, which was built on the successful aspects of 

ASHRAE Standard 154, Ventilation for Commercial Cooking Operations [26]. 

Paragraph 6.5.7.1.1 of ASHRAE 90.1 states that, “Replacement air introduced 

directly into the hood cavity of kitchen exhaust hoods shall not exceed 10% of the hood 

exhaust air flow rate [22].”  The value of 10% is consistent with a research study 

conducted in 2003 [27], on the effect of makeup air on the capture and containment 

(C&C) of cooking effluents.  The study showed that makeup air in excess of 10% of the 

exhaust flow rate caused the thermal plume of the appliance to spill from the canopy, and 

as a result, the exhaust flow rate would have to be increase to maintain C&C [27].  This 

clause makes current pizzeria ventilation systems outdated, which have been observed to 

introduce up to 60% of makeup air internally.  However, these experiments were 

conducted with under-fired broilers as opposed to ovens, and therefore are not 

representative of pizza restaurants, since ovens have a thermal plume that is easier to 

contain, as the exhaust vents are located at the back of the appliance directly below the 

canopy vent [20].  

Paragraph 6.5.7.1.3 of ASHRAE 90.1 implies that unlisted or listed (conforming 

to UL Standard 710 [28]) hoods may be used where the combined exhaust flow rate is 



M.A.Sc. Thesis – Paul Ricciuti  McMaster – Mechanical Engineering 

 
 

16 

below 5000 CFM, but only listed hoods may be used when the combined exhaust flow 

rate is above 5000 CFM [22].  The specific exhaust flow rates for both listed and unlisted 

hoods for different appliance duty ratings and have been summarized in Table 2.1 and 

Table 2.2 below.  Note that both electric and gas ovens fall under the light duty category, 

while both electric and gas fryers fall under the medium duty category.  

Table 2.1: Minimum Net Exhaust Flow Rate for Unlisted Hoods [26] 

 

 

Table 2.2: Maximum Net Exhaust Flow Rate for Listed Hoods [22] 

 

  

Light Duty 
Equipment

Medium Duty 
Equipment 

Heavy Duty 
Equipment 

Extra Heavy Duty 
Equipment

Wall-mounted canopy 200 300 400 550
Single island 400 500 600 700

Double island (per side) 250 300 400 550
Eyebrow 250 250 Not Allowed Not Allowed

Backshelf/Pass-over 250 300 400 Not Allowed

Minimum Net Exhaust Flow Rate (CFM per Linear Foot of Hood Length)
Type of Hood

Light Duty 
Equipment

Medium Duty 
Equipment 

Heavy Duty 
Equipment 

Extra Heavy Duty 
Equipment

Wall-mounted canopy 140 210 280 385
Single island 280 350 420 490

Double island (per side) 175 210 280 385
Eyebrow 175 175 Not Allowed Not Allowed

Backshelf/Pass-over 210 210 280 Not Allowed

Type of Hood
Maximum Net Exhaust Flow Rate (CFM per Linear Foot of Hood Length)
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2.3.2 Considerations for Chimney Ventilation 
Chimneys must be constructed in accordance with the Ontario Building Code [21], 

although manufactures installation manuals should be consulted for optimal ventilation 

configurations for their specific appliances.  For example, the gas deck oven installation 

manual by Blodgett specifies that, “the flue must be class B or better with a diameter of 

10” (25.4 cm). The height of the flue should rise 6-8 ft (2-2.5 m) above the roof of the 

building or any proximate structure. The flue should be capped with a UL Listed type 

vent cap to isolate the unit from external environmental conditions [20].” 

Lastly NFPA 96 clause 8.3.1 states that adequate replacement air must be 

provided to the cooking area to limit building depressurizations from exceeding 4.98 Pa 

[23].  The requirement is mandatory for both canopy and chimney exhaust configurations, 

and although negative pressures do not adversely affect the C&C efficiency of canopies, 

building depressurization can adversely affect the draft condition of a chimney.  This 

could potentially lead to a reversed chimney flow, where combustion gases would be 

vented to the room. 
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2.4   Oven Energy Balance and Exhaust System Fundamentals 
A comprehensive analysis of the potential for waste heat recovery from naturally 

ventilated exhaust streams was conducted by Girard in 2016 [7].  The purpose of this 

section is to summarize the operating characteristics of a typical gas fired oven, that 

directly affect the energy balance of the building it operates within.  Most importantly, the 

method of estimating the rate of heat loss from the oven to the room will be identified, 

along with the measurement procedure to determine the mass flow rate of air through the 

chimney. 

 When configured with a chimney, the appliance consists of three main 

components; the combustion chamber, the draft hood and the chimney, illustrated below 

in Figure 2.1.  

 

Figure 2.1: Schematic of the Oven Energy Balance   
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 The operating principles and governing equations of each component are 

described in the following sections.  Note that when an oven is ventilated with a canopy 

style hood as opposed to a chimney, the combustion chamber operating principles of 

Section 2.4.1 still apply, although the draft hood is not required and Section 2.4.2 and 

Section 2.4.3 do not apply. 

2.4.1 Combustion Chamber 
When operating at a steady state, the gas flow rate to the combustion chamber is 

controlled to maintain a desired set-point temperature, through a closed loop feedback 

control system, achieving the energy balance described with equation (2.1) through 

equation (2.4) below. 

𝑄GeWE,NUV	DE = 	𝑄GeWE,WcTUHVI + 𝑄GeWE,VI~H_IH~W + 𝑄GeWE,bWUdUNW	 (2.1) 

𝑄GeWE,WcTUHVI = 	𝑚WcTUHVI𝐶*+,- 𝑇GeWE − 𝑇~GG`  (2.2) 

𝑄GeWE,VI~H_IH~W = 	 𝑈𝐴 GeWE(𝑇GeWE − 𝑇~GG`)	 (2.3) 

𝑄GeWE,bWUdUNW = 	𝑚GeWE,bWUdUNW𝐶*+,-(𝑇GeWE − 𝑇~GG`) (2.4) 

Where:   

 𝑄GeWE,NUV	DE: rate of energy transfer to the oven through the complete combustion  
of natural gas [kW] 

 𝑄GeWE,WcTUHVI: rate of energy loss from the oven in the form of exhaust gas [kW] 

 𝑚WcTUHVI: average mass flow rate of air exiting the oven exhaust vent 

Can be measured indirectly using the adjusted combustion 

energy balance technique described in [7]. 
 

      (For a single Blodgett 1048B oven, operating at 288°C) 

	𝑚WcTUHVI ≈ 0.03	𝑘𝑔/𝑠  
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 𝐶*UD~: specific heat capacity of air ¤
dN∙¥

 

  𝑇GeWE: oven temperature [°C] 

  𝑇~GG`: room temperature [°C] 

 𝑄GeWE,VI~H_IH~W: rate of energy loss from the oven through convection and  
radiation [kW] 

  𝑈𝐴 GeWE: overall heat transfer coefficient of the oven  
 (convection and radiation) 

Estimated through transient oven cooldown tests, for both an 

uninsulated and insulated case, where the oven was surrounded  

with a 2-inch fiberglass cover [7]. 

        (For a single Blodgett 1048B oven)   

𝑈𝐴 GeWE,HEDEVHbUIW@ = 	3.71
𝑊
𝐾 									 

𝑈𝐴 GeWE,DEVHbUIW@ = 0.20	
𝑊
𝐾  

 𝑄GeWE,bWUdUNW: rate of energy loss from oven door exfiltration [kW] 

  𝑚GeWE,bWUdUNW: average mass flow rate of air leaking through the oven door 

Inferred based on the difference between the oven mass 

flow rate measured with the combustion energy balance 

technique and the waste energy balance technique described 

in [7]. 
 

(For a single Blodgett 1048B oven, operating at 288°C) 

         𝑚GeWE,bWUdUNW ≈ 	0.016	𝑘𝑔/𝑠  
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2.4.2 Chimney 
Mass flow through the chimney is caused by natural convection, and the phenomenon is 

commonly referred to as the stack effect.  In the presence of a gravitational field, when a 

volume of fluid has a lower density than the density of its surroundings, a buoyancy 

forces is created on the fluid causing it to rise. 

 An approximate relation for the chimney flow rate can be derived as follows.  

Consider a chimney, a tall vertical column of height 𝐻, that contains a hot fluid of 

temperature 𝑇_TD`EWa and density 𝜌_TD`EWa, surrounded by air at a uniform temperature of 

𝑇GHIVD@W and density 𝜌GHIVD@W.  The chimney and its surrounds can be considered as two 

columns of air, exposed to the same atmospheric pressure, 𝑃UI`, at the top.  The draft 

pressure, the main force driving the chimney flow, is a function of the pressure difference 

at the base of the two fluid columns, which may be calculated with the basic equation of 

fluid statics [29]. 

𝑃_TD`EWa = 𝑃UI` +	𝜌_TD`EWa𝑔𝐻 (2.5) 

𝑃GHIVD@W = 𝑃UI` +	𝜌GHIVD@W𝑔𝐻 (2.6) 

 The pressure profiles along the length of the two fluid columns is illustrated in 

Figure 2.2 on the following page. 
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Figure 2.2: Draft Pressure Created by the Stack Effect 

 The draft pressure, ∆𝑃, is derived by subtracting equation (2.5) from equation 

(2.6) to calculate the pressure difference at the base of the two fluid columns. 

∆𝑃 = 𝑔𝐻(𝜌GHIVD@W − 𝜌_TD`EWa) (2.7) 

 The pressure difference can then be approximately related to the chimney mass 

flow rate using Bernoulli’s equation, to yield equation (2.8).  Note that density terms have 

been replaced with temperatures by assuming the ideal gas relation. 

𝑚_TD`EWa 	∝ 𝐴 2𝑔𝐻
𝑇_TD`EWa − 𝑇GHIVD@W

𝑇_TD`EWa
	  (2.8) 

 The relation gives qualitative insight into the main parameters affecting the 

chimney flow rate.  For example, an increase in the height of the chimney, the chimney 
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temperature, or a decrease in the outside temperature will all cause the chimney flow rate 

to rise.  However, the derivation excluded the effect of several important parameters, 

including frictional losses and the impact of waste heat recovery on the chimney 

temperature and pressure drop.  A more comprehensive analysis of chimney flow in the 

presence of waste heat recovery can be viewed in [7]. 

 The experimental measurements for the chimney flow rate collected by Girard, for 

cases with and without the inclusion of waste heat recovery, were used as inputs to the 

building energy model presented in Chapter 3.  The chimney flow rate was indirectly 

measured using a combination of the adjusted combustion energy balance (to measure the 

exhaust mass flow through the appliance), along with a mass and energy balance on the 

draft hood (to relate the exhaust mass flow rate to the chimney mass flow rate).  Draft 

hood operating principles are explained below in Section 2.4.3.  

 The mass and energy balance on the draft hood are shown below in equations 

(2.9) and (2.10). 

𝑚_TD`EWa = 	𝑚WcTUHVI +	𝑚@DbHIDGE (2.9) 

𝑚_TD`EWa ∙ 𝐶« ∙ 𝑇_TD`EWa = 	𝑚WcTUHVI ∙ 𝐶« ∙ 𝑇WcTUHVI +	𝑚@DbHIDGE ∙ 𝐶« ∙ 𝑇@DbHIDGE (2.10) 

 
Solving for the chimney mass flow rate yields:  

𝑚_TD`EWa = 	𝑚WcTUHVI
(𝑇WcTUHVI − 𝑇_TD`EWa)
(𝑇_TD`EWa − 𝑇@DbHIDGE)

+ 1  (2.11) 

 

 When the oven is operating at 288°C (550°F), with an outdoor dry bulb 

temperature of 18°C, the experimental results can be summarized as follows [7]. 
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  Without Waste Heat Recovery: 

𝑚_TD`EWa 	≈ 0.103	𝑘𝑔/𝑠 

  With Waste Heat Recovery: 

𝑚_TD`EWa 	≈ 0.061	𝑘𝑔/𝑠 

 The flow rates may be compensated for variations in the outside temperature using 

equation (2.12).  The equation was determined by linearly interpolating between two 

different results presented in [7], which were representative of two different outside 

temperatures (-20°C and 25°C), with consistent oven operating conditions. 

𝑚_TD`EWa,_G`*WEVUIW@ = 	𝑚_TD`EWa − 8.44×10¯; 𝑇GHIVD@W − 18∘𝐶  (2.12) 

2.4.3 Draft Hood 
The draft hood acts as a mixing chamber, where the hot exhaust gases exiting the exhaust 

vent of the oven are mixed with conditioned air from the room, before entering the 

chimney.  The draft hood is designed with large enough dilution air openings, such that 

the exhaust vent of the oven remains at a neutral pressure with the room, effectively 

isolating the appliance from the exhaust network above.  In this configuration, the exhaust 

flow rate through the oven is solely a function of the oven’s operating temperature, and is 

not related to the chimney draft condition.  Therefore, any increase in the flow rate 

through the chimney will be compensated by an equal increase in the flow rate of dilution 

air, with no impact on the exhaust flow rate though the appliance. 
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Chapter 3 
The Building HVAC Energy Model 
3.1 Introduction 
A mathematical model has been developed that is capable of predicting the energy 

consumption of a building HVAC system, in response to changes in both the controllable 

(operating schedules, exhaust configuration, building set-point temperatures, etc.) and 

uncontrollable input variables (climate). 

3.2 The Energy Balance 
The building was modeled using a quasi-steady state energy balance, based on the 

fundamental principles of thermodynamics, heat and mass transfer.  Two notable 

assumptions were made in order to simplify the analysis.  A single internal thermal zone 

was assumed, with the air inside the zone being perfectly mixed.  The quasi-steady state 

model also assumed that no energy was stored within the thermal mass of the building, as 

the building under consideration was operated at a constant set-point temperature. 

 To complete an energy balance on the building for a single day, the model was 

discretized into half hour time steps to capture the time varying characteristics of the 

sources and loads.  The model inputs, the independent variables that have a direct causal 

link to the heating and cooling energy requirements of the building, are shown below in 
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equation (3.1) in the rate form of an energy balance.  The energy flows are also illustrated 

in Figure 3.1.  Positive values indicate that the energy flow is into the building, while 

negative values indicate the energy flow out of the building. 

𝑄\WUIDEN	G~	[GGbDEN	±W²HD~W`WEI = 	±	𝑄�HDb@DEN	�dDE ± 𝑄�WEIDbUIDGE	�WEVDzbW 

+	𝑄�WEIDbUIDGE	�UIWEI + 𝑄�eWE	�UDE + 𝑄}bW_I~D_Ub + 𝑄�GbU~ + 𝑄�*U_W	\WUIDEN 
(3.1) 

 

Figure 3.1: Building Energy Flow Schematic 

 The energy balance was solved at each time step to determine the rate of energy 

transfer, in kilowatts, required for the building to remain in a quasi-equilibrium state.  For 

each time step, this rate of energy transfer was assumed to remain constant and was 

integrated across the domain to calculate the net heating or cooling energy requirement.  

The primary energy consumption of the HVAC system (in cubic meters of natural gas and 

kilowatt-hours of electricity) was then determined, based on the annual fuel utilization 

efficiency (AFUE) and the coefficient of performance (COP) of each building’s specific 

plant equipment, which is introduced in Chapter 4.  The following sub sections describe 

in detail the methodology used to compute each element of the energy balance.  
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3.2.1 Heat Transfer Through the Building Skin  
The rate of heat transfer through the building walls, windows and roof was calculated 

using a one-dimensional steady state thermal resistance network for conduction through a 

plane surface with convective boundary conditions.  The governing equation, shown 

below as equation (3.2), was solved three separate times, to determine the rate of heat 

transfer through the different surfaces. 

𝑄�HDb@DEN	�dDE =
𝐴 𝑇GHI − 𝑇DE
7
T,´

+ 7
µ
+ 7

T¶·5

 (3.2) 

Where:  

 𝐴: surface area [m2] 

 𝑇GHI: outside air temperature [°C] 

 𝑇DE: inside air temperature of the building [°C] 

  ℎDE: inner surface heat transfer coefficient (convection and radiation) [30] 

ℎDE = 8.29 |
`¹¥

  

 ℎGHI: outer surface heat transfer coefficient (convection and radiation)[30] 

Varies between: 

ℎGHI	(VH``W~) = 22.7
𝑊
𝑚9𝐾 

(Corresponding to design wind conditions of 12 km/h for summer) 

ℎGHI	(gDEIW~) = 34.0
𝑊
𝑚9𝐾 

(Corresponding to design wind conditions of 24 km/h for winter) 
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The average of these two surface heat transfer coefficients was selected 

due to the solutions insensitivity to the outside heat transfer coefficient, 

and the relatively insignificant effect of the heat transfer coefficient on the 

building energy balance. 

 𝑈: heat transfer coefficient of the specific surface under consideration 

Values were obtained from the EnergyPlus database, where the calculation 

of the heat transfer coefficient conforms to ISO standards 6946:2007 and 

10292:1994 [31],[32].  

