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Abstract

Conventional building design is not aligned with modern housing requirements. Growing
energy demand, international pressure to reduce greenhouse gas (GHG) emissions and
increasing cost of energy motivate the building energy research community to provide
alternative solutions to improve traditional housing. One of the most popular options for
housing is the adoption of net zero energy building (NZEB) concept, which is defined as a
building that exports more or equal energy than it imports. So far, majority of research
efforts have been focused on finding solutions for the design, construction and operation of
new NZE houses. Since the renewal of the housing stock is slow, the impact of introducing
NZEBs into the housing stock would not be significant for many years, making the
conversion of existing houses into NZE or near NZE buildings an important objective to
reduce energy consumption and associated GHG emissions.

Canada has numerous climatic and geographical regions and the Canadian housing stock
(CHS) is diversified in terms of vintage, geometry, construction materials, envelope,
occupancy, energy sources and heating, ventilation and air conditioning system and
equipment. Therefore, strategies to achieve NZE and near NZE status with the current stock
of houses need to be devised considering the unique characteristics of the housing stock,
the economic conditions and energy mix available in each region. Identifying and assessing
pathways to converting existing houses to NZE or near NZE buildings at the housing stock
level is a complex and multifaceted problem and requires extensive analysis on the impact
of energy efficiency and renewable/alternative energy technology retrofits on the energy
use and GHG emissions of households.

To develop and analyze techno-economically feasible approaches and strategies to support
the conversion of Canadian houses into NZE and near NZE buildings by implementing
energy efficiency and renewable/alternative energy technology retrofits, the Canadian
Hybrid Residential End-Use Energy and GHG Emissions Model (CHREM), a state of the
art residential sector energy and GHG emission model statistically representative of the
CHS, was expanded and used. For this purpose, a wide range of energy efficiency and
renewable/alternative energy technology retrofits including envelope modifications,
appliance/lighting upgrade, internal combustion engine and Stirling engine cogeneration,
solar combisystem, air to water heat pump, solar assisted heat pump and building integrated
photovoltaic and thermal system architectures were developed/adapted and models were
incorporated into the CHREM. The impact of the retrofit measures on the energy
consumption and GHG emissions of the CHS was investigated. Numerous retrofit scenarios
involving various technologies were developed for each province and post-retrofit source
energy intensity and GHG emission intensity of houses were determined to evaluate the
performance of the retrofit scenarios to achieve NZE and near NZE status for Canadian
houses. The results indicate that substantial energy savings and GHG emission reductions
are techno-economically feasible for the CHS through careful selection of retrofit options.
While achieving large scale conversion of existing houses to NZEB is not feasible,
achieving near NZE status is a realistic goal for a large percentage of Canadian houses.
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Chapter 1 Introduction

An important component of the overall efforts to reduce energy consumption and
associated emissions is the adoption of low energy residential buildings, such as the passive
house and the net zero energy building (NZEB) in place of traditional housing. A widely
accepted definition of NZEB is “an energy-efficient building where, on a source energy
basis, the actual annual delivered energy is less than or equal to the on-site renewable
exported energy” (NIBS, 2015). Amongst the variety of low energy building concepts, the
NZEB has attracted much attention because of the alternative/renewable energy generation

aspect that complements the minimized energy requirement.

NZEB design is a complicated and multifaceted problem. There are a number of ways to
achieve net zero energy (NZE) status for buildings. Their feasibility is affected by a variety
of parameters including building size, envelope, and heating, ventilation and air
conditioning (HVAC) equipment as well as parameters such as climatic conditions, socio-
economic conditions and primary energy availability and mix. The effects of these
parameters and retrofit choices have highly inter-related and complex consequences on the
energy performance of buildings. Several authors, such as Kapsalaki ef al. (2012), Chlela
et al. (2009), Salom et al. (2014) and Noris ef al. (2014), developed methodologies for the
design, performance evaluation and grid interaction of NZEBs. Numerical analysis (e.g.
building performance simulation) is the suitable tool to examine the design options for
NZEB and evaluate approaches for achieving NZE status at the housing stock level.
Simulation tools were used by several researchers to study different aspects of NZEB in
the planning, design, construction and operation phase. Attia et al. (2012) presented a
simulation based design tool for planning stages of NZEB which promotes informed
decision making in the early stages of design. Cellura et al. (2015) used building
performance simulation to evaluate the performance of an existing near NZEB in Italy and
to propose redesign scenarios to reach net zero electricity and net zero primary energy use.
Deng et al. (2011) conducted a simulation based analysis to evaluate energy supply options
for a typical residential building to achieve NZE status in Madrid (dry) and Shanghai
(humid) climates. Analysis showed that PV generation can satisfy the electricity demand
of the building in both climates. Nielsen and Moller (2012) studied the impact of thermal
energy trade between NZEBs and district heating in Denmark. The results indicated that

1



the excess heat generated by the solar thermal system may benefit the district heating
system by replacing the thermal energy generation of fossil fuel based plants. Seasonal
thermal energy storage might be necessary for further performance improvement during
the summer. Mohamed et al. (2014b) studied the feasibility of a series of heating systems
to achieve NZE status for a typical passive and a standard house in Finland. Results showed
that the required effort to achieve net zero status was minimum for CO> emission, followed
by primary energy, energy cost and end-use energy. The most suitable scenario may vary
by house type, heating system option and parameters used for NZE balance. Marszal ef al.
(2012) evaluated the onsite and offsite renewable energy supply options including PV,
micro-cogeneration and renewable electricity from the grid for NZEBs in Denmark. The
results indicate that energy efficiency is an important factor for onsite energy supply
options. Mohamed et al. (2014a) studied micro-cogeneration systems for NZEB

considering a variety of thermal and electrical tracking strategies.

The success in designing and construction of NZEBs in different regions motivates and
justifies the promotion of low energy design for new construction. However, the annual
new construction is a small percentage of the housing stock in each country. Thus, relying
on new construction to substantially decrease residential energy consumption and GHG
emissions is likely unrealistic for short-term and mid-term plans. Most of the common
techniques used for planning, design and construction phases of new NZEBs are not
applicable to existing houses. For example, as a common practice the roof of a new NZEB
is designed to provide the maximum suitable area in the proper direction to enhance PV
electricity generation. Similarly, properly designed roof angle increases the PV electricity
generation and reduces snow accumulation. Also, new NZEBs are usually extremely air
tight and benefit from the maximum daylight to reduce the lighting load. Adding these
features into an existing house can impose considerable retrofit costs that might not be

economically justifiable and/or practicable.

Also, the amount of capital investment for massive retrofit scenarios that apply to large
subsets of the housing stock is considerably large. Thus, various stakeholders may desire
to evaluate the outcomes of such scenarios from energy, emission and economic
perspectives prior to any decision for implementation. Additionally, building codes and

government initiatives are essential to regulate the low energy building market. Large scale
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analysis at building stock level is necessary to provide the answers to those questions. For
example, Schimschar et al. (2011) evaluated the impact of existing and future energy
policies of the European Union (EU) and Germany on the development of very high energy
performance buildings. The impact of such scenarios on the energy requirement and GHG
emissions of the German building sector was investigated. Annunziata et al. (2013)
conducted a survey to evaluate the integration of energy efficiency and renewable energy,
as well as economic feasibility of energy savings in twenty seven EU countries. They
concluded that due to various energy regulation authorities, traditional building codes and
different background and maturity level in implementation of energy efficiency measures,
EU countries consider different approaches to define national regulations. As a result, the

building stock energy analysis should be conducted for individual countries.

In Canada, the housing stock spreads from the Atlantic to the Pacific coasts over a variety
of climatic and geographical conditions and socio-economic characteristics. Furthermore,
the availability and price of fuels and energy sources are also diverse. Consequently, the
housing stock in each region exhibits unique characteristics in terms of vintage, geometry,
construction materials, envelope, occupancy, energy sources and HVAC systems and
equipment, as well as primary and secondary GHG emissions due to end-use energy
consumption. This high level of diversity requires unique approaches, policies and
strategies to achieve, encourage and support the conversion of Canadian houses into

NZEBs.

To develop renewable/alternative energy technologies and to identify pathways that will
result in reduced energy consumption and GHG emissions in the Canadian building sector,
the NSERC Smart Net-Zero Energy Building Strategic Network (SNEBRN) was
established in 2011. When established SNEBRN was the major research effort of building
research community of Canada in smart NZEBs which brought together researchers from
15 universities across Canada, Natural Resources Canada (NRCan) and Hydro-Québec

(SNEBRN, 2011).
The SNEBRN Network research is classified into the following five themes:

Theme I: Integrated Renewable Energy Systems and Heating/Cooling Systems for
Buildings



Theme II: Dynamic Building Envelope Systems and Passive Solar Concepts
Theme III: Mid-to Long-Term Thermal Storage for Buildings and Communities
Theme IV: Smart Building Operating Strategies

Theme V: Technology Transfer, Design Tools and Input to National Policy

The fifth theme, of which this research is a part of, includes many facets: the coordination
and implementation of demonstration projects and technology transfer as well as
development of design tools and guidelines and input to standards, codes and national

policy (SNEBRN, 2012).

1.1. Background

To identify feasible approaches, policies and strategies to reduce the energy consumption
and associated GHG emissions of Canadian houses in the different regions of Canada,
comprehensive evaluations need to be conducted separately for each region. The Canadian
Hybrid Residential End-Use Energy and GHG Emissions Model (CHREM), is a state of
the art of residential sector energy consumption and GHG emissions model that was
developed to conduct such analysis (Crawley, 2008; Kavgic et al., 2010; Swan and Ugursal,
2009; Swan et al., 2009, 2011, 2013). The main strengths of CHREM include its housing
database (Canadian Single-Detached and Double/Row House Database (CSDDRD)),
which represents the Canadian housing stock (CHS), as well as its advanced modeling and
simulation capabilities. The CSDDRD contains detailed data from 16,952 actual houses in
Canada (Swan et al., 2009). CHREM utilizes an engineering/neural network hybrid
approach to estimate the end-use energy consumption and GHG emissions of the CHS.
This approach combines the strengths of the neural network and engineering modeling
methods to estimate the energy consumption for domestic hot water heating, lighting and
appliances and space cooling (Aydinalp-Koksal and Ugursal, 2008; Swan et al., 2011).
CHREM can assess the reduction in energy consumption and GHG emissions for each end-
use and energy source due to the adoption of a wide variety of alternative and renewable

energy technologies at various levels of penetration.

The objective of this research project is to identify and develop economically and

technically feasible approaches, as well as policies and strategies to support the conversion

of Canadian houses into NZEB. Therefore, as a prerequisite of this project CHREM was
4



expanded to incorporate renewable/alternative energy technologies that are suitable to
achieve NZE status, and the expanded CHREM was used to conduct a wide range of studies

to achieve the objective of this project.