𝑈gUbb = 0.350
𝑊
𝑚9𝐾 

(Construction: 13 mm gypsum plaster, 100 mm concrete block, 80 mm extruded 
polystyrene insulation, 100 mm brick veneer) 

 

𝑈»¼¼½ = 0.250
𝑊
𝑚9𝐾 

(Construction: 13mm gypsum plaster, 200mm air gap, 145mm glass wool, 10mm asphalt) 

 
𝑈¾¿ÀÁ¼¾Â = 1.978	 |

`¹¥
   

(Construction: 3 mm clear glass, 13 mm air gap, 3 mm clear glass) 

 
 The rate of heat transfer through the floor was modeled slightly differently, using 

equation (3.3) below.  Since there was no external convective boundary condition, only 

the internal surface heat transfer coefficient and the slab heat transfer coefficient were 

included in the thermal resistance network.  Instead, a constant temperature boundary 

condition equivalent to the average ground temperature was applied to the underside of 

the concrete slab to estimate the rate of heat transfer. 
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𝑄MbGG~ =
𝐴 𝑇N~ − 𝑇DE
7
T,´

+ 7
µÃÄ¶¶-

 (3.3) 

Where:  

 𝑇N~: ground surface temperature, approximated from the monthly average air  

 temperature [30], °C 

Due to the relatively small contribution of foundation heat loss to the 

total building heat loss (~3%), any inaccuracy introduced through this 

assumption is negligible. 

 𝑈MbGG~: heat transfer coefficient of the floor (From EnergyPlus Database) 

𝑈½Å¼¼» = 0.314
𝑊
𝑚9𝐾 

(Construction: 100 mm foam insulation, 100 mm concrete, 70 mm floor screed, 30 mm 
timber flooring) 
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3.2.2 Ventilation  
The flow rate of ventilation air through the building played an important role in the 

energy balance, affecting both the sensible and latent heat gain and loss components. 

3.2.2.1 Net Ventilation Mass Flow Rate 

The net ventilation flow rate, also known as the infiltration flow rate, is defined as the 

mass flow rate of air traveling through the building that must be conditioned by the 

HVAC system.  It includes all air flowing through any crack, seam, open door, or other 

opening in the building envelope, due to the depressurization created by the exhaust 

ventilation system.  The net ventilation flow rate was calculated by subtracting the 

makeup air flow rate from the total ventilation flow rate, as shown in the mass balance of 

equation (3.4). 

𝑚EWI	eWEIDbUIDGE = 	𝑚IGIUb	eWEIDbUIDGE −	𝑚`UdWH* (3.4) 

 This is also known as the makeup air short circuit effect, which occurred when not 

all of the air exhausted from the building originated from the indoor mixed air space, and 

instead, was introduced into the building in the vicinity of the exhaust system through 

either a reversed chimney or the makeup air ductwork.  The unconditioned makeup air 

was able to bypass the HVAC system, and therefore did not create a heating or cooling 

load.  The process is illustrated below in Figure 3.2. 
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Figure 3.2: Ventilation Mass Balance 

 The total ventilation flow rate was determined differently in each case based on 

the method of exhaust ventilation.  For Store A, which used exhaust blowers to ventilate 

the combustion appliance zone, the total ventilation flow rate was measured using a pitot 

static tube, traversed across the exhaust duct to indirectly measure velocity at different 

points in the flow.  These experimental results are shown in Chapter 4.  For Store B, 

which used chimneys to ventilate the ovens, the chimney mass flow rates introduced in 

Section 2.4  were used. 

 The total ventilation flow rate was then adjusted to account for the short circuit 

air, that did not require conditioning.  The adjustment was made by setting a value for the 

amount of makeup air introduced internally, which minimized the sum of squared errors 

between the experimental data set and the associated model predictions.  This method was 

chosen due to the low flow rates and geometrical constrains, which made accurate 

experimental measurement of the makeup air flow rate impractical.  The makeup air 

introduced internally for each store will be discussed in Section 4.7.2 on model 

validation. 
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 After determining the net ventilation flow rate, the sensible heat loss and latent 

heat gains could be calculated as follows. 

3.2.2.2 Sensible Energy 
The rate of heat transfer required to change the temperature of the net ventilation air from 

the outside temperature to the building set-point temperature was determined using 

equation (3.5).  It was derived from a steady state energy balance, where the rate of heat 

transfer was equivalent to the rate of change of enthalpy of the fluid, using the constant 

specific heat assumption. 

𝑄�WEIDbUIDGE	�WEVDzbW = 	𝑚EWI	eWEIDbUIDGE𝐶*+,-(𝑇GHI − 𝑇DE) (3.5) 

Where:  

 𝐶*+,-: specific heat capacity of dry air at a constant pressure at 20°C [33] 

𝐶*+,- = 1005 ¤
dN	¥

  

3.2.2.3 Latent Energy 

In the summer as humid air is cooled, the latent energy load associated with 

dehumidifying, and condensing out a portion of the water vapour, in the outside air was 

also considered in addition to the sensible energy load described previously.  Equation 

(3.6) was used to calculate the rate of heat transfer required to decrease the humidity of 

the outdoor air to indoor conditions. 

𝑄�WEIDbUIDGE	�UIWEI = 	𝑚EWI	eWEIDbUIDGEℎMN(𝑊GHI −𝑊DE) (3.6) 

Where:  

 ℎMN: enthalpy of condensation of saturated water [34] 

 Determined at the average of the inside and outside temperatures. 
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ℎMN = 2501.4 − 2.366 Æ,´ÇÆ¶·5
9

d¤
dN

   

 𝑊: humidity ratio of the inside and outside air [kg/kg] 

 The calculation procedure is described below. 

3.2.2.3.1 Humidity Ratio 

This brief section describes how the humidity ratio, 𝑊, was determined, based on the 

measurements of air temperature, pressure and relative humidity.  The measurement 

methodology is described in detail in Chapter 4.  The humidity ratio is defined as the ratio 

of the mass of water vapour to dry air in a sample of moist air. 

𝑊 =
𝑀g

𝑀@U
=
𝑥g
𝑥@U

	 ∙
𝑀 𝐻9𝑂

𝑀 𝑑𝑟𝑦	𝑎𝑖𝑟  (3.7) 

Where:  

 𝑀g: mass of water vapour [kg] 

 𝑀@U: mass of dry air [kg] 

 𝑥g: mole fraction of water vapour 

 𝑥@U: mole fraction of dry air 

 𝑀(𝐻9𝑂): molar mass of water vapour [35] 

𝑀 𝐻9𝑂 = 18.015	268	𝑔/𝑚𝑜𝑙 

 𝑀(𝑑𝑟𝑦	𝑎𝑖𝑟): molar mass of dry air [35] 

𝑀 𝑑𝑟𝑦	𝑎𝑖𝑟 = 28.966	𝑔/𝑚𝑜𝑙 

 
Relations for the mole fractions were determined by assuming that moist air is a mixture 

of two ideal gases: water vapour and dry air.  Although moist air is technically not an 

ideal gas, Kuehn et al. proved the validity of this assumption for practical engineering 

calculations, showing the maximum error in the humidity ratio does not exceed 0.7% 

when compared against a real gas model of moist air [36].  The assumption results in 
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three relations assuming ideal gases, for both components of the mixture, and the mixture 

as a whole. 

𝑛g =
𝑝g𝑉
𝑅𝑇

															𝑛@U =
𝑝@U𝑉
𝑅𝑇

															𝑛 =
𝑝𝑉
𝑅𝑇
					 (3.8) 

Where:  

 𝑛g: moles of water vapour [mol] 

 𝑛@U: moles of dry air [mol] 

 𝑛: total moles in the mixture [mol] 

𝑛 = 𝑛g + 𝑛@U 

 𝑝g: partial pressure of water vapour [Pa] 

 𝑝@U: partial pressure of dry air [Pa] 

 𝑝: total pressure of the mixture [Pa] 

𝑝 = 𝑝g + 𝑝@U 

 𝑉: total volume of the mixture [m3] 

 𝑅: universal gas constant [33] 

𝑅 = 8.314	𝑘𝐽/𝑘𝑚𝑜𝑙 ∙ 𝐾 

 𝑇: temperature of the mixture [K] 

 
Rearranging the relations from (3.8), using the definition of a mole fraction: 

𝑥g =
𝑛g
𝑛 =

𝑝g
𝑝 															𝑥@U =

𝑛@U
𝑛 =

𝑝@U
𝑝 								𝑤𝑖𝑡ℎ:				𝑝 = 𝑝g + 𝑝@U					 (3.9) 

 
Substituting the equations from (3.9) into equation (3.7) yields the humidity ratio as a 

function of the total pressure and the partial pressure of water vapour: 

𝑊 = 0.621	945
𝑝g

𝑝 − 𝑝g
		  (3.10) 
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The partial pressure of the water vapour can then be determined from the definition of 

relative humidity, ϕ: 

ϕ =	
𝑝g
𝑝gV I,*

	  (3.11) 

Where: 

 ϕ: relative humidity 

 𝑝gV: water vapour saturation pressure [Pa] 

 
Lastly, the water vapour saturation pressure as a function of the absolute temperature was 

determined, based on the Hyland and Wexler equations [37]: 

ln 𝑝gV =
𝐶7
𝑇 + 𝐶9 	+ 𝐶:𝑇 + 𝐶;𝑇9 + 𝐶<𝑇: + 𝐶=ln	(𝑇)	  (3.12) 

Where: 

 𝑝gV: water vapour saturation pressure [Pa] 

 𝑇: dry bulb air temperature [K] 

 𝐶7 = −5.800	220	6	𝐸 + 03 

 𝐶9 = 			1.391	499	3	𝐸 + 00 

 𝐶: = −4.864	023	9	𝐸 − 02 

 𝐶; = 			4.176	476	8	𝐸 − 05 

 𝐶< = −1.445	209	3	𝐸 − 08 

 𝐶= = 			6.545	967	3	𝐸 + 00  
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3.2.3 Oven Gain 
The rate of heat transfer from the oven to the room was determined by separating the total 

rate of heat transfer into two components: the convective and radiative heat transfer 

resulting from conduction through the structure of the oven, and the energy losses through 

the oven door via mass transfer and radiation. 

 The method of oven ventilation was taken into consideration when calculating the 

thermal energy gain of the room.  For chimney based oven ventilation, the total rate of 

heat transfer was used.  However, for canopy based oven ventilation, only the heat 

transfer through radiation was included.  Oven heat losses through convection and mass 

transfer were not included, since exhaust canopies ventilate the oven by removing air 

from the entire combustion appliance zone.  Any air flowing in the vicinity of the oven 

that gains thermal energy would be transported out of the building, therefore imposing no 

impact on the HVAC energy balance.  Radiation heat transfer was included in both case, 

since energy transfer by thermal radiation occurs between two surfaces, with an oven 

surface transferring energy to the walls of the room.  The following subsections describe 

the calculation procedure. 

3.2.3.1 Conduction Through Oven Structure 
The overall heat transfer coefficient of the oven was determined by Girard and Hirmiz 

[7], for both an uninsulated and insulated case where the oven was surrounded with a     

2-inch fiberglass cover.  The tests resulted in the overall heat transfer coefficients of:  

𝑈𝐴 GeWE,HEDEVHbUIW@ = 	3.71
𝑊
𝐾 										 𝑈𝐴 GeWE,DEVHbUIW@ = 0.20	

𝑊
𝐾  
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The combined rate of heat transfer through convection and radiation can then be 

determined with the use of equation (3.13). 

𝑄GeWE,VI~H_IH~W = 	 𝑈𝐴 GeWE(𝑇GeWE − 𝑇~GG`)	  (3.13) 

 

Table 3.1 below displays the rate of heat loss though the oven structure, for an oven 

temperature of 288°C (550°F), and a room temperature of 21°C (70°F). 

Table 3.1: Rate of Heat Transfer Through Oven Structure 

Case Heat Transfer Through Oven Structure 
(kW) 

Uninsulated 0.99 
Insulated 0.05 

 

 The relative contributions of convection and radiation to the overall rate of heat 

transfer in the uninsulated case were estimated, by measuring the average surface 

temperature of the oven, and calculating the net rate of energy transfer by thermal 

radiation between two surfaces, using equation (3.14). 

𝑄GeWE,VI~H_IH~W	(~U@) = 	𝜀𝜎𝐴(𝑇z; − 𝑇V;)	  (3.14) 

Where: 

 𝜀: emissivity of stainless steel, type 301  

𝜀 = 0.6 

 𝜎: Stefan-Boltzmann constant 

𝜎 = 5.67 ∗ 10¯Ë
𝑊

𝑚9𝐾; 

 𝐴: exposed surface area of the oven 

𝐴 = 6.728	𝑚9 

 𝑇z: average oven surface temperature 
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𝑇z = 50°𝐶 = 323.15𝐾 

 𝑇V: temperature of surroundings 

𝑇V = 21°𝐶 = 294.15𝐾 

 

Therefore, the rate of heat transfer from the oven to the room through radiation was: 

𝑄GeWE,VI~H_IH~W	(~U@DUIDGE) = 	0.78	𝑘𝑊  (79% of total) 

 
And the rate of heat transfer from the oven by convection was: 

𝑄GeWE,VI~H_IH~W	(_GEeW_IDGE) = 	0.21	𝑘𝑊  (21% of total) 

3.2.3.2 Heat Transfer from Oven Door 
The rate of heat transfer from the oven to the room, through the door, was modeled using 

two separate components: the exfiltration from continuous door leakage, and the energy 

loss from door opening. 

3.2.3.2.1 Continuous Door Leakage 
Since the Blodgett 1048B oven door does not have perfect seal, there is always a small 

amount of exhaust gas that escapes through the door as opposed to the flue.  This fact was 

observed qualitatively, since the refractive index of air decreases with increasing 

temperature, which manifests itself as a shimmering stream of air escaping the door.  

Laboratory experiments were conducted to quantify the continuous door leakage mass 

flow rate, specifically for a Blodgett 1048B oven.  These results are presented in 

Section 4.4.3.  With a known door leakage flow rate, the rate of heat transfer to the room 

through oven leakage was then calculated using equation (3.15). 

𝑄GeWE,bWUdUNW = 	𝑚GeWE,bWUdUNW𝐶*+,-(𝑇GeWE − 𝑇~GG`) (3.15) 
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3.2.3.2.2 Door Opening 
The energy balance of the cooking process was also taken into consideration.  Once an 

oven has reached operating temperature, it operates at a pseudo steady state about its set-

point, where the natural gas flow rate remains constant, to balance the exiting energy 

flows of the exhaust, shell losses and continuous door exfiltration.  This steady state is 

perturbed during the cooking process due to the two oven door openings required to place 

and remove the baked product, which increases the exfiltration rate substantially since the 

open door becomes the path of least resistance for the combustion gases.  The steady state 

is also perturbed by the cooking process, where the sensible and latent heat of the product 

is increased.  Experiments were conducted to isolate for both of these values.  The 

determination of the oven door exfiltration will be described in Section 4.4 on laboratory 

testing.  The study of the total energy transfer to the baked product will be reserved for 

Appendix A.  Although this analysis provides insight into the true thermodynamic 

efficiency of an oven, its impact on the building energy balance is relatively insignificant.  

It was assumed that all energy transferred from the oven to the baked product leaves the 

building with the product, and that no heat is lost to the room. 

3.2.3.3 Heat Gain from an Oven with Reversed Chimney Flow 
Lastly, a special case of oven heat gain was considered.  In the event that an oven is 

ventilated with a chimney, and not an exhaust canopy, the chimney has the potential to 

reverse its direction of flow if the building becomes overly depressurized by other 

elements of the exhaust network.  In this case, no distinction was made between the 

methods of oven heat loss, since the entire thermal energy input of the oven would be 
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exhausted into the room.  In this case, the following heat gain per oven was used in the 

model: 

𝑄�eWE	�UDE = 	8.57	𝑘𝑊 

 The oven heat gain was calculated from the average flow rate of natural gas for an 

independent oven of 15.35 L/min, detailed in Appendix B, and the following properties of 

natural gas. 

𝐿𝐻𝑉[\] = 	47.14	𝑀𝐽/𝑘𝑔 [38] 

𝜌[\] = 	710.5	𝑔/𝑚: [39] 
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3.2.4 Heat Generated by Electricity Consumption 
The heat generated by the use of electricity was discerned from the utility bills, which 

provided the total electricity consumption of the building on one hour time intervals.  For 

Store A, historical electricity use was available dating back to March 31, 2016.  For 

Store B, electricity usage data was available from August 14, 2015.  Figure 3.3 and 

Figure 3.4 show the trends in electricity use for both stores throughout the course of one 

year. 