The CHREM uses ESP-r as its building energy simulation engine (ESRU, 2013). ESP-r is
an advanced and thoroughly validated building performance simulation program that is
capable of modelling the building thermal domain, including the building envelope and
passive systems pertinent to NZEBs. ESP-r is also capable of conducting simulations at

minute scale time steps required to study NZEB technologies (SNEBRN, 2012).

1.2. Potential Technologies

Potential strategies to reduce the energy consumption in the housing stock should include
energy efficiency and renewable/alternative energy technologies. A wide variety of
renewable/alternative energy technologies were studied in the literature as summarized in
Table 1.1. Since the goal of this project is to introduce strategies to achieve NZE status for
existing Canadian houses, it is necessary to consider technologies that possess four

characteristics:

1. Suitable for Individual Houses (SIH): The operating conditions of a potential
renewable/alternative energy technology must be compatible with an individual
house. For example, the operating temperature of a solid oxide fuel cell (SOFC) is
typically around 600°C — 1000°C; thus the SOFC is generally used for long-term
steady state operation which cannot tolerate frequent on-off cycles. Therefore, in an
individual house where heat demand is continuously varying and thermal storage
capacity is limited, the SOFC is not a suitable technology. Micro gas turbine is
another example for a technology that is not suitable individual house, because the
nominal capacity of a micro turbine is generally beyond the thermal demand of an
individual household.

ii. Easily Integrated into the CHS (EICHS): As discussed earlier, CHS contains a wide
range of construction, geometry, occupancy and climatic conditions as well as
geographical locations. Thus, a suitable technology must easily fit in an existing
building in spite of the building location and climatic conditions. For example, hot

water seasonal thermal energy storage system require a large space for system



installation. In an existing house those systems are likely installed in an unused area
on building premises. In locations with high population density, presence of an
unused area is less likely rendering installation of such systems infeasible. Radiant
floor system is another example which requires extensive renovation and is not a
realistic retrofit for existing houses.

iii. Commercially Available in the Residential Market (CARM): A pre-requisite for
wide adoption of renewable/alternative energy systems is technology maturity and
commercial availability. Some emerging technologies require further research to
achieve reliable performance prior to attaining market share. For example, proton
exchange membrane fuel cell (PEMFC) is not released as a reliable and
commercially available product for residential customers.

iv. Reliable Model for Energy Simulation (RMES): This study is conducted with
CHREM, which use ESP-r as its simulation engine. Development, testing and
validation of a new model for a given technology requires extensive effort and is
beyond the timing and scope of this research. Thus, this project relies on existing

reliable models for energy simulations in ESP-r.

Table 1.1 was populated by a wide range of technologies based on previous studies reported
in the literature and the experience of other countries in the implementation of energy
conservation programs (Asaee, 2014; Asaee et al., 2016a; Asaee et al., 2015a; Asaee et al.,
2015b; Asaee et al., 2015c, 2016b; Asaee et al., 2017a; Asaee et al., 2017b; Asaee et al.,
2014; Banister, 2015; Beausoleil-Morrison, 2008; Chen et al., 2009; Han et al., 2009;
Hepbasli et al., 2009; Nikoofard, 2012; Nikoofard et al., 2013, 2014b, 2014c, 2014d;
Onovwiona and Ugursal, 2006; Pinel et al., 2011; Self et al., 2013). The list of potential
technologies was filtered using the four criteria given above to identify the suitable

technology retrofits to achieve NZE and near NZE status for Canadian houses.



Table 1.1 Energy efficiency and renewable/alternative energy technology retrofit options

. Remarks
Technologies SIH EICHS CARM RMES References
Cogeneration
1. Internal combustion engine N N N N (Asaee et al., 2015a, 2015¢)
2. Micro turbine (Beausoleil-Morrison, 2008; Onovwiona and Ugursal,
v 2006)
3. Fuel cell (Beausoleil-Morrison, 2008; Choudhury et al., 2013;
v v v Onovwiona and Ugursal, 2006)
4. Stirling engine N N N N (Asace et al., 2015b)
Solar based technologies
1. Water heating (Nikoofard, 2012)
a. Flat plate collector
I. Thermo-syphon ol J V
II. Active \ \ v \ (Nikoofard et al., 2014b)
b. Evacuated tube
I. Thermo-syphon V V
II. Active v ol
2. Space heating (Nikoofard, 2012)
a. Passive
I. Direct gain systems
i. Window modification \/ \/ \/ \/
ii. Shading devices \/ \/ J J
a) Fixed internal or external J J J J

shading (venetian blind)




Technologies

Remarks

SIH EICHS CARM RMES

References

b) Fixed external shading
(overhang)
II. Indirect gain systems
1. Trombe wall
i1. Distributed thermal mass
iii. Phase change materials
(PCM)
II1. Isolated gain
i. Sunspace
b. Active
I. Active solar space heating
1. Liquid based
a) Flat plate collector
b) Evacuated tube
c¢) Concentrating collector
i1. Air based
II. Controlled internal and
external shading devices
3. Space cooling
a. Thermally activated cooling
systems (TACS)
I. Solar absorption cooling system
II. Solar desiccant technology
4. Solar combisystem
5. Photovoltaic

v y y
y y ¢
y y y
v y y
y y y
N y y
y y

\/
v y y
y y
y y
v v y

(Nikoofard, 2012)

(Nikoofard et al., 2014c)

(Nikoofard, 2012)

(Asaee et al., 2016b; Asaee et al., 2014)
(Nikoofard, 2012)




Remarks

Technologies SIH EICHS CARM RMES References
a. PV electricity generation J J J V (Nikoofard, 2012)
b. Building integrated photovoltaic J J J J (Asace et al., 2016a)
thermal (BIPV/T) system
Storage
1. Thermal
a. Sensible heat storage (Pinel et al., 2011)
I. Water storage
i. Water tank(s) \ \ V \ (Han et al., 2009)
ii. Aquifer
iii. Solar pond V
I1. Rock bed (or gravel) J J (Tatsidjodoung et al., 2013)
. Ground
i. Soil V V J
ii. Solid rock V V
IV. Storage walls V w/
b. Latent heat storage (Pinel et al., 2011)
I. Phase change material
1. Organic PCMs
a) Paraffin V
b) Non-paraffin V
ii. Inorganic PCMs
a) Salt hydrates J
b) Metallic \/
ii1. Eutectics
a) Organic eutectic V




Technologi Remarks Ref.
SeibReies SIH EICHS CARM RMES clerences

01

b) Inorganic eutectic J

c. Seasonal energy storage (Pinel et al., 2011)
I. Aquifer thermal energy storage \
II. Borehole thermal energy
storage
III. Hot water thermal energy
storage
IV. Gravel water thermal energy
storage

d. Chemical energy storage (Pinel et al., 2011)
I. Magnesium sulphate
II. Silicon oxide
II1. Tron carbonate
IV. Iron hydroxide
V. Calcium sulphate

2. Electrical

a. Battery (Chen et al., 2009)
I. Lead acid battery V V V
II. Nickel cadmium battery V
III. Sodium sulfur battery V
IV. Lithium ion battery

<2 2 =2 2 =2

<

Ground source heat pump
1. Closed loop system (Bayer et al., 2012; Carvalho et al., 2015; Self et al.,
2013)
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Technologies

Remarks

SIH EICHS CARM RMES

References

a. Direct circulation system

(Fannou et al., 2014; Guo et al., 2012; Hakkaki-Fard

v v et al.,2015; Wang et al., 2013; Yang, 2013)
b. Indirect circulation system
1. Horizontal closed loop J J (Chong et al., 2013; Esen et al., 2007; Sanaye and
Niroomand, 2010; Tarnawski et al., 2009)
ii. Pond and lake loops \ \ (Self et al., 2013)
iii. Vertical closed-loop arrays J (Bakirci et al., 2011; De Carli et al., 2014;
Michopoulos et al., 2013; Yang et al., 2010)
2. Open loop system V V (Self et al., 2013)
Heat pump space and water heating
1. Air to water heat pump V V V (Asaee et al., 2017b)
2. Air to air heat pump J J (De Swardt and Meyer, 2001; Ito and Miura, 2000; Li,
2015)
3. Solar assisted heat pump J J J (Asaee et al., 2017a; Banister, 2015; Ozgener and
Hepbasli, 2007)
4. Gas engine driven heat pump \ (Hepbasli et al., 2009)
Installation
1. Radiant floor \ v v (Athienitis, 1997; Olesen, 2002; Ren et al., 2010)
2. Envelope modifications J J J (CMHC-SCHL, 2011; Energy Star, 2016¢, 2016d;
Nikoofard et al., 2013)
3. Energy efficient appliances and J J J (Energy Star, 2016a; Gardner and Stern, 2008; Young,

lighting

2008)




1.2.1.  Selected Retrofit Options for the Canadian Housing Stock
Amongst the energy efficiency and renewable/alternative energy technologies given in

Table 1.1, those that satisfy all four criteria discussed in Section 1.2 are the following:

(1)  Window modification
(i)  PCM thermal storage
(iil))  Envelope modification
(iv)  Appliance and lighting upgrade
(v)  Internal combustion engine cogeneration
(vi)  Stirling engine cogeneration
(vii)  Solar combisystem
(viil)  Air to water heat pump
(ix)  Solar assisted heat pump
(X)  Building integrated photovoltaic and thermal (BIPV/T)

These technologies satisfy all four criteria mentioned in Section 1.2 and are chosen for
detailed evaluation in this work to identify feasible paths to convert Canadian houses into

NZE and near NZE buildings.

1.3. Research Objectives

The principal objective of this dissertation is to develop feasible approaches, policies and
strategies to achieve, encourage and support the conversion of Canadian houses into NZE
and near NZE building. To achieve this objective, first it is required to expand the
capabilities of CHREM to model the complex plant and electrical systems and controls

required in NZEBs. Thus, the project has three inter-connected objectives:

(i) Expansion of CHREM to include capability to model technologies required to
achieve NZE status, including internal combustion engine and Stirling engine
cogeneration, solar combisystem, solar-assisted heat pump, air to water heat pump
and building integrated photovoltaic and thermal (BIPV/T) systems.

(1))  Techno-economic analysis for each individual technology retrofit.
(ii1))  Development of feasible approaches, policies and strategies to achieve, encourage
and support the conversion of existing Canadian houses into NZE and near NZE

buildings.
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CHREM is uniquely suitable to conduct such analysis because of its housing database
(CSDDRD) that is representative of the Canadian housing stock, as well as due to its

advanced modeling and simulation capabilities.
To achieve the objective of this project, the following tasks need to be completed:

1. A series of studies needs to be conducted to assess the techno-economic impact of
individual retrofit options on the energy consumption and GHG emission of the
CHS,

2. Based on the results of techno-economic analysis, the most suitable retrofit
scenarios in the CHS need to be identified,

3. Retrofit scenarios need to be developed to achieve NZE and near NZE status for
Canadian houses and techno-economic analysis need to be conducted to evaluate
the impact of those scenarios on the source energy consumption and GHG
emissions of the CHS.

4. Taking into consideration the results of techno-economic studies, policies and
strategy recommendations need to be developed to achieve, encourage and support

the conversion of Canadian houses into NZE and near NZE buildings.

The objective of this work is to provide a clear understanding of the options and types of
technologies, strategies as well as policy tools that could be used to achieve source energy

and GHG emission reductions in individual houses in the different regions of Canada.

This dissertation is organized such that each selected renewable/alternative energy
technology retrofit option is evaluated in a separate chapter (Chapter 2 to Chapter 9). In
Chapter 10 scenarios that consist of energy efficiency, thermal storage and
renewable/alternative energy technologies are evaluated and policy recommendations are

made.
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Chapter 2 Techno-Economic Evaluation of Internal Combustion
Engine Based Cogeneration System Retrofits in Canadian
Houses — A Preliminary Study

This section was previously published as:

Asacee, S.R., Ugursal, V.I. and Beausoleil-Morrison, 1., 2015. Techno-economic evaluation
of internal combustion engine based cogeneration system retrofits in Canadian houses—A
preliminary study. Applied Energy, 140, pp.171-183. doi: 10.1016/j.apenergy.2014.11.068

It is reprinted here under the terms of the license agreement with Elsevier. The copyright
license agreement is provided in Appendix A.

Rasoul Asaee is the principal researcher and author of the article. He conducted the research
as part of his PhD. Thus, while he received supervision and guidance from his supervisors
Drs. Ugursal and Beausoleil-Morrison, he carried out the work, wrote the published article,
communicated with the editor of the journal, and carried out the necessary revisions before
publication. Minor editorial changes have been made to integrate the article within this
dissertation.

2.1. Abstract

A preliminary techno-economic evaluation of retrofitting reciprocating internal combustion
engine based cogeneration into existing Canadian houses for the purpose of achieving or
approaching net-zero energy rating is presented. Primary energy and electricity
consumption, associated greenhouse gas emissions and tolerable capital cost are used as
indicators. A whole building simulation model was used to simulate the performance of a
commonly used cogeneration system architecture with thermal storage in “typical” single
storey houses located in Halifax, Montreal, Toronto, Edmonton and Vancouver,
representing the five major climatic regions of Canada. The system is assumed to sell
excess electricity to the grid at the purchase price. A high efficiency auxiliary boiler is
included to supply heat when cogeneration unit capacity is not sufficient to meet the heating
load. The effect of thermal storage capacity, interest rate and acceptable payback period on
the overall performance was evaluated through a sensitivity analysis. The findings suggest
that internal combustion engine based cogeneration provides a promising option to achieve
net-zero energy rating for Canadian houses, and therefore more detailed studies focusing

on the entire Canadian housing stock are needed.

2.2. Introduction and Literature Review
The Canadian residential sector is responsible for 17% and 16% of the national energy

consumption and greenhouse gas (GHG) emissions, respectively (OEE, 2006). Therefore,
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reducing residential energy consumption will have a substantial contribution to the efforts
to reduce overall energy consumption and GHG emissions in Canada. In this respect,
research on technologies that would approach or achieve net-zero energy rated buildings
has gained impetus (SNEBRN, 2012). Cogeneration (i.e. combined heat and power - CHP)
systems that generate electrical and thermal energy simultaneously from a single source of
fuel are of interest because of their higher efficiency compared to conventional systems
that generate electricity and thermal energy in two separate processes. While the energy
conversion efficiency of a cogeneration unit is close to 80% (based on the fuel's lower
heating value, and the sum of thermal and electrical output), the efficiency of a conventional
fossil fuel based electricity generation unit is about 30-35% (Onovwiona and Ugursal,
2006). In contrast to photovoltaic and wind systems, the ability to control the electricity
generation is a key benefit of CHP systems, providing an opportunity to achieve net zero
energy status for residential applications (Voss and Musall, 2011). Onovwiona and Ugursal
(2006) classified micro cogeneration units into four major categories: reciprocating internal
combustion (IC) engine based, micro turbine based, fuel cell (FC) based and reciprocating
external heat source Stirling engine (SE) based. As part of a comprehensive effort to
evaluate the feasibility of all four types of cogeneration systems for the Canadian housing
sector to achieve or approach net-zero rating, the IC engine based system is considered in
this work due to the mature technology, fuel adaptability and ubiquitous presence of IC

engines in the market.

In an IC engine based cogeneration system the engine is connected to an electricity
generator and recovered heat from the engine is supplied to the building to satisfy the
thermal energy requirement for the space and domestic hot water (DHW) heating. Usable
heat is mainly recovered from engine jacket cooling water, exhaust gas and lube oil cooling
water. Thermal storage in the form of one or more water tanks is incorporated into the
cogeneration system to increase the duration of the high-efficiency steady state operation
of the engine. Where possible (based on electric utility company policies), a cogeneration
system may use the grid as electrical storage to export and import electricity when the

electricity generation of the CHP unit is not equal to the building demand.

Thermal and electrical load following operating strategies are commonly used with IC

engine based cogeneration systems. In both strategies, the IC engine operation period is

15



governed by the energy requirement of the building and storage capacity. To be able to
accurately simulate the performance of the cogeneration plant it is therefore necessary to
integrate CHP electricity and heat generation with building energy requirements through a
whole building simulation method. Thus, numerous studies of IC engine based
cogeneration systems conducted using whole building simulation approach have been
reported in the literature. For example, Onovwiona et al. (2007) developed a parametric
model that can be incorporated into a building energy simulation program to evaluate the
techno-economic performance of residential scale reciprocating IC engine based
cogeneration systems. The model includes IC engine, water based thermal energy and
battery based electrical energy storage system as well as required control algorithms.
Simulation results showed that size of the system components (IC engine, thermal and
electrical storages) as well as control scenario significantly affect overall cogeneration
system performance. Beyer and Kelly (2008) studied the performance of an IC engine
based domestic cogeneration system for different UK housing types using a model that was
validated by comparing the results of simulations with actual measurement data. Various
operating strategies for the cogeneration system, with and without thermal storage, were
considered. The presence and size of thermal storage were found to have significant effects
on the performance of micro cogeneration system. Aussant ef al. (2009) modeled a series
of test case houses using a building performance simulation program and studied the
efficiency and economic performance of residential scale IC engine based cogeneration
system in Canada. Electrical and thermal loads, climatic conditions and construction
characteristics of the house were found to have strong influence on the overall performance
of the micro cogeneration system. Also, it was found that GHG emissions increased with
the cogeneration system if the provincial electricity emission factor was lower than 400
gC0O2eq/kWh. Rosato et al. (2013) conducted a study to evaluate energetic, economic and
environmental performance of natural gas (NG) fed reciprocating IC engine based micro
cogeneration system integrated to a three storey multifamily house located in Naples, Italy.
Investigation was carried out for thermal and electrical load following strategies, and the
cogeneration system performance was contrasted to that of a conventional system
generating heat and electricity separately. The results showed primary energy and operating

cost savings as well as reduction of GHG emissions. It was concluded that compared to the
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electrical load following strategy, the heat load following is more beneficial in terms of

primary energy consumption and GHG emissions but not operating cost.

There are also numerous experimental studies focusing on the performance of IC engine
based residential cogeneration systems. For example, Possidente et al. (2006) conducted
an experimental study to evaluate the energetic, economic and environmental performance
of three different micro cogeneration systems (electric power<15kW). They used primary
energy consumption, CO> emissions and payback period as indicators, and compared the
performance of the cogeneration systems to that of conventional generation of electricity
and heat in two separate processes. A reduction of 25% and 40% in primary energy
consumption and GHG emissions, respectively, were achieved using micro cogeneration
while the capital cost was found to be the main obstacle to implement the cogeneration
system in small scale applications. Rosato and Sibilio (2013) conducted experiments to
assess the energy, exergy and environmental performance of a 6 kWe IC engine based
cogeneration unit under the electrical load following strategy in Italy. They used a realistic
load profile representing Italian domestic non-HVAC electrical energy requirement of a
multifamily house of five dwellings. The results showed that GHG emissions decreased by
2% while the primary energy and irreversibilities decreased by 3.2% and 3.9%,
respectively, compared to the conventional generation of electricity and heat in separate
processes. Entchev et al. (2013) studied an IC engine based cogeneration system installed
in a typical grid connected Canadian detached house at the Canadian Centre for Housing
Technology (CCHT, 2013) to supply the required electrical and thermal energy. A high
efficiency furnace was added to supply heat when the thermal energy requirement of the
house exceeded the engine maximum thermal capacity. Measurements show that close to
65% of electrical load was supplied by the CHP unit while the remainder was imported
from the grid. The results confirmed the energy saving during the heating season for the
cogeneration system integrated with a high efficiency furnace in comparison to a
conventional furnace system. It was concluded that a well sized IC engine based
cogeneration system can reliably meet thermal and electrical energy requirement of the

house even in Canada's extremely cold climate.
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2.3. Problem Statement and Solution Methodology

This paper aims to investigate the energetic, GHG emissions and economic performance of
IC engine based cogeneration system for Canadian houses based on whole building
simulation. This simulation-based study is the first part of a comprehensive study to
evaluate the techno-economic performance and feasibility of IC engine based cogeneration
systems for the Canadian housing stock with the objective of achieving or approaching net-
zero energy rating. The purpose of this study is to gain a preliminary understanding of IC
engine based cogeneration system performance in the Canadian climatic conditions and to
identify the suitable size of thermal storage. Based on the findings of this work, detailed
simulation studies will be conducted using the Canadian Hybrid Residential Energy End-
use and Emissions Model (CHREM) (Swan et al., 2009, 2011) for the entire Canadian
housing stock. CHREM is based on the Canadian Single-Detached and Double/Row
Database (CSDDRD) (Swan et al., 2009, 2011), and utilizes the high resolution building
energy simulation program ESP-r (ESRU, 2015) as its simulation engine. CSDDRD is
statistically representative of the Canadian housing stock (CHS). It was developed based
on the available data from the EnerGuide for Houses database (SBC, 2006), Statistics
Canada housing surveys (OEE, 2006), and other available housing databases. CSDDRD
consists of approximately 17,000 unique house records with detailed information on
geometry, construction material and air-tightness as well as heating, cooling and ventilation
system (Swan et al., 2009). The occupant related household energy consumption (e.g. for
appliances and lights) of the house is based on a neural network model that was verified

against actual data from Canadian houses (Swan et al., 2011).

The ESP-r building performance simulation software and the IC engine based cogeneration
system model developed within IEA/ECBCS Annex 42 based on empirical data and
incorporated into ESP-r (Beausoleil-Morrison, 2008; Kelly and Beausoleil-Morrison,
2007) were used. The cogeneration system model was validated through a set of tests to
evaluate the results for different modes of operation (Beausoleil-Morrison and Ferguson,
2007; Ferguson et al., 2009; Rosato and Sibilio, 2012). ESP-r is an integrated modeling
tool for evaluation of the thermal, visual and acoustic performance as well as energy
consumption and GHG emissions of buildings. ESP-r has been validated through a vast

amount of research results (Strachan et al., 2008).
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Figure 2.1 IC engine based cogeneration system architecture.