 

Figure 3.3: Electricity Usage – Annual – Store A  

 

Figure 3.4: Electricity Usage – Annual – Store B  
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 By observing the total electricity use during the winter, or all of the non-cooling 

months, it is clear that the daily variation in electricity use is consistent on a day to day 

basis, for both stores.  Both stores fluctuate between a minimum demand of 

approximately 5 kW during the night, and a maximum demand of approximately 20 kW 

during peak business hours.  The increase in demand during the summer months can be 

attributed to the air conditioning system, which roughly increases demand by 10 kW and 

15 kW, for Store A and Store B respectively.  The discussion of the additional electricity 

required for air conditioning will be left to Section 4.7 on model validation, and the case 

study of Chapter 5. 

 The focus of this section is on the heat generated by the use of electricity within 

the building envelope, and its impact on the building energy balance.  For model 

validation in Section 4.7, the heat generated by the use of electricity was determined from 

the exact electricity usage from the specific day under consideration.  For the case study 

of Chapter 5, the average heat generated by electricity consumption was determined from 

the average electricity usage over twenty-four winter days.  For both cases, the heat 

generated was discerned from the total electricity usage by subtracting the known 

electrical loads that did not contribute to the HVAC energy balance of the building. 

 Two separate loads were removed from this section of the model.  The first was 

the electrical power consumption of the ventilation exhaust blowers (in this case, driven 

by two 1.12 kW motors), which were used to ventilate the fryer and oven exhaust 

canopies.  Since the blowers were located outside of the building envelope on the roof, 

the heat they generated was lost to the environment and their electrical power draw did 
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not add to the heating of the building.  Secondly, the majority of the electrical energy 

required to heat the domestic hot water, except to account for a 0.10 kW thermal energy 

loss from the tank, was also removed from the total electricity usage.  It was assumed that 

the remaining electrical input energy stored in the hot water tank exited the building 

through the drainage system as the water was used, and did not impose a load on the 

HVAC system.  The method of determining the hot water demand is discussed in detail in 

the experimental facility sections of Chapter 4, for the given context, it is only important 

to introduce how this measurement was used in the building HVAC energy balance.  

Figure 3.5 and Figure 3.6 below display the average heat generated by the use of 

electricity for both Store A and Store B, split into one hour time intervals. 
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Figure 3.5: Average Heat Generated by Electricity Consumption – Store A 

 

 

 

Figure 3.6: Average Heat Generated by Electricity Consumption – Store B 
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3.2.5 Solar Heat Gains 
The solar heat gain of both buildings was modeled independently in EnergyPlus, using 

the Design Builder graphical user interface.  The calculation procedure used in the 

EnergyPlus simulation engine is similar to the calculation procedure specified in 

Chapters 14 and 15 of the ASHRAE Fundamentals Handbook [30].  This section briefly 

summarizes the calculation procedure used to determine the solar heat gain, and how this 

value was incorporate into the building energy model. 

3.2.5.1 Calculation Procedure 

The rate of solar energy transfer through a window is dependent on the magnitude of the 

incident shortwave radiation, also known as global radiation, on the surface.  The global 

radiation can be broken into two components: the direct normal radiation component 

measured perpendicular to the sun’s rays, and the diffuse component which has been 

scattered by water vapour and air particulates [40].  Both components can be modeled 

separately, and the rate of heat transfer through a window, via transmitted and absorbed 

solar radiation, can be calculated as the sum of equations (3.16) and (3.17). 

𝑞z = 	𝐸BC ∙ 𝑐𝑜𝑠𝜃 ∙ 𝑆𝐻𝐺𝐶(𝜃)	  (3.16) 

𝑞@ = 	𝐸@ ∙ 𝑆𝐻𝐺𝐶 B	  (3.17) 

Where: 

 𝑞z: direct normal (or beam) solar energy flux [W/m2] 

 𝐸BC: direct normal solar irradiance [W/m2] 

The clear-sky direct normal solar irradiance can be calculated with 

knowledge of the sun position, which is a function of longitude, latitude, 

date and solar time.  However, the typical meteorological year (TMY) 

weather file obtained from the Simcoe Weather Station (World 
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Meteorological Organization ID: 715270) provided actual measurements 

of the direct normal and diffuse irradiance in the area. 

 𝜃: incident angle [degrees] 

“The angle between the line normal to the irradiated surface and the earth-

sun line [30].”  Calculated in EnergyPlus as a function of the sun position 

and surface azimuth angle. 

 𝑆𝐻𝐺𝐶 𝜃 : solar heat gain coefficient 

The percentage of the direct solar irradiance, 𝐸B = 	𝐸BC ∙ 𝑐𝑜𝑠𝜃, that is 

transmitted and absorbed through the window as a function of the incident 

angle. 

 

 𝑞@: diffuse solar energy flux [W/m2] 

 𝐸@: diffuse solar irradiance [W/m2] 

The clear-sky diffuse solar irradiance was also obtained from the TMY 

weather file the Simcoe Weather Station. 

 𝑆𝐻𝐺𝐶 B:	hemispherically averaged solar heat gain coefficient 

The percentage of the diffuse solar irradiance that is transmitted and 

absorbed through the window. 

 The EnergyPlus database contains data on the solar heat gain coefficients for 

various types of windows.  The restaurants had double glazed, clear glass windows, with 

an assumed standard 13 mm air gap separating the two panes.  A constant value of the 

solar heat gain coefficient of 0.687 was actually used.  Details of the modeling approach 

are presented in Chapter 15 of the ASHRAE Fundamentals Handbook on Fenestration, 

with additional information regarding the calculation of the solar heat gain 

coefficient [30]. 

 Lastly, EnergyPlus was able to account for the effect of roof overhangs, by 

calculating the shaded portion of the glazing at each time step. 
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3.2.5.2 Model Integration 
An EnergyPlus simulation was run for the duration of a full year, where the total rate of 

solar energy transfer to the building was calculated at each fifteen-minute time step.  This 

value was held constant at each time step, and the data was integrated to calculate the 

total solar gain for each day.  Figure 3.7 and Figure 3.8 below display the total solar gain 

from all windows of Store A and Store B respectively, obtained from the EnergyPlus 

simulation, for each day of the year. 

 

 

Figure 3.7: Total Solar Energy Gain per Day – Store A 
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Figure 3.8: Total Solar Energy Gain per Day – Store B 
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Figure 3.9: Average Rate of Solar Energy Transfer – Store A 

 

 

 

Figure 3.10: Average Rate of Solar Energy Transfer – Store B 
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3.2.6 Space Heating and Oven Preheating 
The effect of space heating provided by the TEG POWER system was also considered in 

the building energy balance.  Firstly, the rate of thermal energy extraction from the 

exhaust stream during oven operation at 288°C (550°F), described in Section 4.8, was 

proven to be: 

𝑄~W_GeW~W@ = 1.95	𝑘𝑊 

 The available energy was then allocated to the following loads, listed in order of 

priority: domestic hot water, space heating and oven preheating.  The rate of energy 

transfer required to meet the domestic hot water load was calculated using equation (3.18) 

below: 

𝑄B\| =
𝑄B\|,}bW_I~D_DIa(UeN)

𝑡GeWE	G*W~UIDGE
 (3.18) 

Where: 

 𝑄B\|,}bW_I~D_DIa(UeN): measured electrical energy input to the hot water tank [kJ] 

 𝑡GeWE	G*W~UIDGE: length of time the oven was operating at 288°C (550°F) [s] 

 
 Due to the random nature of the hot water consumption, the calculation assumed 

that the water in the tank was heated at a constant rate, entirely during the time period 

when the oven was operational. 

 After the rate of thermal energy transfer to the water tank was deducted, the 

remaining energy was allocated to space heating and oven preheating, based on the 

demand for space heating.  This was accomplished by solving the building energy balance 

at each half hour time step to determine the building heating requirement.  If the building 

heating requirement exceeded the rate that thermal energy could be provided through 
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space heating, then the available energy was simply allocated to space heating.  However, 

if the building did not require heating, then the available energy was allocated to 

preheating the oven intake air, which directly lowered the natural gas consumption of the 

appliance. 
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Chapter 4 
Experimental Methodology and Model 
Validation 
4.1 Introduction 
Four separate experimental facilities were used to provide inputs to the building energy 

model, as well as to provide a means of model validation. 

 The first experimental facility was Store A; standalone restaurant that ventilated 

ovens using exhaust canopies.  The second experimental facility, Store B, was another 

standalone restaurant, which ventilated ovens using a combined exhaust system with 

chimneys and exhaust canopies.  The two separate restaurants with differing exhaust 

configurations were purposefully selected to investigate the impact of exhaust system 

configuration on building energy performance.  The third experimental facility consisted 

of a single oven located in the McMaster TMRL, which was used to accurately measure 

the rate of heat loss from the oven during door opening.  Lastly, the fourth experimental 

facility encompassed the same oven within the TMRL, with the addition of the TEG 

POWER system to recover and repurpose a portion of the energy from the exhaust.  Tests 

were conducted in this configuration to determine the rate of thermal energy extraction 
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from the oven, which was used as a model input for the amount of space heating or oven 

preheating available. 

 A section on model validation has been included, where the building HVAC 

energy model described in Chapter 3 was compared against the experimental data 

collected from Store A and Store B.  Chapter 4 also explains how external measurements 

from the McMaster Weather Station were used in the analysis, and includes an 

uncertainty analysis of measured variables. 

  



M.A.Sc. Thesis – Paul Ricciuti  McMaster – Mechanical Engineering 

 
 

54 

4.2 Store A – Exhaust Canopy Venting  
Store A was the first restaurant observed in the investigation, and was chosen for both its 

close proximity to the McMaster University campus, and its distinctive exhaust canopy 

ventilation method. 

4.2.1 The Building  
Store A was a standalone building, whose significant dimensions are identified in Table 

4.1 below. 

Table 4.1: Significant Dimensions – Store A 

Component Area (m2) 
Floor 139 
Roof 139 
Walls 153 

Windows 37 
 

 The building was equipped with one single package air conditioner and heating 

unit (York Predator, Model Number: DM090N15N2AAA3).  This unit had the following 

performance characteristics specified in the manufacturer’s technical guide [41]: 

𝐴𝐹𝑈𝐸 = 	80% 

𝐶𝑂𝑃 = 	2.64 

4.2.2 Cooking Equipment and Occupant Behavior 
The store contained six deck style ovens (Blodgett 1048-C series and Blodgett 1000 

ovens), of which only two were operated consistently.  The ovens were organized in the 

double stacked configuration, and ventilated with three exhaust canopies, connected to a 

single exhaust blower (Canarm BI-RM Series Belt Drive Utility Blower) on the roof.  The 
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ovens, and exhaust system, were operated continuously on a 24/7 scheduled, at a set-point 

temperature of 288°C (550°F).  A single Canarm Green Series 700DD Filtered Fresh Air 

Supply Unit was also present on the roof which was designed to act as a source of 

makeup air. 

 The only other major cooking appliance was a single natural gas deep fryer, which 

was ventilated with its own separate ventilation blower (Canarm BI-RM Series Belt Drive 

Utility Blower).  The operation of the fryer and its associated ventilation system was 

typically during the buildings occupied hours, from 9:00 am until close (Sunday–

Wednesday: 2:00 am, Thursday–Saturday: 3:00 am). 

4.2.3 Instrumentation 

The store was outfitted with sensors to monitor different aspects of building’s operation.  

The placement of the following sensors is depicted in Figure 4.1. 

  Four wall mounted thermocouple sensors (Omega EWS-TC-T) were used to 

measure the air temperature inside the building, with three dispersed throughout the 

customer dining area, and one in the stockroom hallway.  The kitchen temperature and 

relative humidity were measured with a dual solid state temperature sensor and thin film 

temperature compensated polymer capacitor sensor respectively (Omega EWS-RH).  The 

temperature and relative humidity measurements provided input to calculate the rate of 

heat transfer from the exhaust system. 

 Three thermocouples (Omega TMQSS-125U-6) were evenly spaced in the 

exhaust stream of each of the two main ovens, while one thermocouple was placed in the 

center of the exhaust duct of the third stack of ovens.  Only one thermocouple was used 
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on the third stack, since they were essentially never operated.  The temperature 

measurements indicated oven operating schedules, and identified the degree of mixing 

that occurred between the hot exhaust gases from the top oven which was operational, 

and the cool air from the bottom oven which was not.  The cumulative natural gas 

consumed by each of the two main ovens was also measured, using two positive 

displacement diaphragm flow meters (Elster American Meter ACM-250). 

 Building depressurization was measured with a low-pressure laboratory 

transmitter (Omega PX655-0.25BDI).  Pressure measurements indicated when the fryer 

blower was operational. 

 The volume, and thermal energy content of the hot water delivered to the store 

was measured using two thermocouples (Omega TMQSS-125U-6) located in the cold-

water inlet and hot-water exit lines of the tank, and a turbine flow meter (Omega FTB-

4605) in cold water inlet line.  The electrical power input to the tank was also measured 

using an AC power transducer (CR Magnetics CR6210-250-20), as a means of estimating 

the thermal energy loss. 

 Lastly, the operation of the HVAC system was monitored to provide a means of 

model validation.  The cumulative natural gas consumption was measured with another 

positive displacement diaphragm flow meter (Elster American Meter ACM-250) located 

on the roof, and the electrical current flow to the unit was measured with an rms current 

transducer (CR9580-20-M) attached to one of the three phase wires in the electrical 

breaker box.  The rms current measurement was used to calculate the power consumption 

of the air conditioning system for model validation. 
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 For a balanced three phase circuit, the total real power is equivalent to three times 

the real power measured in one phase, as shown in equation (4.1) and (4.2): 

𝑃IGIUb = 3 ∙ 𝑃*TUVW (4.1) 

𝑃*TUVW = 𝑉*TUVW	𝐼*TUVW	𝐶𝑜𝑠𝜃 (4.2) 

Where: 

 𝑃IGIUb: total real power [W] 

 𝑃*TUVW: real power measured in a single phase [W] 

 𝑉*TUVW: phase voltage 

𝑉*TUVW = 120 V 

 	𝐼*TUVW: phase current [A] 

  measured with current sensor 

 𝜃: power factor 

 𝜃 = 1 
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Figure 4.1: Building Floor Plan and Instrumentation Schematic – Store A 
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4.2.4 Data Acquisition System  
The sensors were connected to a National Instruments 4 slot USB CompactDAQ Chassis 

(cDAQ-9174) with the following modules:  

• 16-Channel C Series Temperature Input Module (NI-9213) (75S/s 24-Bit) 

• 16-Channel C Series Voltage and Current Input Module (NI-9207) (500S/s 24-Bit) 

• 4-Channel Sinking/Sourcing Digital Input Module (NI-9435) (delay time 2.8ms) 

The Data Acquisition System (DAQ) was connected to a laptop (Lenovo), which 

interfaced with the data acquisition hardware through National Instruments LabVIEW 14 

software.  The data was sampled every minute and saved in text files on the hour.  The 

text files were automatically uploaded to a Dropbox cloud storage system for remote data 

access. 

4.2.5 Experimental Procedure and Data Analysis  
The oven operation was conducted entirely by the operators of the individual restaurant, 

to capture real world scenarios.  The DAQ was left to continuously monitor the 

restaurant’s normal operation. 

 The experimental data was processed using the Python 2.7 programing language, 

in the Scientific Python Development EnviRonment (SPYDER) [42]. 

4.2.6 Additional Measurements – Exhaust Volume Flow Rate 
The oven and fryer ventilation flow rates were determined by measuring the velocity at 

equally spaced points across the duct with a pitot-static tube connected to a differential 

pressure transducer (Fluke 922 Airflow Meter).  The differential pressure readings were 
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converted to velocities using Bernoulli’s principle for flow along a streamline, as shown 

in equation (4.3). 

𝑣 = 	
2 𝑝w − 𝑝

𝜌   (4.3) 

Where: 

 𝑝w − 𝑝:  dynamic pressure (differential pressure measurement)   

 𝜌: density of air at 22.5°C [43] 

𝜌 = 	1.20	𝑘𝑔/𝑚: 

 The volume flow rate was then calculated by taking the integral of the velocity 

profile over the cross-sectional area of the duct, as shown in equation (4.4).  The integral 

was approximated by multiplying each velocity measurement by its associated segment 

area, with the total volume flow rate being the sum of the segment volume flow rates. 

𝑉 = 	 𝑣 𝑑𝐴 = 	 𝑣D ∙ 𝐴D

E

DÎw

  (4.4) 

 Figure 4.2 below displays the velocity profile across the 14 by 12-inch rectangular 

oven exhaust duct. 
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Figure 4.2: Velocity Profile – Oven Exhaust Duct – Store A 

 The following volume flow rate was calculated from the nearly fully developed 

turbulent velocity profile: 
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 Measurement error was reduced by taking the measurements at least 10 and 5.5 

hydraulic diameters away from the nearest upstream and downstream disturbance 

respectively.  ASHRAE recommendations were followed, which states that flow rate 

measurements in ducts be taken at least 7.5 and 3 hydraulic diameters from the nearest 

upstream and downstream disturbances respectively [30]. 

 Figure 4.3 below displays the velocity profile across the 12-inch diameter circular 

fryer exhaust duct.  In this case, it was not possible to take the measurements at a cross 

section where the flow was fully developed, due to geometrical constraints in the exhaust 
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Figure 4.3: Velocity Profile – Fryer Exhaust Duct – Store A 
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been unrealistic, and caused undue damage to commercial equipment.  Instead, an 

approximation for the volume flow rate was made, by multiplying the cross-sectional area 

by a simple average of the velocity measurements.  The resulting volume flow rate was: 

𝑉�IG~WÏ,			�~aW~	}cTUHVI	 = 1410	𝐶𝐹𝑀 

 It should be noted that the swirling effect would also introduce a source of 

experimental error, which would cause the streamlines to not be perfectly perpendicular 

to the traverse plane. 

 The measured volume flow rates were converted to mass flow rates assuming the 

following density of air at 22.5°C [43]: 

𝜌 = 	1.20	𝑘𝑔/𝑚: 

4.2.7 Hot Water Analysis 
The quantity of hot water used on a typical day, and an estimate of the average thermal 

energy losses from the tank were also considered.  Figure 4.4 below displays a histogram 

of the daily hot water use from Store A, which conforms to a normal distribution.  
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Figure 4.4: Hot Water Use – Store A 

 The experimental hot water data was input into the model in two separate ways.  

For model validation in Section 4.7, the exact amount of water used on each specific day 
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𝑄gUIW~,bGVV	(UeN) = 0.10	𝑘𝑊 

 The losses remained relatively constant regardless of the quantity of water used 

each day. 

4.2.8 Estimating Fryer Gas Consumption  
The gas consumption of the fryer was briefly studied, in order to produce a complete 

picture of the full building energy balance. 

 Since every natural gas consuming appliance was sub-metered, aside from the 

fryer, the average daily gas consumption of the fryer was calculated based on the 

difference between the average daily gas consumption from the utility bills, and the 

average daily gas consumption from the oven and HVAC sub-meters. 

𝑉�~aW~ = 5.40	𝑚:/𝑑𝑎𝑦 
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4.3 Store B - Combined Exhaust Venting System 
The second restaurant observed was selected for its significantly different method of 

exhaust ventilation, with both exhaust canopies and chimneys ventilating the ovens. 

4.3.1 The Building  
Store B was also a standalone building, whose significant dimensions are identified in 

Figure 4.3 below. 

Table 4.2: Significant Dimensions – Store B  

Component Area (m2) 
Floor 288 
Roof 288 
Walls 247 

Windows 29 
 

 The building was equipped with three single package air conditioner and heating 

units (York Sunline 2000, Model Number: D7CG060N09958A).  The units had the 

following performance characteristics specified in the manufacturer’s technical 

guide [47]: 

𝐴𝐹𝑈𝐸 = 	80% 

𝐶𝑂𝑃 = 	2.67 

4.3.2 Cooking Equipment and Occupant Behavior 
The store contained seven deck style ovens (Blodgett 1048B). Six of the ovens were 

organized into three sets of double stacked ovens in the kitchen.  Each stack was 

ventilated through its own dedicated chimney; however, three exhaust canopies were also 

present overhead, connected to a single ventilation blower (Canarm BI-RM Series Belt 
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Drive Utility Blower) on the roof.  The seventh oven was located behind the sales counter 

in the customer area, to exclusively reheat instore sales, and was ventilated with a 

chimney and was not equipped with an exhaust canopy.  Of the seven ovens, only the 

oven behind the customer service counter and one cooking oven in the kitchen were 

operated continuously.  A second cooking oven was operated occasionally based on 

demand.  The ovens, and exhaust system, were operated continuously on a 24/7 

scheduled, at a cooking set-point temperature of 288°C (550°F) and an overnight standby 

temperature of 149°C (300°F) to reduce oven settling time in the morning.  A single 

Canarm 9200 Inline Duct Blower was also present on the roof which was designed to act 

as a source of makeup air.  

 The only other major cooking appliance was a single natural gas deep fryer, which 

was ventilated with its own separate exhaust blower (Canarm BI-RM Series Belt Drive 

Utility Blower).  The operation of the fryer and its associated ventilation system was 

mostly limited to the buildings occupied hours, from 10:00 am until close (Sunday–

Thursday: 12:00 am, Friday–Saturday: 3:00 am).  The continuous operation of the 

exhaust canopy fans, combined with the lack of sufficient makeup air, caused all 

chimneys to reverse their direction of flow occasionally which was then vented through 

the canopy. 

4.3.3 Instrumentation 
Six wall mounted thermocouple sensors (Omega EWS-TC-T) were used to measure the 

air temperature inside the building, with two located in the customer area, one in the 

foyer, one behind the service counter, one in the kitchen and one in the stock room. 
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 Three high temperature thermocouple probes with a braided fiberglass-insulated 

lead wire (Omega TJ60-CPSS-18U-6-CC) were evenly spaced in the exhaust stream of 

each of the two main ovens.  The cumulative natural gas consumed by each of the two 

main ovens was also measured, using two positive displacement diaphragm flow meters 

(Elster American Meter ACM-250). 

 Building depressurization was measured with a low-pressure laboratory 

transmitter (Omega PX653-0.1D5V). 

 Lastly, the natural gas consumption of the three rooftop heating units was 

measured with a larger positive displacement diaphragm flow meter (Elster American 

Meter ALM-425) located on the roof. 

 Figure 4.5 presents a schematic diagram of the instrumentation placement within 

the restaurant. 

4.3.4 Data Acquisition System 

The sensors were connected to a National Instruments 4‑slot USB CompactDAQ Chassis 

(cDAQ-9174) with the following modules: 

• Two 16-Channel C Series Temperature Input Modules (NI-9213) (75S/s 24-Bit) 

• 8-Channel C Series Voltage Input Module (NI-9201) (500kS/s 12-Bit) 

• 4-Channel C Series Digital Module (NI-9421) (delay time 100 𝜇𝑠) 

The DAQ was connected to a laptop (Lenovo), which interfaced with the data acquisition 

hardware through National Instruments LabVIEW 14 software.  The data was sampled 

every minute and saved in text files on the hour.  The text files were automatically 

uploaded to a Dropbox cloud storage system for remote data access.  
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Figure 4.5: Building Floor Plan and Instrumentation Schematic – Store B 
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4.3.5 Experimental Procedure and Data Analysis 
The experimental procedures for Store A and Store B were nearly identical, except for 

one test where the oven exhaust blower was turned off from 2016/12/20 to 2017/01/11, to 

collect store operating data when the chimneys were ventilating the ovens and flowing in 

the correct direction.  Data analysis was conducted with the exact same Python program, 

modified for the different inputs. 

 Since measurement equipment was not available to monitor the domestic hot 

water system, it was assumed that the average water use characteristics of Store A were 

also applicable at Store B. 

4.3.6 Additional Measurements – Exhaust Volume Flow Rate 

The oven and fryer ventilation flow rates were determined using the same experimental 

procedure outlined in Section 4.2.6.  Similar errors were involved since the traverse plane 

was located directly between the blower and a 90° square bend, and the volume flow rate 

was approximated by multiplying the cross-sectional area by a simple average of the 

velocity measurements.  Figure 4.6 and Figure 4.7 below display the velocity profiles 

across the 15.75-inch diameter oven exhaust duct and the 14-inch diameter fryer exhaust 

duct respectively. 
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Figure 4.6: Velocity Profile – Oven Exhaust Duct – Store B 

 

Figure 4.7: Velocity Profile – Fryer Exhaust Duct – Store B 

The resulting volume flow rates were: 

𝑉�IG~W�,			�eWE	}cTUHVI	 = 2727	𝐶𝐹𝑀 

𝑉�IG~W�,			�~aW~	}cTUHVI	 = 	917	𝐶𝐹𝑀 
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4.4 Experimental Facility 3 – Laboratory Oven Testing 
The Blodgett 1048B oven at the McMaster Thermal Management Research Laboratory 

was used to measure the rate of heat loss from the oven during door opening, as well as 

the energy loss from continuous door exfiltration.  

4.4.1 Instrumentation and Data Acquisition System 
An internally compensated laminar flow meter (Alicat M-50SLMP-D) was used to 

measure the volumetric flow rate of natural gas to the oven.  The temperature of the oven 

was measured with a single thermocouple (Omega EMQSS-125U-24) placed beside the 

oven thermostat temperature sensor. 

 The thermocouple sensor was connected to a National Instruments 4‑slot USB 

CompactDAQ Chassis (cDAQ-9174) with the following module: 

• 16-Channel C Series Temperature Input Module (NI-9213) (75S/s 24-Bit) 

The laminar flow meter was connected to a multifunctional USB DAQ (NI USB 6009) 

with the following inputs: 

• 4 differential analog voltage inputs (48kS/s 14 Bits) 

• 2 analog outputs (12 Bits) 

• 12 TTL/CMOS digital I/O lines 

• One 32-bit, 5 MHz counter 

The DAQ was connected to a computer which interfaced with the data acquisition 

hardware through National Instruments LabVIEW 14 software.  The data was sampled 

every second and saved in a single text file. 
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4.4.2 Experimental Procedure and Data Analysis – Oven Door Opening 
Experiments began 2.5 hours after the oven was started, when the oven natural gas flow 

rate fell within 2% of its steady state value.  The tests were conducted by opening the 

oven door for seven seconds, the average time required to insert a product, and recording 

the natural gas flow rate as it returned to its steady state value.  The three tests were 

performed successively, waiting at least 20 minutes between each door opening.  Figure 

4.8 below superimposes the three natural gas profiles for comparison.  Each point on the 

graph represents the average natural gas flow rate over a five second interval for clarity. 

 

Figure 4.8: Oven Door Opening - Effect on Oven Gas Flow Rate 

 The total increase in the natural gas input was determined by calculating the 

volume of gas that was used above the initial steady state conditions over a seven-minute 

time period.  Measuring the total increase in the natural gas input was an indirect method 

of measuring the energy losses through mass transfer and radiation that occurred during 
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the seven second door opening.  The total heat loss of the oven for each door opening test 

is shown below in Table 4.3. 

Table 4.3: Oven Door Opening – Total Heat Loss  

Test # Energy (kJ) 
1 122 
2 187 
3 246 

Average 185 
Standard Deviation 62 

 

 The average energy lost from each door opening was 185 kJ, and over a seven 

second time interval, corresponds to a total rate of energy loss of 26.4 kW. 

 The relative contributions of mass transfer and radiation to the total energy loss 

from a single door opening were estimated, by calculating the net rate of energy transfer 

by thermal radiation between two surfaces, using equation (4.5). 

𝑄GeWE,@GG~	(~U@) = 	𝜀𝜎𝐴@GG~(𝑇z; − 𝑇V;) (4.5) 

Where: 

 𝜀: emissivity of oven interior  

   (assuming baking stone and weathered steel are perfect emitters) 

𝜀 = 1 

 𝜎: Stefan-Boltzmann constant 

𝜎 = 5.67 ∗ 10¯Ë
𝑊

𝑚9𝐾; 

 𝐴@GG~: area of door (10 x 45-inch opening)  

𝐴@GG~ = 1.143	𝑚9 

 𝑇z: average oven surface temperature 

𝑇z = 288°𝐶 = 561𝐾 

 𝑇V: temperature of surroundings 
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𝑇V = 21°𝐶 = 294𝐾 

 

Therefore, the rate of heat transfer from the oven to the room through radiation was: 

𝑄GeWE,@GG~	(~U@DUIDGE) = 	5.9	𝑘𝑊  (22.4% of total) 

or  

𝑄GeWE,@GG~	(~U@DUIDGE) = 41	𝑘𝐽 

 

And the rate of heat transfer from the oven through mass transfer was: 

𝑄GeWE,@GG~	(`UVV	I~UEVMW~) = 	20.5	𝑘𝑊  (77.6% of total) 

or 

𝑄GeWE,@GG~	(`UVV	I~UEVMW~) = 	144	𝑘𝐽 

4.4.3 Experimental Procedure and Data Analysis – Continuous Door Exfiltration 
The rate of energy loss from continuous door exfiltration was measured by fully sealing 

the oven door once the oven had reached a steady operating state, and measuring the 

change in the average natural gas flow rate.  Figure 4.9 presents the results of the oven 

door sealing experiment, where the oven was operated at a set-point temperature of 

288°C (550°F). 
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Figure 4.9: Effect of Oven Door Sealing on the Steady State Natural Gas Flow Rate 

 The experimental results show that fully sealing the oven door had the effect of 

reducing the appliance natural gas flow rate by 1.5 L/min.  Therefore, the rate of energy 

loss through continuous door exfiltration was: 

𝑄GeWE,bWUdUNW = 0.9	𝑘𝑊 

 Using equation (3.15), the mass flow rate of continuous door exfiltration was 

determined to be: 

𝑚GeWE,bWUdUNW = 	0.003	𝑘𝑔/𝑠 

4.5 External Measurements 
Data from the McMaster Weather Station provided external temperature, relative 

humidity and downward shortwave radiation measurements that were used in the model 

validation. 

4.6 Uncertainty Analysis 
An uncertainty analysis of the measured variables may be viewed in Appendix C.  
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4.7 Model Validation 
The model validation is shown below in the following subsections.  In all cases, exact 

measurements from either the experimental facilities or the McMaster Weather Station 

were used as inputs to the model for each specific day under consideration.  The only 

exception was for the solar gains, which were implemented using two separate methods, 

which will be explained at their time of use. 

4.7.1 Model Validation: Heating and Cooling Energy Requirements 
A detailed comparison of the model outputs against the experimental data for Store A, 

with exhaust canopies was conducted, to validate the model’s ability to accurately predict 

the heating and cooling energy requirements of the building, during the different 

operating seasons.  The comparison days were selected specifically based on two factors.  

Firstly, the test days were selected in order to minimize the temperature fluctuations of 

both the inside and outside air, to achieve conditions that were as close to steady state as 

possible.  Secondly, only clear sky days were selected, so that the maximum value of the 

solar gain at the specific date could be used in the calculation with minimal error.  Clear 

sky days were identified by observing the shortwave downward radiation measurements 

from the McMaster Weather Station, and only days with an uninterrupted parabolic 

profile were selected. 

 The results of each validation case are summarized in the form of an energy flow 

diagram, showing the rates of energy transfer averaged over twenty-four hours.  Three 

different colours were used to represent the different flows of energy, with red indicating 

paths of energy loss, green representing energy transferred into the building, and blue 
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denoting energy flows that do not have an impact on the HVAC system.  The accuracy of 

the model in each case was evaluated by comparing the percentage difference between 

the sum of the energy inflows and the sum of the energy outflows, which are theoretically 

identical assuming the quantity of energy stored in the building remains constant. 

4.7.1.1 Case 1: Coldest Day of the Year 
Case 1 was used to validate the model’s ability to predict the natural gas required to heat 

the building on the coldest day of the year, which also happened to have a fully clear sky. 

 

Figure 4.10: Model Validation – Coldest Day of the Year – January 8, 2017 

Figure 4.10 above illustrates the discrepancy between the different energy inflows and 

outflows, which are summarized as follows: 
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4.7.1.2 Case 2: Hottest Day of the Year 
Case 2 was used to validate the model’s ability to predict the electricity required to cool 

the building on the hottest day of the year. 

 

Figure 4.11: Model Validation – Hottest Day of the Year – August 4, 2016 

Figure 4.11 above illustrates the discrepancy between the different energy inflows and 

outflows, which are summarized as follows: 
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4.7.1.3 Case 3: Building Temperature Equivalent to Outside Temperature 
Case 3 was used to validate the model’s ability to predict the cooling energy requirements 

on a day where the outside temperature was equivalent to the building temperature. 

 

Figure 4.12: Model Validation – Building and Outdoor Temperature Equivalent – August 
1, 2016 
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4.7.1.4 Case 4: No heating or Cooling Required 
Case 4 was used to compare the energy balance on a day where no heating or cooling was 

required. 

 

Figure 4.13: Model Validation – No Heating or Cooling Required – October 20, 2016 
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4.7.2 Model Validation: Different Operating Configurations 
Several other validation studies were conducted to show congruence between the model 

and the entire experimental data set.  The purpose of this comparison was to validate the 

model’s ability to accurately represent restaurants with different exhaust configurations.  

These three ventilation configurations were:  

   1) Exhaust Canopies  

   2) A Combined Exhaust System with both Canopies and Chimneys 

   3) Chimneys 

 During these tests, an effort was not made to select only clear sky days, but 

instead, test days were chosen that covered the full range of outside temperatures.  For 

this reason, the solar gains were included as error bars showing the maximum amount of 

energy that could have been added to the store via solar radiation. 

 Figure 4.14, Figure 4.15 and Figure 4.16 display the natural gas required by the 

HVAC system to heat the building for one day, plotted against the associated number of 

heating degree days.  The heating degree days were calculated from the air temperature 

measurements from the McMaster Weather Station using equation (4.6), with a base 

temperature of 21℃. 