The IC engine based cogeneration system shown in Figure 2.1 is considered for retrofit to
a one storey single family house under five primary climate conditions in Canada, namely,
Atlantic, East, Central, Prairies and Pacific. This architecture is based on the IC engine
based cogeneration system used in [IEA/ECBCS Annex 42 subtask B (Kelly and Beausoleil-
Morrison, 2007) and is capable of providing space and DHW heating as well as electricity
to the house. The system includes a thermal storage tank for the purpose of allowing the IC
engine to work for extended periods at full load and steady state to minimize fuel
consumption by reducing the low efficiency operation during engine warm-up and stray
losses during cool-down. An auxiliary boiler is included to provide heat when the available
energy in the thermal storage tank is not sufficient to meet the thermal energy demand for
space and DHW heating. A hot water tank is added to the system to store high temperature
water required for space and DHW heating. Two heat exchanger coils are considered in the
hot water tank to heat DHW and the circulated water in the space heating radiators. The
DHW heat exchanger coil is sized based on the maximum flow rate. To avoid overheating

the DHW when the flow rate is less than the maximum value, a tempering valve is used to
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maintain the DHW temperature at 55°C. To avoid unnecessary complexity in plant
simulation within ESP-r, the three-way tempering valve is modeled using a fully mixed and
adiabatic tank. The temperature of the tank is kept at 55°C and the DHW is withdrawn from

the tank. Space heating is done by a hydronic system that circulates heat to radiators.

As discussed in the previous section, building load is a key parameter in the design and
optimization of IC engine based cogeneration systems. Since space heating load is
governed by outdoor temperature, simulations were conducted for five major climatic
regions representing the Canadian climate: Halifax weather was used to represent the
climate of the Atlantic region, Montreal to represent the climate of the Quebec region,
Toronto to represent the climate of the Ontario region, Edmonton to represent the climate
of the Prairies region and Vancouver to represent the climate of the Pacific region. The

location and basic weather data for these cities are given in Table 2.1.

Table 2.1 Basic weather data for studied cities (Canadian weather for energy

calculations, 2008).
Parameter Halifax Montreal Toronto Edmonton Vancouver
Longitude 63.6 73.6 79.4 114.1 123.2
Latitude 44.6 45.5 43.7 53.5 49.2
HDD?(°C) 4031 4519 3570 5708 2927
Jan -4 -10 -7 -11 3
Feb -5 -9 -6 -10 5
Mar -2 -2 -1 -4 6
Apr 3 6 6 4 9
May 8 13 13 12 12
Monthly average Jun 13 18 18 15 15
temperature (°C)  Jul 17 21 21 18 17
Aug 18 20 20 16 17
Sep 14 15 16 11 14
Oct 10 9 10 5 10
Nov 4 2 4 -6 6
Dec -4 -7 -4 -11 3

? Annual heating degree days based on 18°C

As reported in the literature, the size of system components has a significant effect on
overall cogeneration system performance. Although increasing thermal storage size
extends the duration of steady state operation of the IC engine, as size of the storage system

increases the area of the mechanical room as well as the overall capital cost of the system
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increase. Thus, a sensitivity analysis was conducted to evaluate the effect of storage system

size on primary energy consumption and GHG emissions.

An accurate performance evaluation of the IC engine based cogeneration system requires
the simulation of the space and DHW heating loads of the house with electricity and heat
generation of the CHP unit. Hence, a detailed building/plant model was developed in ESP-

r to evaluate the dynamic building loads and energy supply of the cogeneration system.

The detailed building/plant model developed in ESP-r conducts an annual simulation
(January 1 to December 31) with 10-minute time steps. Thus, the building model calculates
the electricity as well as space and domestic hot water heating loads of the house for each
10-minute time step and passes this information to the IC engine based cogeneration plant
model. The plant model, using the performance and control algorithms described below,
calculates the energy input/output of the cogeneration system and the auxiliary heater, as
well as the electricity import/export values. The simulation is run in this fashion for the

entire year, and the results are calculated and accumulated at 10-minute time steps.

2.4. Building Model

A “typical” one-storey house, with a basement and an attic, for each city was selected from
the CSDDRD as the case study house for simulations. Construction characteristics (floor
area, vintage, window area, envelope thermal resistance and air tightness) and operating
parameters (number of occupants, HVAC equipment type, and fuel type for heating as well
as space and DHW heating system efficiencies) were used to select the case study houses.
The house selected for each city has these parameters close to the average values seen in
the city. The heating fuel for the study houses in Toronto, Edmonton and Vancouver is
natural gas (NG) since this is the most commonly used fuel in these cities. In Halifax and
Montreal, the most commonly used space heating fuel is electricity (OEE, 2014a), however
the case study houses in Halifax and Montreal were selected from oil heated houses (oil is
the second most common fuel in Halifax and Montreal) because retrofitting a cogeneration
system into an electrically heated house would require installation of a completely new
heating system (air handling unit, ducts, etc. for a water-air system, or piping, baseboard

convection units, etc. for a hydronic system), rendering cogeneration retrofit infeasible. The
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architectural characteristics and operating parameters of the houses are given in Table 2.2

and Table 2.3.

Table 2.2 Architectural characteristics of the houses (A = area, m?; U = heat
transfer coefficient, W/m?’K; M = main zone; B = basement)

Wall direction Window direction
S | w E | N Roof | Floor STw][E] N
Halifax
A M 26 26 26 26 115 11 3 8 9 2
B 26 26 26 26 - 115 -
U M 033 0.33 0.33 0.33 0.19 - 1.9 1.9 1.9 1.9
B 0.38 0.38 0.38 0.38 - 2.5 -
Montreal
A M 32 21 21 32 110 107" 12 9 0 21
B 32 17 17 32 - 110 -
U M 025 0.25 0.25 0.25 0.19 - 1.9 1.9 1.9 1.9
B 045 0.45 0.45 0.45 - 2.5 -
Toronto
A M 32 27 27 32 144 138" 10 4 3 9
B 22 27 27 22 - 144 -
U M 042 0.42 0.42 0.42 0.15 - 1.9 1.9 1.9 1.9
B 0.60 0.60 0.60 0.60 - 2.5 -
Edmonton
A M 29 23 23 29 114 110" 1 5 8 4
B 25 20 20 25 - 114 -
U M 033 0.33 0.33 0.33 0.18 - 1.9 1.9 1.9 1.9
B 0.38 0.38 0.38 0.38 -- 2.5 -
Vancouver
A |M 30 30 30 30 150 146" 16 4 4 10
B 30 30 30 30 - 150 -
U M 047 0.47 0.47 0.47 0.21 -- 1.9 1.9 1.9 1.9
B 1.40 1.40 1.40 1.40 -- 2.5 -

* Conditioned floor area

The case study houses were modeled as three thermal zones representing the main floor,

basement and attic. All thermal zones are conditioned using the HVAC system except the

attic, which allowed to "free float". The basement zone and the ground are connected using
the BASESIMP model (Beausoleil-Morrison and Mitalas, 1997) and the air infiltration is
modeled with the AIM-2 model (Walker and Wilson, 1990). The DHW volume draw

profile developed by Swan et al. (2009) is used.
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Table 2.3 Operating data of the houses

Parameter Halifax Montreal Toronto Edmonton Vancouver
Vintage 2000 1988 1990 1990 1992
Occupancy (people) 4 4 4 4 4
AC/hat 50 Pa 6.2 5.5 6.7 5 7
depressurization

DHW usage (m’/year) 77.5 96.6 51.4 75.9 57.9
DHW heating fuel Elec Elec NG NG NG
DHW heating efficiency (%) 82 82 55 55 55
Space heating set-point (°C) 21 21 21 21 21
Space heating efficiency (%) 80 73 81 77 77
Space heating fuel Oil Oil NG NG NG

2.5. Plant Model
The IC engine based cogeneration system presented in Figure 2.1 was modeled using the
component models and control algorithms available in ESP-r. The ESP-r component

models used are given in Table 2.4.

Table 2.4 Components used in the cogeneration system

Component name ESP-r type description

IC engine Annex 42 model for ICE CHP systems

Thermal storage tank Stratified tank with up to 100 layers; 2 node model

Hot water tank (HWT) Stratified tank with 2 immersed HXs; 3 node model

Radiator domestic hot water radiator VO ~ 2 m?; 2 node model

Pump Variable speed domestic WCH pump; 1 node model
Non-condensing boiler & aquastat control; 2 node IEA

Auxiliary boiler Annex model

Condensing boiler & ON/OFF control; 2 node model

The strategies used to control the cogeneration unit as well as space and DHW heating are
ON/OFF algorithms. The sensor and actuator parameters for each control loop are listed in

Table 2.5.

“IC engine | Tank pump” control loop as shown in Table 2.5, controls the IC engine mode
and power generation as well as pump of the tank (i.e. when the IC engine starts, so does
the pump). The cogeneration unit is controlled to follow the thermal load. The control
parameters used in the simulations were chosen to be compatible with the space heating

systems used in the residential buildings in Canada. Thus, the IC engine runs to maintain
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the thermal storage tank temperature in the range of 85-95°C. When the thermal storage
tank temperature at supply line to the boiler drops below 85°C, the IC engine and
circulating pump are turned on. HWT pump and boiler control loops sense the water
temperature of the hot water tank at the supply line to the zones. The supply temperature to
the radiators is maintained in the range of 88-92°C. If the IC engine capacity is not enough

to balance the heat requirement, auxiliary heater supplies energy to the water.

Table 2.5 Control parameters used

Actuator startPe\nOden d Sensor location Sﬁtpoi)nf;

IC engine | Tank pump 1 Jan 31 Dec Thermal stoLa(;giclaetrank outlet to 85 95
Hot water tank pump IJan 31 Dec Hot water tank outlet to zone 88 92
Boiler l1Jan 31 Dec Hot water tank outlet to zone 75 85
DHW Pump I Jan 31 Dec DHW tank 54 56
DHW tank l1Jan 31 Dec DHW draw - -
I Jan 1 Apr 20 22

2Apr 3 Jun 20 22

Radiator pump 4Jun 16 Sep Zone main 1 0 1?
17Sep 7 Oct 20 22

8 Oct 31 Dec 20 22

? The heating system will not turn on due to the low temperature setpoint during the cooling
only season
DHW control loops are assigned to run the DHW pump and keep the DHW temperature at
55°C. The DHW consumption is controlled by patterns provided in boundary conditions
and applied to the system as water draw to DHW tank.

Radiator pump control loop senses the main zone temperature and supplies hot water to
radiators to maintain the zone temperature in desired range. Other zones of the house are
slave of the main zone. Five periods are considered to address the heating only, cooling

only and heating-cooling seasons as shown in Table 2.5.