𝐻𝐷𝐷 =
21℃− 𝑇GHI 𝑡E

IÎ7

𝑛  (4.6) 

 

 In the following plots, the blue diamonds represent the model outputs, while the 

orange dots represent the corresponding measurements. The comparisons have been 

superimposed on the entire experimental data set, marked by the grey crosses, to visualize 

the true spread of the data. 
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 The plots show the model data following the makeup air adjustments, which 

estimated the flow rate of makeup air by minimizing the sum of squared errors between 

the model outputs and corresponding measurements.  The amount of makeup air 

introduced was: 

𝑉 UdWH*,�IG~W	Ï	 = 	310	𝐶𝐹𝑀 

𝑉 UdWH*,�IG~W	�¯[UEG*a	 = 	680	𝐶𝐹𝑀 

𝑉 UdWH*,�IG~W	�¯[TD`EWa	 = 	0	𝐶𝐹𝑀 

 

 

 

Figure 4.14: Model Validation – HVAC Gas Consumption – Store A – Exhaust Canopy 
Ventilation 
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Figure 4.15: Model Validation – HVAC Gas Consumption – Store B – Combined 
Exhaust System 

 

Figure 4.16: Model Validation – HVAC Gas Consumption – Store B – Chimney 
Ventilation  
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 The validation study shows that the energy model developed is capable of 

predicting the natural gas heating requirement of the building, with an average absolute 

error of 4.0 m3, with a standard deviation of 2.7 m3.  The associated average relative error 

was 19%, with a standard deviation of 26%, excluding a single outlier from the 

calculation which skewed the average relative error.  
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4.8 Experimental Facility 4 – TEG POWER System 
Experiments were conducted on the TEG POWER system, to characterize its 

performance, and to provide inputs to the building energy model related to energy 

harvesting.  Several tests were conducted on the completed TEG POWER prototype, to 

experimentally measure the amount of thermal energy that would be available; to provide 

hot water, space heating and oven preheating. 

4.8.1 Instrumentation and Data Acquisition System 
Experiments were conducted on the Blodgett 1048B oven at the McMaster TMRL, 

equipped with the TEG POWER exhaust gas energy recovery device installed in the 

exhaust stream, before the draft hood.  The coolant water side of the exhaust gas heat 

exchanger was connected to a combined solar thermal water tank and louvered fin heat 

exchanger, which were assembled in parallel, to form a thermodynamic cycle.  A fan, 

equipped with a temperature controller, was mounted on the louvered fin heat exchanger 

to maintain quasi-steady state operation, with the coolant water temperature below 80°C. 

 Several measurement instruments were identical to Experimental Facility 3, 

including the laminar flow meter (Alicat M-50SLMP-D) and the single oven temperature 

sensing thermocouple (Omega EMQSS-125U-24).  Two additional thermocouples 

(Omega TMQSS-125U-6), one in the coolant water inlet and one in the coolant water 

outlet of the heat exchanger, were included.  The thermocouples were used to measure the 

temperature difference of the coolant water as it passed through the heat exchanger.  

Lastly, a Coriolis flowmeter (Endress+Hauser Promass 80E) was connected in series, to 
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measure the volume flow rate of the coolant water.  A more detailed description of this 

experimental facility can be found in [48].  

 The measurement equipment was connected to the same data acquisition system 

detailed in Experimental Facility 3, with data sampled and recorded at one minute 

intervals. 

4.8.2 Experimental Procedure and Data Analysis 
Experimental data was collected once the oven reached quasi-steady state operating 

conditions at 288°C (550°F).  The rate of heat transfer to the coolant water was calculated 

using equation (4.7) as follows: 

𝑄~W_GeW~W@ = (𝑉_GGbUEI	gUIW~ ∙ 𝜌gUIW~)𝐶*4+56-(𝑇GHIbWI,UeN − 𝑇DEbWI,UeN) (4.7) 

 

Where: 

 𝑉_GGbUEI	gUIW~: volume flow rate of coolant water through heat exchanger  

𝑉_GGbUEI	gUIW~ = 5.8	𝐿/𝑚𝑖𝑛 

 𝜌gUIW~: density of coolant water, 𝑘𝑔/𝑚: [34] 

 𝐶*4+56-: specific heat capacity of coolant water, 𝑘𝐽/𝑘𝑔 ∙ 𝐾 [49] 

Density and specific heat capacity were taken at the average of the bulk fluid 

temperatures at the inlet and exit of the heat exchanger. 

 

A sample of the experimental data from one specific test is shown in Figure 4.17. 
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Figure 4.17: Rate of Heat Recovery from a Single Oven Operating at 288°C (550°F) 

 The noise observed in the inlet and exit temperatures occurred due to the heat 

exchanger fan operation, which cycled between on and off settings to maintain the 

coolant temperature below 80°C.  The average inlet and exit temperatures were used in 

equation (4.7) to determine the rate of thermal energy recovery. 

𝑄~W_GeW~W@ = 1.95	𝑘𝑊 

 It should be noted that the aforementioned value is a conservative estimate of the 

rate of thermal energy recovery, since the rate of heat transfer is inversely related to the 

coolant water temperature, which decreases during times when the water tank is 

recharging. 
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Chapter 5 
Results and Discussion 
5.1 Introduction 
In this chapter, the effectiveness of the building energy model developed will be tested, 

for its ability to predict the energy savings from four potential energy conservation 

measures.  The results presented in Section 5.4 through Section 5.11 are from a specific 

case study of Store A, however the modeling techniques used to predict energy savings 

may be applied to any commercial institution operating natural gas ovens.  In addition, as 

many restaurant franchisees follow similar operating practices, these four energy 

conservation measures would be directly applicable at other locations.  Section 5.12 

highlights the results of the case study on Store B for comparison. 

 The operational changes and technology developments are all a part of the ideal 

TEG POWER Solution, and are presented sequentially.  The solutions have been 

structured as four incremental changes; where the additional energy savings can be 

attributed solely to the current change, while the total energy savings assumes that prior 

changes have already been implemented.  The first conservation measure, is to substitute 

exhaust canopies with chimneys for oven ventilation.  The second, is to seal and insulate 

all ovens, to mitigate the increased heat loss side effects that arise from chimney based 



M.A.Sc. Thesis – Paul Ricciuti  McMaster – Mechanical Engineering 

 
 

90 

oven ventilation.  The third, is to turn off all ovens at night with the introduction of an 

automated startup functionality.  The fourth, and final technological innovation, is the 

inclusion of energy harvesting, to recover a portion of the waste heat from the exhaust 

stream, and to repurpose it for space heating in the winter, and oven preheating in the 

summer. 

 An alternative technology roadmap is also presented, where an exhaust gas energy 

harvesting system is commissioned on an oven operating with exhaust canopy ventilation.  

The purpose is to contrast the maximum energy savings that may be achieved with the 

ideal TEG POWER Solution, against the solution that is permitted by current regulations.

 Each section begins by solving the building HVAC energy balance (described in 

detail in Chapter 3) for the specific restaurant operating configuration, to determine the 

heating and cooling energy requirements for a typical year, in cubic meters of natural gas 

and kilowatt-hours of electricity respectively.  Considering that the different energy flows 

within a building are highly interdependent, the results of the HVAC energy balance were 

then analyzed in the context of the full building energy balance, to show the relative 

contributions of the HVAC system, internal electrical loads, domestic hot water, exhaust 

blowers, and oven and fryer gas use, to the total restaurant energy use.  Since the building 

is supplied with two different primary sources of energy, electricity and natural gas, the 

common unit of gigajoules was used to make meaningful comparisons between the total 

building energy consumption of each operational configuration.  
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5.2 Weather Data Inputs 
In order to accurately simulate the energy requirements and fuel consumption of the 

building for the duration of a full year, weather data inputs that were representative of the 

local climate were selected.  Since the stores under consideration in this study were 

located in Southern Ontario near McMaster University (ASHRAE Climate Zone 5), the 

Hamilton Airport Weather Station (World Meteorological Organization ID: 71263) was 

selected as the source of the measured climate data.  This latest Climate Normal data set, 

comprised of a three-decade average of meteorological variables from 1981 to 2010, was 

obtained from the Canadian Governments Department of Environment and Natural 

Resources data archives [50].  The monthly average temperature and relative humidity, 

Figure 5.1, was used in the model and held constant while simulating each of the 

operational changes. 

 

Figure 5.1: Energy Model Weather Inputs – Average Outdoor Temperature and Relative 
Humidity [50] 
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5.3 Utility Data Comparison 
The actual natural gas and electricity use of both Store A and Store B was obtained from 

a singles years’ worth of utility bills collected from Union Gas and Alectra Utilities 

(Formerly Horizon Utilities).  The data, summarized in Appendix D, was used in 

comparing the results of the full year simulations to the actual building performance data. 

5.4 Common Assumptions – Store A 
Several common assumptions were made in each of the simulations.  They are listed 

below: 

• The restaurant is a single zone building, and the air in the zone is perfectly 

mixed 

• The store is operating two ovens 

• The inside air temperature remains at 21°C (the typical building set-point 

temperature), with a relative humidity of 50% during the cooling season 

(average of the measured values).  The total energy required was calculated 

assuming that the HVAC system does not have a fixed capacity, and can 

provide the required heating or cooling in all situations.  In reality, the HVAC 

system would reach its maximum heating capacity of 42.2 kW and cooling 

capacity of 26.9 kW [41]. 

• Every day follows the same operational schedule, with employees arriving to 

the store at 9:00 am, at which time the fryer and associated ventilation system 

is switched on, and leaving at 2:30 am the next day, when the fryer and 

associated ventilation system is switched off.  The weighted average closing 
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time of 2:30 am was used to account for the differing hours of operation 

between weekends and weekdays.  The 10 statutory holidays observed in 

Ontario were not considered. 

• Cooking begins at 9:30 am, an hour and a half before the store opens 

• 200 baked products are cooked every day 

• The restaurant uses 345 L of domestic hot water every day 
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5.5 Baseline Model 
Store A was first simulated with inputs designed to represent the baseline operating 

conditions, where the kitchen was equipped with an exhaust canopy to ventilate the 

ovens. Two separate exhaust blowers were required for this configuration, with one 

operating continuously to ventilate the oven combustion gases, and the other operating 

during occupied hours to ventilate the fryer. 

 The modeling tool was used to establish the buildings baseline energy 

performance, which potential retrofits could be compared against to determine their 

effectiveness.  Figure 5.2 below illustrates an energy flow diagram of the store, showing 

the rates of energy transfer averaged over a single operating day, during the month of 

January. 

 

Figure 5.2: Building Energy Flow Diagram – Store A – Baseline Conditions  
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 The oven and fryer blowers were the greatest contributors to building energy 

loses, via mass transfer, with ventilation losses of 18.9 kW and 15.6 kW respectively, 

during the winter months. 

 The two ovens, operated continuously on a 24/7 schedule at a set-point 

temperature of 288°C (550°F), required a constant natural gas input of 17.1 kW of 

thermal energy.  The ovens have the potential to provide a portion of this heat to offset 

the losses from ventilation, albeit only 1.3 kW (7.5%) and 1.8 kW (10.2%) was 

transferred to the baked products and to the room respectively, and the remaining 

14.1 kW (82.3%) exited with the oven ventilation air, and is essentially lost to the 

outdoors.  The resulting oven thermodynamic efficiency was 17.7%.  The thermodynamic 

efficiency in the summer would be even lower, since the only useful output would be the 

energy input to the baked product, while the oven heat losses to the room impose a 

negative impact on the HVAC system.  Therefore, the oven thermodynamic efficiency 

during the summer would be less than 7.5%. 

 In the base case, the single largest energy input to the building was the electrical 

loads, which contributed 9.2 kW, compared to the addition of 27.7 kW from the HVAC 

system to maintain the building in equilibrium.  The upcoming case studies presented in 

Sections 5.6 through 5.9 will identify methods of reducing the major energy losses from 

the ventilation system, and introduce strategies to capture and repurpose the wasted heat 

from the ovens. 

 The results of the full year simulation are presented below in Figure 5.3 in the 

form of an HVAC energy balance, broken into twelve different components based on the 
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months of the year.  In each column, the building skin, fryer and oven sensible ventilation 

losses are shown additively below the x-axis, and the electrical, oven, solar, fryer and 

oven latent ventilation gains are shown additively above the x-axis.  The net heating or 

cooling energy requirements, the difference between the total gain and loss columns, are 

represented as the independent black line. 

 

Figure 5.3: Building HVAC Energy Balance – Store A – Baseline Conditions 

 Under the current store operations, a total of 326 GJ was required to heat the 

building during in the winter, and a total of 175 GJ of thermal energy needed to be 

removed from the building during the cooling season.  The resulting primary energy 

requirements were 12,194 m3 of natural gas, and 18,570 kWh of electricity for the year.  

0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

-50

-40

-30

-20

-10

0

10

20

30

40

50

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Building Skin Ventilation - Fryer (Sensible)
Ventilation - Oven (Sensible) Ventilation - Fryer (Latent)
Ventilation - Oven (Latent) Electrical 
Ovens Solar
Heating (+) / Cooling (-) Energy Required

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required

0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

-50

-40

-30

-20

-10

0

10

20

30

40

50

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) TEG POWER Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required

0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

-50

-40

-30

-20

-10

0

10

20

30

40

50

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) TEG POWER Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required

0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

-50

-40

-30

-20

-10

0

10

20

30

40

50

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) TEG POWER Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required

0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

-50

-40

-30

-20

-10

0

10

20

30

40

50

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) TEG POWER Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required



M.A.Sc. Thesis – Paul Ricciuti  McMaster – Mechanical Engineering 

 
 

97 

The largest contribution to the heating requirements was the sensible energy necessary to 

heat the replacement air drawn into the building by the oven and fryer exhaust ventilation, 

which accounted for 88% of the total building energy losses.  Looking at the hottest 

month of the cooling season, July, reveals that the heat gain from the oven had a 

relatively small contribution of 7% to the total energy gain of the building, while the 

largest contribution of 48% was made by the sum of the two latent components of 

ventilation, followed by the heat generated by electricity consumption which contributed 

39%.  The solar gains were included for each month of the analysis, although its impact 

on the building energy balance was minimal, partly due to the roof overhang which 

intercepted a portion of the incident radiation effectively shading the fenestration. 

 The total HVAC energy use derived from the HVAC energy balance was then 

analyzed in the context of the building energy balance.  The comparison is shown below 

in Figure 5.4. 

 

 Figure 5.4: Breakdown of Building Energy Consumption by End Use – Store A – 
Baseline Conditions 
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 In order to operate the building in this configuration for the duration of a full year, 

the total energy requirements amounted to 1,456 GJ.  Of this total, the electrical loads, 

exhaust blowers, hot water, and cooling portion of the HVAC operation require 441 GJ 

(122,487 kWh) of electrical energy, while the ovens, fryers and heating portion of the 

HVAC operation require 1,015 GJ (30,300 m3) of energy from natural gas. 

 To verify model accuracy, the calculated total electricity and natural gas 

requirements were compared to the corresponding utility bills from Store A.  The total 

consumption from each separate billing period has been compiled in Appendix D, and 

Table 5.1 below summarizes the comparison of the model outputs against the utility 

measurements. 

Table 5.1: Comparison of Building Energy Model to Utility Data – Store A – Baseline 
Conditions  

Utility Model  Utility Bills % Error 

Natural Gas (m3) 30,300 29,276 3% 

Electricity (kWh) 122,487 132,362 -7% 
 

 It is clear that the model overpredicted the natural gas use, and underpredicted the 

electricity use.  There are several explanations for why the outputs from the simplified 

model differed from the empirical results.  One assumption was that the two ovens were 

operated continuously, on a 24/7 schedule.  In reality, there was approximately a two-

month period, during July and August of 2016, where one of the ovens was turned off 

midday, or not operated at all.  Considering the specific operator behavior would have 

reduced the natural gas use by approximately 700 m3.  There was also an approximately 
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three-month period from December of 2016 to February of 2017, where the fryer exhaust 

blower was left to operate continuously, instead of following the standard shutdown 

procedure during non-operating hours.  Operating the blower for this extended period of 

time would have increased the electrical consumption of the store by nearly 500 kWh, 

although the additional ventilation would have also resulted in a higher heating load.  It is 

also possible that food refrigeration systems inside of the building would consume more 

electricity in the summer months, considering the internal temperature of the building 

departs from the 21°C set-point temperature specified in the model, as the HVAC system 

was not able to keep up with the loads that were placed on it. 

 As the model represents a simplification of reality, the actual operating schedules, 

occupant behavior and building microclimates that occurred over the billing period 

certainly differed from those that were assumed.  However, the simplified base case 

model was able to produce results that were within a 10% error of the empirical test data, 

justifying that the assumptions employed can be used to predict the future building energy 

performance with reasonable credibility. 
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5.6 Ideal Exhaust Ventilation 
The first energy conservation measure considered in the model was the implementation of 

an ideal exhaust ventilation method.  Ideal exhaust ventilation includes both the 

installation of a chimney to ventilate each oven, as well as adjusting any remaining 

exhaust canopy flow rates to the minimum allowable values outlined in ASHRAE 

Standard 154-2003, Ventilation for Commercial Cooking Operations [26]. 

 Firstly, the decision of whether to implement chimney ventilation or canopy 

ventilation for a greenfield project is straightforward.  The installation of a Type B gas 

vent chimney is less complicated and capital intensive than the installation of a 

mechanically vented exhaust system, and requires no electricity to operate. 

 For the case of Store A, installing each chimney would involve: creating a hole in 

the building’s roof and installing the chimney support structure, flashing, Type B vent 

ductwork, and creating two holes in the sheet metal of the existing canopy.  However, this 

type of retrofit would produce the largest decrease in the net ventilation flow rate, since 

there was no original chimney acting as a source of short circuit makeup air within the 

canopy.  For Store A, switching from canopy to chimney oven ventilation, for two ovens, 

would markedly reduce the net ventilation mass flow rate by 68%, from 0.71 kg/s to 

between 0.20 and 0.25 kg/s [7] (since chimney flow rate is inversely correlated to outside 

temperature).  In the case of Store B, which had the combined exhaust system with both a 

chimney and exhaust canopy, converting to chimney exhaust ventilation would only 

involve deactivating the exhaust canopies.  Although, assuming the fan at Store B moves 

the same volume of air and has the same total ventilation flow rate as the fan at Store A, 
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the original net ventilation flow rate would be less than 0.71 kg/s, since the original 

chimney would have reversed direction (due to building depressurization) acting as a 

source of short circuit makeup air.  As a result, the percent decrease in the net ventilation 

flow rate at Store B would be smaller than the percent decrease at Store A. 

 Regardless, both new installations and retrofits would require a custom engineered 

solution for each location, since NFPA 96 (Standard for Ventilation Control and Fire 

Protection of Commercial Cooking Operations) requires that the maximum 

depressurization in a cooking area may not exceed 4.98 Pa [23].  As the enclosure air 

tightness is building specific, the negative pressure created by a certain total exhaust flow 

rate must be limited by ensuring that an adequate source of makeup air is available. 

 Lastly, adhering to the recommendations of ASHRAE Standard 154-2003 for any 

exhaust canopies remaining in operation would also decrease the net ventilation flow rate.  

For Store A specifically, the fryer ventilation flow rate could be reduced by 22%, 

considering the current volume flow rate per linear foot of hood space was 385 CFM, 

while the required ventilation flow rate for an unlisted hood is 300 CFM [26]. 

 The impact of adjusting the building exhaust flow rates was assessed by 

simulating the building operation with the energy modeling tool.  The revised energy 

flows during the month of January are first shown below in Figure 5.5. 
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Figure 5.5: Building Energy Flow Diagram – Store A – Ideal Exhaust Ventilation  

 A side effect of removing the exhaust canopy is that the continuous oven door 

exfiltration is included as a heat gain to the room, as a part of the 4.6 kW oven gain 

shown above.  The benefit, a decreased winter heating demand, and the cost, an increased 

summer cooling demand, of this side effect will be addressed in Section 5.7.  The impact 

of this ideal exhaust ventilation system on HVAC performance, over the full year, is 

shown in Figure 5.6 on the following page. 
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Figure 5.6: Building HVAC Energy Balance – Store A – Ideal Exhaust Ventilation 

 To heat and cool Store A would require 2,888 m3 of natural gas and 23,045 kWh 

of electricity, resulting in a 76% reduction in the heating energy requirement, and a 24% 

increase in cooling energy requirement, relative to the base model. The length of the 

heating and cooling seasons has shifted, and the building which once required heating for 

seven months of the year now only requires heating for four months of the year, while the 

cooling season has increased from four months to seven months. 

 The total energy savings are shown below in Figure 5.7.  The energy values have 

been superimposed on select column areas, to specifically identify which values have 

changed from one case to the next.  Note that the overarching title of “TEG POWER 
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Solution” is only meant to indicate that the energy conservation measure is a component 

of the ideal TEG POWER Solution, and does not imply that exhaust gas energy recovery 

through the TEG POWER heat exchanger was included. 

 
Figure 5.7: Breakdown of Building Fuel Consumption by End Use – Store A – Ideal 

Exhaust Ventilation 

 Redesigning the exhaust system could provide an annual energy savings of 22.7% 

(331 GJ per year).  The savings would be composed of a 311 GJ (76%) and 35 GJ (57%) 
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requirement respectively, despite a 16 GJ (24%) increase in the electricity needed for 
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5.7 Sealing and Insulating Ovens 
Sealing and insulating the ovens becomes important when stores are operated with 

chimneys as opposed to exhaust canopies, because there is no longer a major flow of air 

ventilating the space around the oven.  Since the continuous oven exfiltration is allowed 

to vent into the room, the kitchen may reach uncomfortably high temperatures in the 

summer, and an extra load will be placed on the (potentially already undersized) building 

cooling system.  A proposed method of improving the building operation to avoid this 

problem, is to fully seal the oven door to eliminate the exfiltration heat gain, and to 

surround the oven with a 2-inch fiberglass insulating cover to limit conduction heat losses 

through the oven walls.  Through this conservation measure, the rate of energy transfer 

from the oven to the room would be reduced by 79%, from 4.6 kW to 1.0 kW. 

 These updated oven heat losses were then used as inputs in the building energy 

modeling tool, to evaluate the effectiveness of this energy conservation measure.  Figure 

5.8 displays the impact of sealing and insulating the oven on the building HVAC energy 

balance. 
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Figure 5.8: Building HVAC Energy Balance – Store A – Seal and Insulate Ovens 

 To heat and cool Store A, with sealed and insulated ovens, would require 
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decrease in the amount of electricity required for building cooling throughout the year, 

relative to the ideal exhaust ventilation case. 
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a year, this amounts to a 3,377 m3 (21%) reduction in natural gas required for oven 

operation. 

 Regardless of the relative price of electricity and natural gas, implementing this 

solution will always be favorable, since the reduction in oven gas consumption was more 

than able to offset the increased gas consumption required for heating the building during 

six months of the year. 

 Figure 5.9 displays the total energy savings that can be achieved through sealing 

and insulating the ovens, compared to the savings from switching to chimney based oven 

ventilation.  Again, the energy values have been included on the chart to emphasize only 

the constituents that have changed. 

 

Figure 5.9: Breakdown of Building Fuel Consumption by End Use – Store A – Seal and 
Insulate Ovens 
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 Limiting oven heat losses through insulation and door sealing has the potential to 

further reduce total energy use by 6.8% (77 GJ per year), through a 23 GJ (28%) 

reduction in the electricity required for building cooling and a 113 GJ (21%) reduction in 

natural gas required for continuous oven operation, relative to the case of chimney 

ventilation.  Although an additional 60 GJ (62% increase) of natural gas would be 

necessary to heat the building in the winter, it is offset by the energy savings from oven 

operation.  Additionally, this would create a more comfortable working environment for 

the restaurant staff. 
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5.8 Smart Oven Operation 
The third operational change that can be implemented is “Smart Oven Operation”, which 

involves shutting all ovens off during the night, and reheating them to operating 

temperature in the morning before cooking commences.  The main benefit of this practice 

would be a reduction in oven gas consumption, along with a minute reduction in the 

building heating and cooling energy requirements.  This section quantifies these benefits 

using the building energy modeling tool, to simulate store operation under the new 

operating schedule. 

 Although standard operating procedures could be modified to have store personnel 

shut off and turn on the ovens, the large thermal mass of the baking stone creates settling 

times in the range of 95 to 110 minutes.  Turning off the oven, and sealing the exhaust 

vent remotely with a mechanical damper, would limit the ovens rate of cooling overnight 

by eliminating heat loss via mass transfer.  Since the baking stone would retain most of its 

thermal energy throughout the night, the settling time would be drastically reduced, and 

the oven could be started automatically just before cooking begins at 9:30 am.  

Experimental data and detailed calculations for oven settling time, transient cool down 

temperature profiles, and the reduction in oven natural gas consumption justifying these 

claims may be viewed in Appendix B, for a variety of oven arrangements and operating 

schedules. 

 The case of two independent ovens that are turned off and sealed remotely during 

non-operating hours was adopted, to achieve the maximum reduction in natural gas use, 



M.A.Sc. Thesis – Paul Ricciuti  McMaster – Mechanical Engineering 

 
 

110 

while still maintaining workplace ergonomics by having the two cooking decks at chest 

level. 

 Limiting the oven operation to the establishments cooking hours, therefore 

shortening the oven operating timespan by 29%, would not only reduce the oven natural 

gas consumption by 29%, but would also reduce the cost associated with conditioning the 

space.  As the chimney would only operate in conjunction with the appliance, the oven 

ventilation sensible heat loss and latent heat gains would also be reduced by 29%.  The 

impact of Smart Oven Operation on the HVAC energy balance can be seen below in 

Figure 5.10. 

 

Figure 5.10: Building HVAC Energy Balance – Store A – Smart Oven Operation 
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of natural gas required for building heating, with no measureable impact on cooling, 

relative to case of a sealed and insulated oven.  The impact of Smart Oven Operation in 

the context of the full building energy balance can be seen in Figure 5.11. 

 

Figure 5.11: Breakdown of Building Fuel Consumption by End Use – Store A – Smart 
Oven Operation 

 Smart Oven Operation has the potential to create 146 GJ in annual energy savings 

(13.9%), through a 124 GJ (29%) reduction in oven operating energy and a 22 GJ (14%) 

reduction in the energy required to heat the building, relative to the case of sealing and 

insulating the ovens. 
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5.9 Energy Harvesting 
The final, and most significant proposition, is the inclusion of energy harvesting, to 

recover and repurpose the thermal energy of the oven exhaust.  A TEG POWER system 

on each oven was considered. 

 The TEG POWER system would impact the building energy balance in several 

ways.  At a steady state the TEG POWER system was capable of recovering 1.95 kW per 

oven from the exhaust stream continuously while the oven was operating, for a total of 

3.90 kW for a system on two ovens.  Firstly, this energy would go towards heating the 

domestic hot water of the store, via the solar thermal hot water tank.  Assuming the 

restaurant uses 345 L of water each day, equivalent to an energy input of 61 MJ, the 

average rate of energy use over the operating day would be 1.0 kW.  The remaining 

2.9 kW could then be used for space heating the store in the winter time, or preheating the 

intake air of the oven when space heating is not required.  Prioritizing space heating over 

preheating essentially accomplishes both purposes, since the heated room air eventually 

acts as the oven intake air.  The TEG POWER system has also been proven to reduce the 

chimney mass flow rate, through a combination of the air-to-liquid heat exchanger, flow 

restrictions in the dilution air path, and exhaust throttling [7].  The chimney mass flow 

rate can be reduced by 34% from 0.12 kg/s to 0.08 kg/s in the winter, and by 42% from 

0.10 kg/s to 0.06 kg/s in the summer [7]. 

 The energy flow diagram shown below in Figure 5.12 illustrates the impact of the 

energy harvesting on the building HVAC system, for a -5.5°C January day.  Note that the 

hot water and space heating values are slightly different in the diagram than stated in the 
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paragraph above, since the diagram displays the average rate of energy transfer over the 

entire day, as opposed to the rate of energy transfer over the operating hours. 

 

Figure 5.12: Building Energy Flow Diagram – Store A – Energy Harvesting – Space 
Heating 

 The thermodynamic efficiency of the ovens has substantially increased in 

comparison to the base case of Section 5.5.  Recall, the two ovens originally required an 

input of 17.1 kW, with a resulting thermodynamic efficiency of 17.7% in the winter and 

7.5% in the summer.  The simulation results with energy harvesting showed that the 

thermodynamic efficiency of the oven during the winter would be 52%; with 13%, 7% 

and 31% of the input energy transferred to the baked product, hot water and room 

respectively.  Since the TEG POWER system has the potential to switch between space 

heating and oven preheating based on demand, Figure 5.13 below illustrates the building 

energy flows for a typical 20.9°C July day. 
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Figure 5.13: Building Energy Flow Diagram – Store A – Energy Harvesting– Oven 
Preheating 

 As a result of the TEG POWER preheating system, the two ovens only required 

an average input of 7.5 kW.  From the natural gas input, 17% and 9% of the energy was 

transferred to the baked product and water respectively, leading to an oven 

thermodynamic efficiency of 26%. 

 The performance of the buildings HVAC system was once again simulated 

throughout the year using the building energy modeling tool.  The results are shown 

below in Figure 5.14, with an additional white bar representing the space heating 

contributions of the TEG POWER system. 
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Figure 5.14: Building HVAC Energy Balance – Store A – Energy Harvesting 

 Operating the HVAC system for one year would require 2,305 m3 of natural gas 

and 16,900 kWh of electricity, corresponding to a heating energy reduction of 1,731 m3 

(43%), and a cooling energy increase of 374 kWh (2%), relative to the case of Smart 

Oven Operation.  The reduction in the heating requirement can be attributed to the space 

heating provided by the TEG POWER system, as well as the ~34% decrease in the 

chimney mass flow rate during the winter, which reduced the building ventilation losses 

via mass transfer.  The increase in the cooling demand is attributed to the ~42% decrease 

in the chimney mass flow rate during the cooling season, coupled with the relative 

magnitudes of the sensible ventilation losses, and the latent heat gains.  Table 5.2 helps to 

explain these observations, by comparing the results of Figure 5.8 and Figure 5.14 on a 

monthly basis.  During the winter months of January, February, March, April, November 
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and December, the heating requirements were reduced as stated previously.  In the 

summer months of June, July and August, the cooling load was reduced by 293 kWh.  

During these months, the latent heat gains from ventilation were 740% greater than the 

ventilation sensible heat losses, therefore reducing the ventilation flow rate had the net 

effect of lowering the building heat gains and lowering the cooling load.  In the transition 

seasons, encompassing April, May, September and October, the cooling load actually 

increased by 667 kWh.  All four of these months required building cooling, however, the 

latent ventilation heat gains were either small to negligible in comparison to the sensible 

ventilation heat losses.  Therefore, reducing the ventilation flow rate reduced the effect of 

ventilation cooling during months where cooling was required, and had a negative effect 

on the HVAC system performance. 

Table 5.2: Effect of Energy Harvesting on the Heating and Cooling Demand  

 

Heating Cooling Heating Difference Cooling Difference
(m3 CH 4 /Month) (kWh e /Month)

Jan 1122 0 757 -364 0 0
Feb 925 0 601 -324 0 0
Mar 640 0 308 -332 0 0
Apr 107 0 0 -107 353 353
May 0 1430 0 0 1568 138
Jun 0 3211 0 0 3189 -22
Jul 0 4682 0 0 4535 -146
Aug 0 4384 0 0 4259 -125
Sep 0 2253 0 0 2302 49
Oct 0 566 0 0 693 127
Nov 372 0 113 -259 0 0
Dec 871 0 525 -345 0 0

-1731 374Total Change in Heating and Cooling Demand:

Month
Smart Oven Operation Energy Harvesting

(m3 CH 4 /Month) (kWh e /Month)
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 The impact of energy harvesting in the context of the full building energy balance 

can be seen in Figure 5.15. 

 

Figure 5.15: Breakdown of Building Fuel Consumption by End Use – Store A – TEG 
POWER Solution 

 Commissioning a TEG POWER system on each oven in Store A has the potential 

to further reduce total energy use by 118 GJ (13.1%) through a 39 GJ (13%) reduction in 

oven operating energy, a 56 GJ (29%) reduction in net HVAC energy, and by eliminating 

the 22 GJ of energy required to provide hot water. 
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5.10 Comparison of Store Operating Configurations 
The results of Section 5.5 through Section 5.9 have been summarized in the following 

tables. 

 Table 5.3 summarizes the total energy use, in cubic meters of natural gas and in 

kilowatt-hours of electricity, required to operate Store A under the five different operating 

configurations.  The equivalent CO2 reduction has also been calculated for each 

operational change, based on the Ontario Planning Outlook 2016 report from the 

Independent Electricity System Operator (IESO) [51], and emissions statistics from the 

U.S. Energy Information Administration [52].  The equivalent carbon dioxide emissions 

from electricity production and the complete combustion of natural gas are 

0.052 kgCO2e/kWh and 1.88 kgCO2e/m3 respectively [51], [52]. 

 Finally, Table 5.4 summarizes the energy breakdown of each operational change 

and the associated yearly energy savings, in gigajoules, for the four operational changes 

considered. 

 In summary, the result of implementing all aspects of the TEG POWER Solution 

at Store A is a 14% or 17,653 kWh (64 GJ) reduction in electricity, and a 60% or 

18,115 m3 (608 GJ) reduction in natural gas, over one year.  Total energy savings amount 

to 671 GJ, or 46% reduction, when compared to the base case. 
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5.11 Alternative Technology Implementation Plan 
In this section, the energy modeling tool was used to evaluate the results of an alternative 

technology implementation plan, one where an exhaust gas energy harvesting system is 

commissioned on two ovens operating with exhaust canopy ventilation.  The purpose is to 

contrast the maximum energy savings that may be achieved with the ideal TEG POWER 

Solution, against the solution that is permitted by current regulations.  Current regulation 

does not permit chimney based oven ventilation in conjunction with waste heat recovery, 

nor does it permit a remotely operated exhaust damper.  Figure 5.16 displays the results 

of the building energy balance, with the addition of space heating being the only 

departure from the base case. 