2.5.1.  IC Engine

The empirical IC engine model developed and incorporated into the ESP-r within
IEA/ECBCS Annex 42 subtask B for residential cogeneration devices (Beausoleil-
Morrison, 2008; Kelly and Beausoleil-Morrison, 2007) is used. The size of the cogeneration

unit is selected based on the design heating load of the house from the list of commercially
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available cogeneration units given in Table 2.6 (BAXI, 2013; ENER-G, 2013). A
cogeneration unit that just matches or is slightly undersized for the design heating load is
assigned to each house, with the balance to be made up by auxiliary heat. The thermal load

following method is assumed in all cases.

Table 2.6 Technical details of micro cogeneration units used

) Rated output (kW) Efficiency (%)
Series name - -
Electrical Thermal Electrical Thermal
ENER-G 4Y 3.87 8.38 26.7 57.8
Dachs G 5.5 5.50 12.50 24.2 54.8
ENER-G 10Y 10.0 17.30 30.7 53.5
ENER-G 25Y 25.0 38.40 33.5 51.5

The effect of start-up and shut-down losses are ignored in the simulations based on a
sensitivity analysis conducted to determine the magnitude of these losses over an entire
heating season. Thus the electrical and thermal efficiencies are treated as constants. Thus,
the flow rate and temperature dependency coefficients of the Annex 42 model were set to

Z€ro.

Since the smallest thermal storage tank capacity was selected to store heat generated by the
IC engine over a two-hour operation, the IC engine operates for at least two hours once
started, rendering the effect of start-up and shut-down losses negligible. With larger thermal

storage tanks, the effect becomes increasingly smaller.

2.5.2.  Water Tanks
As shown in Figure 2.1, two cylindrical tanks are used in the system: a thermal storage tank

and a hot water tank.

2.5.2.1. Thermal Storage Tank

One of the objectives of this work is to determine the thermal storage tank capacity that
results in the best performance of the cogeneration system. Therefore, three sizes of thermal
storage tanks are considered based on the rated thermal output of the cogeneration system,
i.e. capacity sufficient to store heat generated in 10, 5 and 2 hours of steady state operation

of the cogeneration system, calculated using Equation (2.1).
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Vz: qge,,)sstop,ss (2 1)
pCATmnk

where V; is the tank capacity (m?), ggenss is heat generated by the cogeneration system in
one hour (kJ/h), t,p.s is hours of steady state operation (h), p is density of water (kg/m?), C
is specific heat of water (kJ/kg°C) and AT tank temperature range, i.e. difference

between the high- and low-temperature set points for the tank, set to 10°C.

The stratified tank model implemented in the plant domain of ESP-r by Thevenard &
Haddad (2010) is used. In order to minimize heat losses to the environment, the height is
made equal to the diameter to minimize surface area, with the constraint that the tank height

must be no greater than the basement height.

2.5.2.2.  Hot Water Tank

The purpose of hot water tank is to provide heat for space and DHW heating as shown in
Figure 2.1. It is sized and modeled the same way as the thermal storage tank, except its
capacity is sufficient to store the heat generated by 1 hour of steady state operation of the
cogeneration system. The heating coils for space and DHW heating are assumed to have
the same height as the tank, and diameters 0.8 and 0.2 times, respectively, of the tank

diameter.

2.5.3.  Auxiliary Boiler

The condensing/non-condensing boiler models implemented in the plant domain of ESP-r
by Hensen (1991) is used. The model simulates a gas fired conventional or condensing
boiler. For the regions that NG is not available (i.e. Halifax), a non-condensing oil boiler is
used. The nominal heating capacity for the auxiliary heating unit is selected based on the
difference between design heating load of the house and heat generation of the cogeneration
system during full load operation mode. Input parameters for condensing and non-
condensing boilers are given in Table 2.7.

Table 2.7 Input parameters for auxiliary boiler

Parameter Unit Value
Component total mass kg 50
Mass weighted average specific heat J/kgK 1000
Upper temperature limit °C 95

. Non-condensing boiler % 80
Full load efficiency Condensing boiler % 90
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2.5.4.  Space Heating Radiator

The radiator model implemented in the plant domain of ESP-r by Hensen (1991) is used.
The radiator properties derived from actual measurements (ESRU, 2015) tabulated in Table
2.8 are used. Although the nominal hot water supply and exit temperatures given in Table
2.8 are high for condensing type boilers, the same heat emission value of 1030 W per
radiator is used in the model since the same heat transfer rate can be achieved with lower
water temperatures and a radiator that has the same thermal mass but larger surface area.
The required number of radiators for each zone is obtained by dividing the heating

requirement by the nominal heat emission of the radiator.

Table 2.8 Radiator properties (ESRU, 2015)

Parameter Unit Value
Mass kg 20.9
Mass weighted average T/kgK 1350
specific heat
heat emission W 1030
. supply temp °C 89.7
Nominal exit temp °C 68.5
environment temp °C 22

2.5.5.  Fuel Options for the Cogeneration and Auxiliary System

NG is available in all provinces of Canada except in the Atlantic region (NS, NB, PEI and
NL) where there is very limited availability of NG for residential customers. In the Atlantic
region furnace oil is the commonly used fuel source for space heating. Hence NG is
considered as the primary energy source for space and DHW heating purposes in Montreal,
Toronto, Edmonton and Vancouver, while the oil is considered for Halifax. Adjusted for
heating value, the wholesale price of NG in Canada was 45% of the price of heating oil

during the 2000’s and 14% in 2013 (NRCan, 2013), as given in Table 2.9.

ESP-r calculates the heating value and CO2 emissions for NG based on fuel composition.
The typical composition of NG available in Canada (Uniongas, 2013) given in Table 2.9 is
used in this work. For oil, the lower heating value and carbon intensity (kg CO» emission

per unit weight of fuel) are used as inputs.
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Table 2.9 Fuel properties

Property NG Oil
Methane 95 --
Ethane 3.2 --
Propane 0.2 --
Mole fraction Butane 0.06 --
(%)? Pentane 0.02 --
Carbon dioxide 0.5 --
Nitrogen 1 --
Oxygen 0.02 --
Lower heating value (J/kg) -- 4.6x10’
Density (Kg/m?) -- 840
Carbon intensity (Kg/kg) -- 3.24
. , | 2000-2010 5.84 12.99
Price (CS/GI)” 1 513 (Jan-Aug) 3.10 21.83
4 Uniongas (2013)

®Natural Resources Canada (2013)

2.6. Performance Evaluation Parameters
In order to estimate techno-economic performance of IC engine based cogeneration system,
three metrics are used: primary energy savings index, GHG emission reduction index and

tolerable capital cost.

2.6.1. Primary Energy Saving (PES) Index

To quantify the potential benefits of cogeneration in terms of the amount of primary energy
savings provided, the European Parliament and Council published in Directive 2004/8/EC
(OJEU, 2004) the “primary energy savings” (PES) index given by Equation (2.2). The

value of PES varies between 0 and 1, with values closer to 1 indicating higher savings.

PES=1-

1
Tih,CHP_ TEE,CHP (2.2)
th,conv  "EE,conv

where 774, cup = heat efficiency of the cogeneration production defined as annual useful heat
output divided by the fuel input used to produce the sum of useful heat output and electricity
from cogeneration, #7:,conv = efficiency reference value for separate heat production, £k crp
= electrical efficiency of the cogeneration production defined as annual electricity from
cogeneration divided by the fuel input used to produce the sum of useful heat output and
electricity from cogeneration, #7£k,conv= efficiency reference value for separate electricity

production.

28



The Directive specifies that the efficiency reference values are to be calculated according

to the following principles:

— The comparison with separate electricity production shall be based on the principle
that the same fuel categories are compared.

— Each cogeneration unit shall be compared with the best available and economically
justifiable technology for separate production of heat and electricity on the market
in the year of construction of the cogeneration unit.

— The efficiency reference values for separate electricity production and heat

production shall reflect the climatic differences due to location.

The PES index given by Equation (2.2) becomes meaningless if separate electricity
generation is from a renewable energy source such as hydro since the term #zg.conv 18
undefined for renewable energy sources. This is the case for Montreal, a city in the province
of Quebec, where close to 100% of the electricity production is from hydro resources
(Hydro-Quebec, 2014a). However, Quebec is a member of the Northeast Power
Coordinating Council (NPCC) (2014) and all surplus electricity generation in Quebec is
exported to the New England and New York states (Hydro-Quebec, 2014a) where there is
substantial electricity generation from fossil fuels. Thus, while the PES is undefined for
Montreal within the Canadian context, a PES can be calculated for Montreal within the
NPCC context using the reference efficiency of fossil fuel based electricity generation in

the U.S. portion of NPCC.

Two approaches that reflect the spirit of the directive are used in this work to calculate the
PES. The first approach uses efficiency parameters that reflect the best available and
economically justifiable conditions in Canada and the second approach uses efficiency
parameters that reflect the current conditions in Canada. In both cases, it is assumed that
electricity generated by the cogeneration system replaces utility electricity generated from

fossil fuels.

2.6.1.1. Approach 1
To calculate the PES that reflects the best available and economically justifiable technology
used in residential heating systems and fossil fuel based electricity generation in Canada,

hereafter referred to as PES(CANA), the following values were used:
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Nih,CHP Determined from ESP-r model simulations,

Nih,conv 87.4% (based on HHV) for the seasonal efficiency of the best available and
economically justifiable residential scale furnace oil fired boiler on the
market in Canada (Viessmann, 2015b),

98% (based on HHV) for the seasonal efficiency of the best available and
economically justifiable residential scale furnace NG fired boiler on the
market in Canada (Viessmann, 2015a),

NEE,CHP Determined from ESP-r model simulations,

NEE,conv Determined based on fuel mixture for utility electricity generation from
fossil fuels in each province (Statistics Canada, 2014a, 2014b) and best
available efficiency of the pulverized coal, oil and NG fired power plants in
North America. While NG is largely unavailable for residential customers,
it is used for electricity generation in Nova Scotia.

The nEeEconv values for each province were calculated based on the 45% and 60% energy
efficiency for advanced steam power (pulverized coal (International Energy Agency, 2012)
and oil fired) and NG fired combined cycle (Bartos, 2011) power plants, respectively, as
shown in Table 2.10. The fuel mixture was calculated based on the most recent data
available for Canadian provinces, which is for 2011 and 2012 (Statistics Canada, 2014a,
2014b). The electricity transmission and distribution losses in the grid (Farhat and Ugursal,

2010) were also taken into consideration in the calculation of the PES index.

Table 2.10 Efficiency reference value for separate electricity production (%)

Scenario Halifax =~ Montreal Mg;%iill_ Toronto Edmonton Vancouver
CANA 47 N/A 55 54 46 58
CANB 31 N/A 41 35 30 40

Siler-Evans et al. (2012) evaluated the marginal emission factors and the fuel mixture for
the U.S. electricity generation from fossil fuel sources. The average fuel mixture for
marginal electricity generation from fossil fuel based thermal plants within the period 2006
to 2011 in U.S. section of NPCC is used to calculate the efficiency reference value for the

calculation of the PES within the Montreal-NPCC context.
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2.6.1.2.  Approach 2
To calculate the PES that reflects the current state of technology used in residential heating

systems and fossil fuel based electricity generation in Canada, hereafter referred to as

PES(CANB), the following values were used:

Nth,CHP Determined from ESP-r model simulations,

Hth,conv As given in Table 2.3,

NEE,CHP Determined from ESP-r model simulations,

W EE,conv Determined based on fuel mixture for utility electricity generation in each

province (Statistics Canada, 2014a, 2014b) and actual efficiency of fossil fuel
fired electricity generation in each region of Canada (Statistics Canada, 2007,
2009a, 2009D).

The neeconv values for electricity generation using fossil fuels in each province were
calculated based on the most recent data from Statistics Canada as shown in Table 2.10.
While the fuel mixture is calculated based on the 2011 and 2012 data (Statistics Canada,
2014a, 2014b), the reference efficiencies are calculated based on the average efficiencies
of electric utility thermal plants for the period of 2005 to 2007 (Statistics Canada, 2007,
2009a, 2009b). This is due to the lack of efficiency data for the period 2011 to 2012. The
electricity transmission and distribution losses in the grid (Farhat and Ugursal, 2010) were

also considered in the calculation of the PES index.

The efficiency reference value for the Montreal-NPCC context was calculated based on the
average fuel mixture and GHG intensity factors for marginal electricity generation from
fossil fuel based thermal plants within the period 2006 to 2011 in the U.S. section of the
NPCC (Siler-Evans et al., 2012).

2.6.2. GHG Emission Reduction Index

To quantify the potential benefits of cogeneration in terms of the reduction in GHG
emissions, a GHG emission reduction (GER) index was developed in this work. The GER
is similar to the PES, and compares the GHG emissions with cogeneration to the GHG

emissions with separate heat and electricity generation. Thus:

GER= GHGconv-GHGcpp (23)

GHGconv

where GHGconv = GHG emissions from separate heat and electricity generation, GHGcup

= GHG emissions from combined heat and electricity generation.
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As in the case of PES, the value of GER varies between 0 and 1, with values closer to 1

indicating larger reductions.

The same two approaches used in the calculation of PES were used to calculate GER, as

follows.

2.6.2.1. Approach 1
Similar to the PES Directive principles to determine the efficiency reference values, the
GHG emission values for separate generation of heat and electricity were calculated based

on the following principles:

— The GHG emissions for the same fuel categories are compared.

— The GHG emissions of the cogeneration unit are compared with the best available
and economically justifiable technology for separate production of heat and
electricity on the market in the year of construction of the cogeneration unit.

To calculate the GER that reflects the best available state of technology available in
residential heating systems and fossil fuel based electricity generation in Canada, hereafter
referred to as GER(CANA), the following values were used:
— The best available and economically justifiable heating technology for separate
production of heat using oil in Canada is the high efficiency boiler with a seasonal

efficiency of 87.4% (based on HHV, as provided by the manufacturer) (Viessmann,
2015b). The GHG emission for this boiler is 0.081 kg/MJ thermal output.

— The best available and economically justifiable heating technology for separate
production of heat using NG in Canada is the high efficiency condensing boiler with
a seasonal efficiency of 98% (based on HHV) (Viessmann, 2015a). The GHG
emission for this boiler is 0.051 kg/MJ thermal output.

The GHG intensity factors were calculated using the best available and justifiable
technology for separate electricity generation as presented in the previous section and the
fuel mixture calculated based on the most recently available data for the period 2011 to

2012 (Statistics Canada, 2014a, 2014b).

To evaluate the GHG intensity factor for the Montreal-NPCC context, the average fuel
mixture for marginal electricity generation from fossil fuel based thermal plants within the
period 2006 to 2011 in the U.S. section of NPCC was used (Siler-Evans et al., 2012). The

resulting GHG emission values are given in Table 2.11.
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Table 2.11 GHG intensity factors for electricity generation

Scenario Unit Halifax Montreal Mggg?l_ Toronto Edmonton Vancouver

CANA kg/MWh 601 N/A 385 386 618 323
g/MJ 167 N/A 107 107 172 90

CANB kg/MWh 848 N/A 489 590 1020 448
g/MJ 236 N/A 136 164 283 124

2.6.2.2.  Approach 2

To calculate the GER that reflects the current state of technology used in residential heating
systems and fossil fuel based electricity generation in Canada, hereafter referred to as
GER(CANB), the efficiency values for space heating equipment given in Table 2.3 were

used. The corresponding GHG emissions for the equipment are given in Table 2.12.

The GHG intensity factors were calculated using the current technology for separate
electricity generation as presented in the previous section. The resulting GHG emission

values are given in Table 2.11.

Table 2.12 GHG intensity factors for space and DHW heating (g/MJ)

) Montreal-
Halifax Montreal NPCC Toronto  Edmonton Vancouver
Space 91 99 99 62 65 65
DHW 287 N/A 269 91 91 91

2.6.3. Economic Evaluation Using Tolerable Capital Cost

IC engine based cogeneration, especially at residential scale, is an emerging technology in
Canada as it 1s in the USA. Hence, capital cost estimates are difficult to obtain. Although
commercial scale units are more common than residential scale units, their capital costs are
also difficult to estimate due to a variety of reasons. The 2014 edition of “Catalog of CHP
Technologies” published by the U.S. Environmental Protection Agency states “it should
also be noted that installed costs can vary significantly depending on the scope of the plant
equipment, geographical area, competitive market conditions, special site requirements,
emissions control requirements, prevailing labor rates, and whether the system is a new or
retrofit application” (US EPA, 2014). In the absence of reliable capital cost estimates, it is

not practical to use conventional cost-benefit analysis methods to evaluate the economic
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feasibility of residential scale IC engine based cogeneration systems. Therefore, the
feasibility of IC engine based cogeneration systems is evaluated here using the tolerable
capital cost (TCC) approach suggested by Nikoofard et al. (2014a). The TCC approach
evaluates the economic feasibility of energy upgrades for buildings from the perspective of
the building owner. TCC is the capital cost that building owner is able to pay for an energy
upgrade based on the number of years considered acceptable for pay-back, the annual

savings, and the applicable annual interest and fuel cost escalation rates.

Considering the equal value for energy cost escalation rate and interest rate, Equation (2.4)
is used to evaluate the TCC for the IC engine based cogeneration system upgrade in studied

houses.
TCC=ACSx*n(1+i)"! (2.4)

where ACS is the net annual cost savings due to energy upgrade (C$), 7 is the acceptable

payback period (year) and i is the interest rate for borrowing (decimal).

Net annual cost saving is the difference between the energy cost of conventional heating
system and the energy cost of the cogeneration system. Energy cost of the building is

determined using Equation (2.5).
EC:CEE+CPE (25)

where EC is the energy cost (C$), Cek is the cost of electrical energy (C$) and Cpk is the
cost of primary energy (C$).

The unit electricity prices used in this study were obtained from 2013 edition of annual
Hydro-Quebec report on electricity bills of costumers of various utilities in 21 major North
American cities (Hydro-Quebec, 2014b). TCC were calculated for three scenarios
including case 1 (i=3%, n=2), case 2 (i=6%, n=6) and case 3 (i=9%, n=10) to minimize
effects of uncertainty in estimating the future interest rates. The maximum payback period
of 10 years used in this work is within the economical lifetime of 15 years reported by the
International Energy Agency (ETSAP, 2010). The fuel prices that are used in this study are
presented in Table 2.13.
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Table 2.13 Fuel prices in each city

Halifax Montreal Toronto  Edmonton Vancouver

Electricity?

(conts/ Wh) 16.22 7.89 14.30 15.55 9.55
b

Natural gas N/A 46.41 29.87 17.26 42.45

(cents/m”) .

Home heating oil* 113.1 212 1272 N/A 1283

(cents/litre)

? Hydro-Quebec (2014b)
b Statistics Canada handbook (2014b)

2.7. Results and Discussion
The fuel and electricity consumption for the conventional heating system and the IC engine

based cogeneration system for each city are given in Table 2.14.

Table 2.14 Fuel and electricity consumption with the conventional

Electricity from the grid 3 .
Conv | CHP Conv | CHP Conv | CHP
Halifax 14,824 4,029 - - 1,470 2,058
Montreal 14,358 -3,469° - 3,710 2,635 -
Toronto 7,103 -4,309 2,561 3,116 - -
Edmonton 6,989 -3,094 2,981 3,157 - -
Vancouver 16,773 7,027 2,289 2,870 - -

? Negative values indicate electricity is exported to the grid

The oil consumption of the IC engine based cogeneration system is 145% of its value for
the conventional system in Halifax while the cogeneration system supplies 70% of the
electricity demand. The lower thermal efficiency of the cogeneration unit compared to the
thermal efficiency of the conventional heating system yields higher fuel consumption to
satisfy the building thermal load. The fuel source for the conventional space and DHW
heating system of the house in Montreal is oil. As discussed in the previous section, the
fuel source for the IC engine based cogeneration system in the present study for the house
in Montreal is set to NG. The net amount of electricity generation is negative for the house
in Montreal which indicates that the electricity generation of the system is higher than the
electricity demand of the house, and the surplus electrical energy is exported to the grid.
For the conventional heating system used in the house in Toronto, the fuel source is NG

and efficiency is 81% which is in the same range as the total cogeneration efficiency. Thus,
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the fuel consumption to supply the heating demand of the building is higher for the
cogeneration system compared to the conventional heating system. The NG consumption
of the IC engine based cogeneration system for the house located in Edmonton is 1.2 of its
value for the conventional heating system. Similar to the houses in Toronto and Montreal,
the electricity generation of the cogeneration system exceeds the house electrical energy
requirement. The NG consumption of the IC engine based cogeneration system exceeds the
value of these parameters for a conventional heating system in Vancouver. Also, the total
electricity generation of the IC engine is less than the electrical energy requirement of the

house.

The annual operational hours of auxiliary heating system in all cities except Montreal is
negligible. In Montreal the auxiliary boiler operates forty hours per year. This result
indicates that the IC engine based cogeneration system has sufficient capacity to meet the

heating load of the building.

In following sections, the techno-economic assessment of the IC engine based cogeneration

system retrofit is evaluated using the metrics presented in Section 2.6.

2.7.1.  Primary Energy Savings

The PES index calculated for each house based on the two approaches presented in Section
2.6.1 are given in Table 2.15. As discussed in Section 2.6, PES(CANA) illustrates the
perspective of primary energy savings using the IC engine based cogeneration system as
an alternative to the best available fossil fuel based conventional heat and electricity

generation system in Canada.