 

Figure 5.16: Building HVAC Energy Balance – Store A – Energy Harvesting with 
Canopy 
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 Operating the HVAC system for one year would require 10,045 m3 of natural gas 

and 18,570 kWh of electricity.  The natural gas consumption of the HVAC system was 

reduced by 18% in relation to the base case due to space heating provided, while the 

building cooling requirements remained unchanged.  The impact of energy harvesting on 

the full building energy balance is shown in Figure 5.17 below. 

 

Figure 5.17: Breakdown of Building Fuel Consumption by End Use – Store A – Energy 
Harvesting with Canopy 

 In addition, Table 5.5 and Table 5.6 summarize the breakdown of the total 

building energy use, along with the equivalent CO2 reduction. 

  

540 GJ 497 GJ

22 GJ

408 GJ

336 GJ

Exhaust	Canopy																																												Ventilation Energy	 Harvesting	 																																															With	Canopy 

0

200

400

600

800

1000

1200

1400

1600

0

200

400

600

800

1,000

1,200

1,400

1,600

Exhaust Canopy                                            
Ventilation

Energy Harvesting                                                
With Canopy

A
nn

ua
l E

ne
rg

y 
U

se
 (G

J)

Electrical Loads Fryers Ovens Hot Water

Exhaust Blowers HVAC - Heating HVAC - Cooling

TEG POWER Solution



M.A.Sc. Thesis – Paul Ricciuti  McMaster – Mechanical Engineering 

 
 

123 

Table 5.5: CO2 Reduction – Store A – Energy Harvesting with Canopy  

 

 
Table 5.6: Energy Reduction – Store A – Energy Harvesting with Canopy 
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 Only implementing the energy harvesting component of the TEG POWER 

Solution at Store A has the potential to reduce electricity and natural gas consumption by 

5% (6,185 kWh) and 11% (3,437 m3) respectively.  This is equivalent to a 137 GJ, or 

9.4%, reduction in total energy consumption, when compared against the base case 

model.  

 Without changes made to current regulations to keep pace with technology 

advancements, only 20% of the total energy savings potential may be realized.  
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5.12 Store B Case Study 
This section concisely presents the results of the case study on Store B, showing the effect 

of the same four energy conservation measures. 

 Several of the common assumptions differed for the case of Store B.  They are 

listed below: 

• The HVAC system maximum heating and cooling capacity was 87.0 kW and 

51.9 kW respectively [47] 

• Every day follows the same operational schedule, with employees arriving to 

the store at 10:00 am, at which time the oven is set to operating temperature 

(288°C, 550°F), and the fryer and associated ventilation system is switched 

on.  The employees leave the restaurant at 1:00 am the next day, and the oven 

is set to standby temperature (149°C, 300°F), and the fryer and associated 

ventilation system is switched off.  The weighted average closing time of 

1:00 am was used to account for the differing hours of operation between 

weekends and weekdays.  The 10 statutory holidays observed in Ontario were 

not considered. 

• Cooking begins at 10:00 am, one hour before the store opens 

• 150 baked products are cooked every day 

• The restaurant uses 345 L of domestic hot water every day (The same as 

Store A) 

Figure 5.18 and Figure 5.19 on the following page present the impact of the complete 

TEG POWER Solution on the HVAC energy balance of Store B.  
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Figure 5.18: Building HVAC Energy Balance – Store B – Baseline Conditions 

 

Figure 5.19: Building HVAC Energy Balance – Store B – Energy Harvesting 

0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

-50

-40

-30

-20

-10

0

10

20

30

40

50

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Building Skin Ventilation - Fryer (Sensible)
Ventilation - Oven (Sensible) Ventilation - Fryer (Latent)
Ventilation - Oven (Latent) Electrical 
Ovens Solar
Heating (+) / Cooling (-) Energy Required

0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

-50

-40

-30

-20

-10

0

10

20

30

40

50

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) TEG POWER Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required

0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

-50

-40

-30

-20

-10

0

10

20

30

40

50

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Building Skin Ventilation - Fryer (Sensible)
Ventilation - Oven (Sensible) Ventilation - Fryer (Latent)
Ventilation - Oven (Latent) Electrical 
Ovens Solar
Space Heating Heating (+) / Cooling (-) Energy Required

0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

-50

-40

-30

-20

-10

0

10

20

30

40

50

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) TEG POWER Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required

-50

-40

-30

-20

-10

0

10

20

30

40

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
of

 E
ne

rg
y 

Tr
an

sf
er

 (
kW

)

Ventilation - Oven (Sensible) Electrical 
Ventilation - Fryer (Sensible) Ovens
Building Skin Solar
Ventilation - Fryer (Latent) Space Heating
Ventilation - Oven (Latent) Heating (+) / Cooling (-) Energy Required



M.A.Sc. Thesis – Paul Ricciuti  McMaster – Mechanical Engineering 

 
 

127 

 With the complete TEG POWER Solution in place, operating the HVAC system 

for one year would require 2,363 m3 of natural gas and 17,111 kWh of electricity.  This 

corresponds to a 9,126 m3 (79%) reduction in natural gas and a 10,802 kWh (39%) 

reduction in electricity for heating and cooling the building respectively, when compared 

to the base case. 

 The results of the base case model were also verified against the corresponding 

utility bills collected from Store B.  Table 5.7 below summarizes the comparison of the 

model outputs against the utility measurements.  The model was able to predict the base 

case natural gas and electricity consumption with a ± 7% error. 

Table 5.7: Comparison of Building Energy Model to Utility Data – Store B – Baseline 
Conditions  

Utility Model  Utility Bills % Error 

Natural Gas (m3) 26,872 25,194 7% 

Electricity (kWh) 139,596 142,429 -2% 
 

 Table 5.8 and Table 5.9 on the following pages report the energy savings from 

each separate operational change independently.  Figure 5.20 on page 130 presents a 

graphical depiction of these total energy savings. 
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Figure 5.20: Breakdown of Building Fuel Consumption by End Use – Store B – TEG 
POWER Solution 

 Implementing the TEG POWER Solution at Store B will create a 19% or 

26,785 kWh (96 GJ) reduction in electricity, and a 58% or 15,521 m3 (520 GJ) reduction 

in natural gas, over one year.  Total energy savings amount to 616 GJ, or 44% reduction, 

when compared to the base case. 
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Chapter 6 
Conclusions and Recommendations  
6.1 Conclusions 
In this study, a mathematical modeling tool was developed that is capable of predicting 

the energy consumption of a building HVAC system.  The tool provides a simple and 

rapid means of determining the total annual energy savings that can be realized by a 

commercial building, that is subject to operational changes and energy conservation 

measures.  The need for such a tool was evident, based on the initial investigation of 

commercial baking operations, in order to identify and evaluate methods of reconciling 

the excessive energy demand and the wasted energy supply. 

 The analysis tool developed was based on a first principles modeling approach 

using the fundamentals of thermodynamics, heat and mass transfer.  The building was 

modeled using a quasi-steady state energy balance, incorporating the effects of heat 

transfer through the building skin, ventilation, oven heat gains, heat generated by 

electricity consumption, solar energy transfer and space heating provided through exhaust 

gas energy recovery from the appliances. 

 Four separate experimental facilities were used, for the purpose of providing 

inputs to the building energy model case studies, and for a means of model validation.  
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Two separate commercial baking operations were monitored, in order to investigate the 

effects of different appliance ventilation methods on the building energy balance.  The 

oven located at the McMaster TMRL was also used to experimentally quantify two 

specific inputs to the energy model; the rate of heat loss from oven door opening, and the 

rate of energy recovery from the appliance exhaust stream.  The validation cases of 

Store A, which illustrated the building energy flows for the full range of outside 

temperatures, showed that the energy balance had an average error of 3.8%, with a 

maximum error 7.1% observed for the case of maximum building cooling.  The model 

was also evaluated for the ability to predict HVAC energy requirements for buildings 

with different appliance exhaust configurations.  When the building heating data sets, for 

the chimney, the exhaust canopy and the combined exhaust system cases were compared 

against the associated model outputs, the average absolute error was 4.0 m3 of natural gas, 

with a standard deviation of 2.7 m3.  This translated to an average relative error of 19%, 

with a standard deviation of 26%.  The validation proved that the model was in good 

agreement with experimental results. 

 A case study of Store A and Store B was presented, showcasing the modeling 

tools ability to quantify the effects of implementing four potential energy conservation 

measures: 

• A base case model of Store A was first established, which was able to predict 

the buildings total annual natural gas and electricity requirements with a 3% 

and 7% error respectively. 
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• Secondly, methods of ideal exhaust ventilation were investigated, and were 

shown to decrease the annual natural gas heating requirement by 311 GJ 

(76%) and decrease ventilation system electricity requirement by 35 GJ 

(57%), despite increasing the electricity required for cooling by 16 GJ (24%), 

relative to the base case. 

• Thirdly, the act of sealing the oven door and insulating the oven structure was 

shown to decrease the cooling electricity requirement by 23 GJ (28%), 

decrease the natural gas required for continuous oven operation by 113 GJ 

(21%), while increasing the building heating requirement by 60 GJ (62%), 

relative to the case of ideal exhaust ventilation. 

• Next, the possibility of fully sealing the exhaust vent and turning off the oven 

at night proved to decrease the natural gas consumption of the oven and 

HVAC system by 124 GJ (29%) and 22 GJ (14%) respectively, relative to the 

sealed and insulated case. 

• Lastly, the inclusion of exhaust gas energy harvesting showed potential to 

reduce the energy required for oven operation by 39 GJ (13%), reduce net 

HVAC energy by 56 GJ (29%), and eliminate the 22 GJ of energy required to 

provide hot water. 

Overall, implementing all four energy conservation measures at Store A would create a 

14% or 17,653 kWh (64 GJ) reduction in electricity, and a 60% or 18,155 m3 (608 GJ) 

reduction in natural gas, over one year. 
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 The modeling tool was also used to complete the exact same simulation for 

Store B.  The base case showed excellent agreement with the annual natural gas and 

electricity measurements made by the utility providers, with only a 7% error.  

Implementing the same four energy conservation measures would create a 19% or 

26,785 kWh (96 GJ) reduction in electricity, and a 58% or 15,521 m3 (520 GJ) reduction 

in natural gas annually. 

 Assuming the results of this study are implemented at 2,000 similar 

establishments across Ontario, there is a potential to reduce electricity consumption by 

44.4 million kWh, natural gas consumption by 33.7 million cubic meters and CO2 

emissions by 65,500 metric tonnes per year. 

6.2 Recommendations for Future Work 
The simplified building energy modeling tool presented in this thesis, was originally 

developed as a means of predicting the total energy savings that could be achieved by 

commissioning the TEG POWER system at a restaurant.  Although the modeling 

methodologies can most certainly be applied to predict and analyze the energy 

consumption of any commercial building, the code was built in Microsoft Excel, to 

specifically produce the outputs required to complete the case studies of the two 

restaurants.  Future work could be done to translate the energy modeling code to an 

object-oriented programing language, to increase the turnaround time and flexibility of 

modeling new buildings. 

 Several features could also be added to the model to increase its generality, so that 

it could be applied to wider range of problems. 
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• The analysis could be extended into the time domain, to model the thermal 

capacitance of the structure.  Although the thermal capacitance of the building 

was not significant in this specific study, since the building was operated at a 

constant set-point temperature due to its extended operating hours, the ability 

to specify a reduced setback temperature during unoccupied hours could be 

useful. 

• A module for calculating the solar gains, based on the analysis procedure 

described in Chapter 3, was created during the model development phase of 

this project.  However, it was not integrated into the building energy model, 

since solar gains proved to be insignificant in relation to the other modes of 

energy transfer.  For other applications, having a simplified model capable of 

quickly calculating the rate of solar radiation transfer through a window could 

be useful, to avoid the need to learn and use an additional software package. 

Additional energy conservation measures could also be analyzed to expand the case 

studies presented in Chapter 5.  An example would be simulating the switch from a 

compact fluorescent to an LED lighting system. 
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Appendix A 
Energy Balance of the Cooking Process 
The total energy transferred from an oven to a baked product during a cooking process 

was experimentally quantified.  Tests were conducted at a local “Training Center” in 

Southern Ontario, using a deck style oven (Blodgett 1048B).  The flow rate of natural gas 

to the appliance was measured with a thermal dispersion flow meter (McMillan 50D-13).  

In this test, the baked product under consideration was a single pizza, with an average 

mass of 1.9 kg. 

 Experiments began once the oven reached a steady state, at a set-point 

temperature of 288°C (550°F).  The tests were conducted by opening the oven door for 

seven seconds (the average time required to insert a product), inserting the baked product 

into the oven, waiting seven minutes for the product to fully cook, and opening the oven 

door for seven seconds to remove the finished product.  During the test, the natural gas 

flow rate to the oven was recorded every ten seconds.  The data from one of the cooking 

tests is shown below in Figure A.1. 
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Figure A.1: Single Pizza Cooking – Effect on Oven Gas Flow Rate  

 The total energy transferred to the baked product was measured indirectly as 

follows: 

- The total energy that was transferred to the baked product and lost through the two 

door openings, was equivalent to the energy content of the additional natural gas 

used above the baseline natural gas flow rate. 

𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒	𝑖𝑛	𝐸𝑛𝑒𝑟𝑔𝑦	𝐷𝑢𝑟𝑖𝑛𝑔	𝐶𝑜𝑜𝑘𝑖𝑛𝑔	𝑃𝑟𝑜𝑐𝑒𝑠𝑠 = 924	𝐾𝐽 

- The total energy transferred to the baked product was then discerned, by 

subtracting the energy lost through each of the two oven door openings, as 

determined in Section 4.4. 

𝐸𝑛𝑒𝑟𝑔𝑦	𝐿𝑜𝑠𝑡	𝑓𝑟𝑜𝑚	𝑂𝑛𝑒	𝐷𝑜𝑜𝑟	𝑂𝑝𝑒𝑛𝑖𝑛𝑔 = 185	𝐾𝐽 

𝐸𝑛𝑒𝑟𝑔𝑦	𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑	𝑡𝑜	𝐵𝑎𝑘𝑒𝑑	𝑃𝑟𝑜𝑑𝑢𝑐𝑡 = 554	𝐾𝐽 
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Appendix B 
The Effect of Oven Selection and Operating 
Schedules on Oven Gas Consumption 
Oven operating schedules and arrangements can measurably impact the natural gas 

consumption of the appliance over a single day.  This appendix presents a compilation of 

the oven operating characteristics of the six, deck style, ovens (Blodgett) that were 

monitored throughout the duration of this study.  The results presented identify the 

absolute and percent reduction in energy required for oven operation that may be 

achieved, as well as provide inputs required to complete the building energy balance. 

Firstly, the steady state natural gas flow rates of the six restaurant ovens were 

measured.  The two ovens from Store A, two ovens from Store B, and the set of double 

stacked ovens from the test kitchen, described in Appendix A, were considered.  The 

steady state natural gas flow rates, at cooking temperature (288°C, 550°F) and the 

reduced standby temperature (149°C, 300°F), are shown below in Table B.1. 
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Table B.1: Measured Oven Gas Flow Rates 

Oven 
Gas Flow Rate (L/min) 

Cooking Temperature                                 
288°C (550°F) 

Reduced Standby Temperature 
149°C (300°F) 

Store A - Oven 1 15.40 - 
Store A - Oven 2 13.51 - 
Store B - Oven 1 16.55 9.08 
Store B - Oven 2 15.93 8.02 

Test Kitchen - Bottom Oven 15.35 - 
Test Kitchen - Top Oven 10.95 - 

 

 Several elements of the table must be explained.  The gas flow rate of the top oven 

at the test kitchen was 28.7% lower than that of the bottom oven.  The gas flow rate was 

lower, because the intake air to the top oven was preheated as it passed through the 3-inch 

gap that separated the two ovens.  By this observation, it was assumed that a top oven 

operating in a double stack, where both ovens are operational, would have a gas flow rate 

that is 28.7% less than the gas flow rate of the bottom oven. 

 It was also observed that the gas flow rate at 149°C (300°F) was 45% and 50% 

lower than the flow rate at 288°C (550°F), for Store B – Oven 1 and Store B – Oven 2 

respectively.  The change can be explained by examining the steady state energy balance 

of the oven, which requires the energy content of the natural gas input to equal the heat 

losses from all sources, which can be modeled with equation (B.1). 