Table 2.15 PES index for studied houses

Scenario Montreal-

Halifax Montreal NPCC Toronto Edmonton Vancouver
CANA 0.25 N/A 0.19 0.14 0.21 0.12
CANB 0.41 N/A 0.36 0.38 0.44 0.36

The maximum PES(CANA) index is achieved for Halifax followed by Edmonton. This is
due to the higher coal portion in the fuel mixture for electricity generation in Nova Scotia
(Halifax) and Alberta (Edmonton) compared to its value in the other provinces of

Canada(Statistics Canada, 2014a, 2014b). Thus, the efficiency reference value for Halifax
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and Edmonton are the lowest among the five cities, as shown in Table 2.10. Additionally,
the efficiency of the oil fired furnace used in Halifax is lower compared to the NG fired
ones used in Edmonton. While the PES for Montreal is undefined within the Canadian
context, the PES calculated for the Montreal-NPCC context indicates a substantial
opportunity for primary energy savings within the NPCC as shown in Table 2.15. While
the efficiency of conventional electricity generation in Quebec, Ontario and British
Columbia are in the same range, the PES(CANA) is higher in Montreal-NPCC compared
to Toronto and Vancouver. This is due to the lower efficiency of the oil fired furnace used
for space heating in Montreal compared to NG fired furnace for space heating in Vancouver
and Toronto. Since the geometric and operational parameters for the studied houses were
the average values of existing Canadian houses, these results confirm the potential role of
IC engine based cogeneration system to reduce primary energy consumption in the

Canadian housing stock.

PES(CANB) was calculated based on the efficiency of actual technology used for
electricity generation and heating purposes in Canada. While the PES(CANA) varies
considerably in five cities studied in this paper, the variation of PES(CANB) is about 20%
among the cases that only consider fossil fuel for electricity generation. This result shows
the importance of considering the actual status of electricity generation in the evaluation of

primary energy savings due to cogeneration retrofit.

As discussed earlier PES(CANB) represents the most realistic scenario to calculate the
primary energy saving due to IC engine based cogeneration upgrade. The significant
difference between PES(CANA) and PES(CANB) show the effect of efficiency of
conventional heat and electrical energy generation on the potential role of the CHP system
to reduce primary energy consumption. Thus, any strategy to encourage manipulating
cogeneration system in the residential sector should consider the existing technologies for
energy conversion. The value of PES(CANB) for the houses considered in this study show
the effectiveness of using IC engine based cogeneration systems to approach net zero

energy status in existing Canadian houses.
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2.7.2.  GHG Emission Reduction

The portion of the GHG emission that is associated with electricity generation compensates
the total GHG emission of the cogeneration system and the overall GHG emissions of the
building is reduced. The results of GER index calculations based on the two approaches

given in Section 2.6.2 are presented in Table 2.16.

Table 2.16 GER index for studied houses

Scenario Halifax Montreal Mﬁrfl,téeéd_ Toronto Edmonton Vancouver
CANA 0.34 -0.13 0.51 0.35 0.52 0.10
CANB 0.45 0.06 0.63 0.63 0.78 0.28

As discussed in Section 2.6.2, The GER(CANA) approach provides the GHG reduction
due to using IC engine based cogeneration system to replace the best available conventional
heat and electricity generation system in Canada. Due to this fact the amount of GHG
reduction as a result of IC engine based cogeneration system retrofit is lower compared to
the CANB scenario that considers actual fossil fuel based conventional heat and electricity
generation. The highest GHG emission reduction is associated with the cogeneration
retrofit in Montreal-NPCC and Edmonton. The considerable amount of coal in the fuel
mixture for electricity generation in Alberta provides a favorable opportunity for IC engine
based cogeneration retrofit to reduce GHG emissions in Edmonton. As shown in Table
2.11, the GHG intensity factor for conventional electricity generation in Montreal-NPCC
is the second lowest. Thus, the GHG emissions reduction as a result of exporting electricity
to the grid is less effective in the Montreal-NPCC context compared to the Halifax, Toronto
and Edmonton cases. The main reason for the high value of GER(CANA) index in the
Montreal-NPCC context is switching the fuel source from oil to NG. Also, the efficiency
of the original heating system in Montreal is the lowest compared to the other houses. While
the GHG intensity factor for electricity generation in Toronto is about 60% of its value in
Halifax, as shown in Table 2.11, the GER(CANA) is in the same range for these two cities.
This is due to the considerable amount of electrical energy saving as a result of using CHP
system in the house in Toronto. Diversely, the cogeneration unit for the house in Vancouver
yields 10% reduction in GHG emissions. This is because of the small value of GHG

intensity factor for the conventional electricity generation in British Columbia. The
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GER(CANA) index is positive for all of the cases which is evidence that cogeneration is
beneficial from an environmental point of view for the Canadian housing stock. However,
the negative value of GER(CANA) for Montreal case shows that the IC engine based
cogeneration system is not environmentally beneficial in Montreal, if the electricity export

from Quebec to New York and New England states is ignored.

The GER(CANB) is the most realistic approach to evaluate the GHG emissions reduction
caused by replacing the existing fossil fuel based heat and electricity generation by IC
engine based cogeneration. In contrast to the results of GER(CANA) scenario, the
GER(CANB) is approximately neutral for Montreal. The GHG emission reduction due to
IC engine based cogeneration retrofit in Edmonton is the maximum among five major
Canadian cities studied in this paper. As discussed before, this is due to the high portion of
coal in fuel mixture for electricity generation in Alberta. Within the Montreal-NPCC
context, the IC engine based cogeneration retrofit approximately cuts half of GHG

emissions.

2.7.3.  Economic Evaluation Using Tolerable Capital Cost

The TCC for three payback periods and interest rates for the IC engine based cogeneration
system upgrade are presented in Table 2.17. The results show that while the electricity and
NG prices in Montreal are the lowest and the highest values in Canada, respectively, the
TCC of the house located in Montreal is the highest. The main reason for the considerable
difference in the TCC in Montreal and other cities is the changing of the fuel source from
furnace oil to NG and substantially higher price per energy content of furnace oil compared
to NG, as shown in Table 2.9. While the electricity price in Halifax is the highest in Canada
the TCC for the house in Halifax is less than TCC in Toronto and Edmonton. This is due
to the fact that the cogeneration unit burns NG in all cities except Halifax. As mentioned
before, the price per energy content of oil is much higher than that of NG, which increases
the fuel cost of the house in Halifax. Since the low cost NG is available in Alberta and
conventional electricity generation cost is relatively high, the TCC for the house in
Edmonton is the second highest. The low energy cost in British Columbia yields the

minimum TCC for the house in Vancouver.
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Table 2.17 Tolerable capital cost for cogeneration upgrade (CS$)

City Case 1 Case 2 Case 3
Halifax 2,109 6,147 9,963
Montreal 5,589 16,293 26,407
Toronto 2,847 8,299 13,451
Edmonton 2,985 8,703 14,106
Vancouver 1,328 3,872 6,276

Overall, the calculated TCC provides a promising outlook for the cogeneration system in
existing Canadian houses. The next step for this study is to conduct a comprehensive study
in provincial and national scale to estimate the potential role of IC engine based

cogeneration unit to approach net zero energy status in existing Canadian houses.

2.7.4.  Sensitivity Analysis

To evaluate the effect of storage size on energetic and environmental performance of IC
engine based cogeneration system, the size of the thermal storage tank was changed while
other parameters were kept at baseline values. The results of the sensitivity analysis are

presented in Table 2.18.

Table 2.18 Effect of storage size on fuel and electricity consumption and GHG

emissions

Electricity (kWh) NG (m?) 0il (L) GHG o

City Small | Large | Small | Large | Small | Large | Small Large
tank tank tank tank tank | tank tank tank

Halifax 4,057 3,584 - - 2,053 2,206 | 9,378 9,431
Montreal — -3,275* -4,330 | 3,651 3,974 - - 7,497 8,173
Toronto -4,143  -4,726 | 3,065 3,243 - - 5,627 5,874
Edmonton -2,829 -3,883 | 3,085 3411 - - 4,545 4,177
Vancouver 7,694 5,860 | 2,679 3,209 - - 5,706 6,766

® Negative values indicate electricity exported to the grid.

Three sizes of thermal storage tank were evaluated. The “small” storage tank is sized to
store heat produced during 2.5 hours (2.7 m®) of IC engine operation, while the “medium”
tank is sized for 5 hours (5.4 m®), and the “large” tank for 10 hours (10.8 m?) of operation.
The medium storage size represents the volume of thermal storage tank used in the previous

sections. While the small storage tank may be considered to be uncommonly large for a
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conventional heating system in a single-family house, it is selected in this work to provide
sufficient thermal energy storage capacity in order to utilize the thermal potential of the

cogeneration system.

The results show that increasing the size of storage tank yields a higher oil and NG
consumption as well as higher electricity generation. The thermal energy required to fully
charge a large tank is higher compared to smaller tank. The IC engine operates to fully
charge the tank during each cycle and the tank is discharged by space and DHW heating
requirement and heat losses. While during the heating season energy demand is mainly
governed by space heating, in cooling season the DHW heating is the only thermal energy
requirement of the building. Thus, during the cooling season the discharge process of the
storage tank is mainly governed by DHW heating energy requirement and the tank heat
losses to the environment. The cogeneration system is sized to address the peak heating
energy demand of the house; therefore the energy stored in a fully charged tank is much
higher than the thermal energy requirement for DHW heating. Thus, enlarging the volume
of storage tank increases the discharge period and yields to greater heat losses during the
cooling season. As a result, the total CHP unit operational hours and fuel consumption is
higher for a large tank compared to the small tank. An increase in operational hours of the
IC engine enhances the electricity generation of the cogeneration system and the unit
energy cost of the IC engine based cogeneration system slightly decreases as the storage
tank volume increase. The operational period of auxiliary system in Montreal increased to
60 hours per year by decreasing the thermal storage size; however, the fuel consumption of
auxiliary boiler compared to IC engine fuel consumption is insignificant. Thus, the overall
cogeneration system NG consumption increased by enlarging the thermal storage tank
volume in Montreal. The results of the sensitivity analysis in this study are in agreement
with the results of similar studies in the literature. Haeseldonckx et al. (2007) show that
increasing the size of storage tank yields to higher operational hours of the IC engine. They
conclude that there is no benefit to use a small or large storage tank able to store the
generated heat during less than 1 hour or more than 2 hours of engine operation. Bianchi et
al. (2012) conducted an analytic study and show that the storage tank with a capacity to
store the generated heat during more than 2 hours of IC engine operation has no effect on

CHP operating hours. The effect of heat losses which has a negative role was not considered
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in that study. In another study, Barbieri et al. (2012) evaluated the effect of thermal storage
size for micro cogeneration unit with different prime movers. They showed that increasing

the size of storage tank yields to higher CHP operating hours and NG consumption.