 𝑄CUIH~Ub	�UV = 	𝑚WcTUHVI𝐶*∆𝑇 + 𝑈𝐴 �eWE∆𝑇 (B.1) 

Assuming that the exhaust mass flow rate remains constant as the oven set-point 

temperature changes, as proven in [7], then the steady state gas flow rate is solely a 

function of the difference between the oven set-point temperature and the temperature of 
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the surroundings.  Therefore, assuming that the surroundings remain at a constant 

temperature of 21°C (70°F), a set-point temperature reduction from 288°C (550°F) to 

149°C (300°F), constitutes a 52% reduction in the temperature difference, which in turn 

constitutes a 52% reduction in the natural gas flow rate.  The experimental observations 

are consistent with this reasoning based on the first law of thermodynamics, and the slight 

differences are likely due to the ovens uncalibrated open loop temperature control system. 

Moving forwards, it was assumed that the natural gas flow rate would decrease by 52%, 

when the oven set-point temperature is reduced from 288°C (550°F) to 149°C (300°F). 

 From these measurements, ovens were generalized into two distinct operational 

arrangements: 

1) Operated Independently - or - Bottom Oven in a Double Stack 

2) Top Oven in a Double Stack (With both Ovens Operating) 

The average gas flow rates, for each operational arrangement and set-point temperature, 

carried forward in the analysis are shown below in Table B.2. 

Table B.2: Generalized Oven Gas Flow Rates 

Operating Arrangement Temperature Gas Flow Rate (L/min) 

Operated Independently                                         
- or -                                                                                 

Bottom Oven in a Double Stack 

High       
288°C (550°F) 

15.35                                                                 
(average of the first 5 ovens) 

Low         
149°C (300°F)  

7.37                                              
(52% reduction from high value) 

Top Oven in a Double Stack                                                             
(With both ovens operating)  

High        
288°C (550°F) 

10.95                                                                         
(28.7% reduction due to preheating) 

Low         
149°C (300°F)  

5.26                                                         
(52% reduction from high value) 
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 The oven gas consumption during startup and shutdown processes was also 

considered, by measuring the gas flow rate profiles using the laboratory oven described in 

Experimental Facility 3.  This oven was used to measure the transient flow rates, since the 

internally compensated laminar flow meter (Alicat M-50SLMP-D) was able to measure 

the instantaneous volume flow rate with a maximum error of 0.3 L/min [53].  Four 

different step changes were tested including: 149°C to 288°C, 288°C to 149°C, 21°C to 

288°C, and 288°C to 21°C.  A relationship was then derived between the average natural 

gas flow rate during startup, and the difference between the initial and final steady state 

gas flow rates.  A similar relationship was derived for the shutdown process.  The results 

of the startup and shutdown tests are shown below in Figure B.1 through Figure B.3. 

 

 

 

 

 

 

 

 

Figure B.1: Oven Startup Test (149°C to 288°C) 

 

 

 

𝑉Ċ 
𝑉[̇ 

Settling	Time = 95	minutes 
(within 2% of Steady State) 

𝑉̇VIU~IH*,	UeW~UNW 
= 

𝑉̇C + 	(𝑉̇[-𝑉̇C) ∗ 1.595 
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Figure B.2: Oven Startup Test (21°C to 288°C) 

 
 

 

 

 

 

 

 

 

Figure B.3: Oven Shutdown Test (288°C to 149°C) 

 Before presenting an operating schedule, the starting time of the oven was 

determined, taking the settling time of the two step changes into account.  In order to not 

adversely affect the quality of the product, the design constraints required the oven to be 

at steady state operating conditions before the first products of the morning were cooked.  

Settling	Time = 110	minutes 
(within 2% of Steady State) 

𝑉[̇ 

𝑉̇VIU~IH*,	UeW~UNW 
= 

𝑉̇[ ∗ 1.538 
 

Settling	Time = 65	minutes 
(within 2% of Steady State) 

𝑉[̇ 
𝑉Ċ 

𝑉̇VTHI@GgE,	UeW~UNW 
= 

𝑉̇[ − 	(𝑉̇[-𝑉̇C) ∗ 1.625 
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Although this time may vary on a day to day basis, it was assumed that cooking begins at 

9:30 am, an hour and a half before the store is opened at 11:00 am.  In the case where the 

ovens are turned down to 149°C (300°F) at night, the settling time during oven startup 

was 95 minutes, which would require the ovens to be turned on at roughly 8:00 am.  In 

the case where the ovens are fully turned off at night, the settling time during oven startup 

was 110 minutes, which would require the ovens to be turned on at approximately 

7:30 am. 

 Figure B.4 and Figure B.5 below display the natural gas flow rates, and 

temperatures, that would be seen at a single oven assuming the startup process begins at 

8:00 am when the oven is set to 149°C (300°F) at night, and at 7:30 am when the oven is 

turned off at night.  The oven was set to standby mode, or turned off, at a typical 

weighted average closing time of 2:30 am the next day. 
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Figure B.4: Oven Gas Flow Rate and Temperature Profile for a Typical Day 
(149°C –  288°C – 149°C) 

 

Figure B.5: Oven Gas Flow Rate and Temperature Profiles for a Typical Day 
(21°C –  288°C – 21°C) 
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 Finally, the total amount of gas required to operate two ovens for a single day was 

inferred, by applying the steady state natural gas flow rates summarized in Table B.2, to 

the profiles illustrated in Figure B.4 and Figure B.5.  The amount of natural gas required 

to operate the two ovens for a single day is shown below in Table B.3. 
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 Oven operating characteristics in two additional cases were also considered.  The 

first was the sealed and insulated case, the topic of Section 5.7 where the oven door was 

fully sealed to eliminate exfiltration, and the oven was surrounded with a 2-inch 

fiberglass insulating cover to limit conduction heat losses through the oven walls.  The 

second case was where the oven exhaust vent was fully sealed during the night, the topic 

of Section 5.8, by remotely closing the exhaust damper. 

 For both cases, a transient cool down analysis was conducted, to determine the 

rate of oven cooling throughout the night.  It was important to determine the starting 

temperature of the oven in the morning, so that an appropriate startup time could be 

selected.  Given the value of the oven overall heat transfer coefficient, the lumped 

capacitance energy balance could be solved, and fit to the experimental cool down tests 

conducted in the restaurants.  The model was then used to calculate the transient 

temperature profiles that would occur for the two oven setups. 

  



M.A.Sc. Thesis – Paul Ricciuti  McMaster – Mechanical Engineering 

 
 

149 

 The governing equation for conservation of energy assuming that the oven can be 

modeled as a lumped system was proposed by Girard [7], and is shown in equation (B.2). 

 

 𝑚𝐶* GeWE

𝑑𝑇
𝑑𝑡 	= 	− 𝑚𝐶* UD~

𝑇GeWE − 𝑇~GG` − 𝑈𝐴 GeWE(𝑇GeWE − 𝑇~GG`) (B.2) 

 

Where: 

 𝑚GeWE:	mass of cordierite baking stone [7] 

𝑚GeWE = 	85	𝑘𝑔 

 

 𝐶*GeWE: specific heat capacity of cordierite baking stone [55] 

𝐶*GeWE = 1464	
𝐽

𝑘𝑔	 ∙ 𝐾				 

 

 𝑚UD~: average mass flow rate of air through the oven, which was assumed to be  

constant.  This value was determined by regression analysis [kg/s] 

 

 𝐶*UD~: specific heat capacity of air at 20°C [33] 

𝐶*UD~ = 1005	
𝐽

𝑘𝑔 ∙ 𝐾			 

 

 𝑇~GG`:		temperature of the surrounding air [°𝐶]		 

 

 𝑈𝐴 GeWE: overall heat transfer coefficient of the oven [7] 

𝑈𝐴 GeWE,HEDEVHbUIW@ = 	3.71
𝑊
𝐾 										 𝑈𝐴 GeWE,DEVHbUIW@ = 0.20	

𝑊
𝐾  
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 This first order, linear, homogeneous, ordinary differential equation can be solved 

by integration using separation of variables to yield the solution: 

 
𝑇GeWE − 𝑇~GG`

𝑇GeWE,DEDIDUb − 𝑇~GG`
= exp −

𝑚𝐶* UD~
+	 𝑈𝐴 GeWE	

𝑚𝐶* GeWE

𝑡 	 (B.3) 

 First, the solution of equation (B.3) was fit to the experimental oven cool down 

data collected from Oven 2 at Store B on March 19, 2017 to determine the average mass 

flow rate of air through the oven during shutdown.  𝑚UD~ was determined by minimizing 

the error sum of squares using equation (B.4): 

 𝑚𝑖𝑛
𝑚UD~

𝑇GeWE 6Þß6-,à6´5+Ä 𝑡 − 𝑇GeWE `G@Wb 𝑡
9

Cß

IÎ	7

	 (B.4) 

 The resulting model and experimental data from the test are shown below in 

Figure B.6. 

 

 Figure B.6: Oven Cool Down Test – Regression Analysis  
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 The average mass flow rate of air, which was assumed constant, was determined 

to be 0.012 kg/s, with a resulting coefficient of determination of R2 = 0.981. 

 Assuming a constant mass flow rate introduced an error to the model, since the air 

mass flow rate is actually proportional to the oven temperature.  This explains why the 

model underpredicted the rate of cooling in the first few hours of the experiment, when 

the mass flow rate of air was actually higher than 0.012 kg/s, and overpredicted the rate of 

cooling in the later hours of the experiment, when the mass flow rate of air was actually 

lower than 0.012 kg/s.  For comparison, conducting a simple steady state energy balance 

on the independent oven introduced in in Table B.2 operating at 288°C (550°F) using 

equation (B.1) produces an air mass flow rate of 0.031 kg/s.  Regardless, the model was 

able to provide a reasonably good fit to the experimental data. 

 The model was then modified to predict the rate of cooling for the insulated oven 

with a sealed door (sealed and insulted case), and the insulated oven with a fully sealed 

exhaust vent (sealed exhaust vent case).  For the sealed and insulated oven, the overall 

heat transfer coefficient was reduced from 3.71 W/K to 0.20 W/K, and the mass flow rate 

was reduced by 12.8%, from 0.012 kg/s to 0.010 kg/s (since the rate of exfiltration 

through the oven door was only 12.8% of the total mass flow rate of air through the 

oven).  For the oven with a fully sealed exhaust vent, an overall heat transfer coefficient 

of 0.20 W/K was used, and the oven was assumed to be perfectly sealed, with mass flow 

rate of 0 kg/s.  The results of the three transient temperature profiles, assuming an initial 

oven temperature of 288°C (550°F) and a surrounding temperature of 21°C are shown 

below in Figure B.7. 
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Figure B.7: Oven Temperature Profiles During Shutdown 

 The results of Figure B.7 show that the solution is relatively insensitive to the 

parameter changes associated with sealing and insulating the oven, however the act of 

fully sealing the oven exhaust vent dramatically reduces the rate of heat loss.  If the oven 

was shut down at 2:30 am, by 7:30 am (5 hours later) the oven temperature would have 

dropped to 49.1°C and 79.0°C for the base case and the sealed and insulated case 

respectively.  Based on the oven startup profiles presented in Figure B.1 and Figure B.2, 

the settling time would be between 95 minutes and 110 minutes.  Therefore, a startup 

time of 7:30 am would still be recommended, to ensure the oven has reached a steady 

state before 9:30 am. 

 However, fully sealing the exhaust vent with the TEG POWER system provides a 

great benefit, as the oven temperature at 9:30 am (7 hours into cooling) would have only 

decreased to 268.6°C (515.5°F).  As a result, it is proposed that if the oven is insulated, 
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and fully sealed with the TEG POWER system, that the oven may be fully shut down at 

night, and started remotely at 9:30 am, immediately before cooking commences. 
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Appendix C 
Uncertainty Analysis 
The total uncertainty of each measured variable, 𝛿𝑥, was calculated using equation (C.1), 

from each of the individual uncertainties, 𝛿D, that contributed to the total uncertainty of 

the measured variable.  The calculation was done in accordance with the ASME standard 

PTC 19.1-2005 [54]: 

 𝛿𝑥 = 𝛿D 9

E

DÎ7

	 (C.1) 

Table C.1 and Table C.2 below present the total absolute and relative uncertainties 

associated with each measured variable, based on the specifications stated by the 

instrument manufacturers. 
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 The uncertainties in the dependent variables, 𝛿𝑦, were then considered.  The 

procedure used to determine the propagation of uncertainty from the measured variables 

into the dependent variables, established by Kline and McClintock, is described with 

equation (C.2) below [55].   

 𝛿𝑦 =
𝜕𝑦
𝜕𝑥7

	𝛿𝑥7
9

+
𝜕𝑦
𝜕𝑥9

	𝛿𝑥9
9

+ ⋯+
𝜕𝑦
𝜕𝑥E

	𝛿𝑥E
9

		 (C.2) 

Where: 

 𝛿𝑦: uncertainty in dependent variable 

 𝛿𝑥: uncertainty in measured variable 

 äa
äc

 : partial derivative of dependent variable with respect to each independent  
variable 
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Table C.3: Propagation of Uncertainty 

 

  

Name Symbol Absolute Relative

Building Temperature 
Difference

 ±1.4°C

Heat Transfer Through                       
Building Skin

 ±0.27 kW

Ventilation Mass Flow Rate  ±0.02 kg/s

Ventilation Sensible Energy  ±1.85 kW

Water Vapour Saturation 
Pressure

 ±0.12 kPa

Partial Pressure of Water 
Vapour 

 ±0.084 kPa

Humidity Ratio  ±0.00053 kg/kg

Humidity Ratio Difference  ±0.00087 kg/kg

Ventilation Latent Energy  ±1.60 kW

Oven Temperature Difference  ±2.36°C

Conduction Through Oven 
Structure

 ±0.01 kW

Radiation from Oven Structure  ±0.05 kW

DHW Thermal Energy  ±0.03 kW

Rate of Exhaust Gas Energy 
Recovery

 ±0.73 kW

Dependent Variable Total Uncertainty

!̇#$%&'%()	+,%(

-./0 − -23
@	 -./0 −-23 	= 	13°8 			

	±10.8%

@	!̇#$%&'%()	+,%( = 2.38	,?
±11.3%

@̇ABAC& 	DE(A%&CA%B(
@	@̇0.0FG	HI302GF02.3= 1.69	,)/M

±1.2%

!̇NE(A%&CA%B(	+E(M%O&E	
@	!̇PI302GF02.3	QI3R2SGI = 17.01	,?

±10.9%

UVM	
@	UWR = 2.55	,YC

±4.9%

UV	
@	UW = 1.58	,YC

±5.3%

?	 @	? = 0.0098	,)/,)
±5.3%

?./0 − ?23
@	?./0 − ?23 = 0.0042	,)/,)

±20.6%

!̇NE(A%&CA%B(	[CAE(A	
@	!̇PI302GF02.3	\F0I30 = 7.75	,?

±20.7%

-.HI3 −-]..^
@	 -.HI3 −-]..^ 	= 267°8			

	±0.9%

!̇BDE(,MA`$aA$`E	
@	!̇.HI3,R0]/b0/]I	 = 0.99	,?

±1.3%

!̇BDE(,MA`$aA$`E	(]Fd)	
@	!̇.HI3,R0]/b0/]I	(]Fd)	 = 0.78	,?

±6.4%

!̇VCAE`,AℎE`@C&
@	!̇WF0I],0gI]^FG = 0.61	,?

±4.1%

!̇`EaBDE`E'	
@	!̇]Ib.HI]Id = 1.95	,?

±37.3%
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Appendix D 
Utility Measurements  
Utility measurements of natural gas and electricity were obtained from a full year’s worth 

of bills collected from Union Gas and Alectra Utilities (Formerly Horizon Utilities).  

Table D.1 and Table D.2 below summarize the natural gas and electricity measurements 

respectively. 

Table D.1: Natural Gas Utility Bill Summary [56] 

Billing Month 
Natural Gas Consumption (m3) 

Store A Store B 

Jan, 2016 3,604  3,161  
Feb, 2016 3,950  3,021  
Mar, 2016 2,928  2,572  
Apr, 2016 2,468  2,186  
May, 2016 1,815  1,526  
Jun, 2016 1,801  1,830  
Jul, 2016 1,236  1,558  

Aug, 2016 1,341  1,765  
Sep, 2016 1,832  1,489  
Oct, 2016 2,092  1,691  
Nov, 2016 2,249  1,532  
Dec, 2016 3,961  2,862  

Total  29,276  25,194  
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Table D.2: Electricity Utility Bill Summary [57] 

Billing Month 
Electricity Consumption (kWh) 

Store A Store B 

Mar, 2016 8,647 9,203 
Apr, 2016 8,831 9,287 
May, 2016 11,077 13,392 
Jun, 2016 12,269 14,261 
Jul, 2016 17,222 19,337 

Aug, 2016 16,757 18,116 
Sep, 2016 9,105 10,132 
Oct, 2016 10,268 12,231 
Nov, 2016 8,794 9,277 
Dec, 2016 11,430 9,535 
Jan, 2017 9,392 8,556 
Feb, 2017 8,572 9,100 

Total 132,362 142,429 
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