The environmental impact of storage tank volume is not similar for all houses studied in
this work. The GHG emissions are clearly increased by enlarging the storage size for the
cogeneration systems installed in Montreal, Toronto and Vancouver, while the GHG
emissions are reduced by enlarging the storage tank volume in Edmonton while it remains
approximately the same for the house in Halifax. As discussed before, the total operating
hours and fuel consumption of IC engine is higher for a cogeneration system that utilizes a
large storage tank compared to a system with small size tank. This means that the GHG
emissions associated with the IC engine operation increase by enlarging the storage
volume. In regions that fossil fuels are used to generate electricity, reduction of GHG
emissions associated with the electricity generation by the cogeneration unit is significant.
Thus, in Edmonton, the total GHG emission of cogeneration unit does not increase by

increasing the size of storage tank.

Table 2.19 Tolerable capital cost of IC engine based cogeneration system for two
thermal storage tank sizes and economic parameters given in section 2.4

(C$)
) Small tank Large Tank
City Case 1 Case2 Case3 Case 1 Case 2 Case 3
Halifax 2,111 6,153 9,973 1,924 5,608 9,089
Montreal 5,612 16,361 26,518 5,483 15,984 25,906
Toronto 2,830 8,251 13,373 2,889 8,422 13,650
Edmonton 2,930 8,540 13,842 3,139 9,149 14,829
Vancouver 1,362 3,971 6,436 1,265 3,689 5,978

The TCC using the same scenarios considered in Section 2.6.3 for the cogeneration system
with small and large thermal storage tanks are presented in Table 2.19. The results show
that the highest TCC in Toronto and Edmonton is associated with large tank while the small
tank has the highest TCC in Halifax, Montreal and Vancouver. As mentioned before, the
IC engine connected to a large tank consumes more oil compared to other cases in Halifax.

Since the oil price is substantiality high, the excess electricity generation of cogeneration
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unit coupled to a large thermal storage tank is not sufficient to reduce the energy cost of
system; therefore the TCC increases with enlarging the thermal storage tank size. Due to
the availability of low-cost electricity in Montreal and Vancouver, the excessive generated
electricity of cogeneration unit cannot justify the price of additional NG used for operation

of cogeneration unit that utilizes large storage tank.

2.8. Conclusion

An IC engine based cogeneration system is studied to evaluate the techno-economic
performance of this system in actual houses in five major climatic conditions of Canada.
Primary energy saving index, GHG emission reduction opportunity and tolerable capital
cost are used for evaluation of energetic, environmental and economic performance of IC
engine based cogeneration systems. A high efficiency boiler is added to the plant to supply
heat to the house during the days that cogeneration unit capacity is not sufficient to meet
heating load. Based on the fuel availability in each jurisdiction, NG and furnace oil are the
fuel choice for the cogeneration unit and auxiliary burner. Simulations are conducted for
Halifax, Montreal, Toronto, Edmonton and Vancouver representing the five major climatic
conditions of Canada (Atlantic, Quebec, Ontario, Prairies and Pacific). Two approaches are
used to evaluate the PES and GER indexes for each house. Tolerable capital cost was
calculated under three combinations of annual interest rate and payback period. A
sensitivity analysis was conducted to estimate the effect of storage on the overall

performance of the cogeneration system.

As discussed earlier in this paper, several earlier and comprehensive studies that focus on
the feasibility of IC engine based cogeneration systems have been reported in the literature.
This paper presents a new and unique perspective for the Canadian housing sector due to

the following unique innovations:

(i)  The case study houses are selected from a statistically representative database of
the Canadian housing stock. As such, the results of this work can be used with
confidence in evaluating the potential of IC engine based cogeneration systems in

the Canadian context.
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(i1))  The architecture of the IC engine based cogeneration system used in this work is
based on the system developed by Annex 42 Subtask B of [IEA/ECBCS and contains
a thermal storage tank to maximize the efficiency of the system.

(ii1))  Since the installed cost of residential scale cogeneration systems is difficult to
obtain, and highly variable in different parts of Canada, it is not possible to conduct
a reliable economic analysis using conventional economic analysis methods.
Therefore, in this study the Tolerable Capital Cost analysis approach is used to
estimate the capital cost that will be found “tolerable” under a range of economic
parameters.

(iv)  This is the first time the PES index is used to quantify the potential benefits of a
cogeneration system in the Canadian context. To adapt the European based PES
index to the Canadian context, this work developed two new approaches in defining
the PES index.

(v) A new GER index, similar in principle to the PES index, was developed in this work
to quantify the potential benefits of cogeneration in terms of reducing GHG

emissions.

Results of simulations indicate that from the primary energy saving perspective the IC
engine based cogeneration upgrade is beneficial for existing Canadian houses in all regions
excluding Quebec due to the predominance of hydro generated electricity in that province.
However, the IC engine based cogeneration system retrofit in Montreal yields lower
primary energy consumption within the NPCC scale. From environmental point of view,
the IC engine based cogeneration system is a favorable alternative for conventional energy
conversion systems in all of the houses in the five climatic regions of Canada. However, in
order to evaluate the environmental impact of IC engine based cogeneration systems in
regional and national scale, a more comprehensive study based on the entire CSDDRD is

required.

The tolerable capital cost analysis indicates that the potential for IC engine based
cogeneration system in Canadian houses is economically acceptable. Results of the
sensitivity analysis done to evaluate the impact of increasing the thermal storage tank
volume to enhance the total operational hours of IC engine show that the large storage tank

is not a suitable option from energetic and environmental point of view in most cities. The
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TCC is used to evaluate effect of thermal storage tank size on the energy cost and required
capital cost of the cogeneration system. It is concluded that the TCC of large storage tank
is not sufficient to encourage using a bulky storage tank; thus, small size storage tank is
preferable in Canadian housing stock. Future studies will be focused on overall energetic,
economic and environmental impact of IC engine based cogeneration system in regional
and national scale for Canadian houses. The proposed study will be conducted by
manipulating the results of this study in the Canadian Hybrid Residential Energy End-use

and Emissions Model.
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Chapter 3 An Investigation of the Techno-Economic Impact of Internal
Combustion Engine Based Cogeneration Systems on the
Energy Requirements and Greenhouse Gas Emissions of the
Canadian Housing Stock

This section was previously published as:

Asace, S.R., Ugursal, V.I. and Beausoleil-Morrison, 1., 2015. An investigation of the
techno-economic impact of internal combustion engine based cogeneration systems on the
energy requirements and greenhouse gas emissions of the Canadian housing stock. Applied
Thermal Engineering, 87, pp.505-518. doi:
http://dx.doi.org/10.1016/j.applthermaleng.2015.05.031

It is reprinted here under the terms of the license agreement with Elsevier. The copyright
license agreement is provided in Appendix A.

Rasoul Asaee is the principal researcher and author of the article. He conducted the research
as part of his PhD. Thus, while he received supervision and guidance from his supervisors
Drs. Ugursal and Beausoleil-Morrison, he carried out the work, wrote the published article,
communicated with the editor of the journal, and carried out the necessary revisions before
publication. Minor editorial changes have been made to integrate the article within this
dissertation.

3.1. Abstract

This study provides a techno-economic evaluation of retrofitting internal combustion
engine (ICE) based cogeneration systems in the Canadian housing stock (CHS). The study
was conducted using the Canadian Hybrid Residential End-Use Energy and GHG
Emissions Model (CHREM). CHREM includes close to 17,000 unique house files that are
statistically representative of the Canadian housing stock. The cogeneration system
performance was evaluated using a high resolution integrated building performance
simulation software. It is assumed that the ICE cogeneration system is retrofitted into all
houses that currently use a central space heating system and have a suitable basement or
crawl space. The GHG emission intensity factor associated with marginal electricity
generation in each province is used to estimate the annual GHG emissions reduction due to
the cogeneration system retrofit. The results show that cogeneration retrofit yields 13%
energy savings in the CHS. While the annual GHG emissions would increase in some
provinces due to cogeneration retrofits, the total GHG emissions of the CHS would be
reduced by 35%. The economic analysis indicates that ICE cogeneration system retrofits
may provide an economically feasible opportunity to approach net/nearly zero energy status

for existing Canadian houses.
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3.2. Introduction

Energy use in Canada increased by 22.3 percent between 1990 and 2010. According to the
Office of Energy Efficiency (OEE), in 2010 Canadian households were responsible for 16
percent of the total national energy use and 14 percent of the greenhouse gas (GHG)
emissions, and spent $26.3 billion on their energy needs (OEE, 2013). Of the total energy
use in the Canadian residential sector, 80 percent is associated with space and domestic hot
water (DHW) heating and 18 percent is for appliances and lighting (OEE, 2013). Thus,
there is increasing interest to reduce the energy consumption and associated GHG
emissions of the Canadian housing stock by retrofitting individual houses and communities
with advanced and renewable energy options to approach or achieve net-zero energy (NZE)
status. To facilitate a national scale research effort in identifying feasible technologies and
paths to approach or achieve NZE status, the Smart Net-zero Energy Buildings Strategic
Research Network (SNEBRN) initiative was recently established (SNEBRN, 2012).

Cogeneration (i.e. combined heat and power - CHP) systems that generate electrical and
thermal energy simultaneously from a single source of fuel are of interest because of their
higher efficiency compared to conventional systems that generate electricity and thermal
energy in two separate processes. Onovwiona and Ugursal (2006) classified micro
cogeneration units into four major categories: reciprocating internal combustion (IC)
engine based, micro turbine based, fuel cell (FC) based and reciprocating external heat
source Stirling engine (SE) based. As part of a comprehensive effort to evaluate the
feasibility of different cogeneration systems for the Canadian housing sector to achieve or
approach net-zero rating, the IC engine based system is considered in this work due to the
mature technology, fuel adaptability and ubiquitous presence of IC engines in the market.
Several authors used experimental and numerical approaches to study residential scale ICE
cogeneration systems. For example, Aussant et al. (2009) developed a series of test case
house models using a building performance simulation program to assess the economic
feasibility and efficiency of residential scale ICE cogeneration system in Canada. It was
concluded that electrical and thermal loads as well as climatic conditions and construction
characteristics of the house may have strong influence on the overall performance of the
micro cogeneration system. It was also found that the increase in the fuel cost of household

due to the cogeneration system could be justified by the electricity trade with the grid.
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Aliabadi et al. (2010) conducted a study to compare three natural gas powered micro
cogeneration systems (i.e. ICE, SE and FC) from energy, exergy and marginal efficiency
perspectives. The analysis showed that for all three systems, the ICE cogeneration system
energy and exergy efficiencies increase with heat use. Caresana et al. (2011) modeled a 28
kW, natural gas fired ICE cogeneration system to investigate the constant and variable
speed operation modes. Techno-economic analysis showed that good energy and economic
performances compared with a conventional heat and electricity generation system can be
achieved in a 10-flat apartment building. Beausoleil-Morrison (2008) and Ferguson et al.
(2009) developed a model for residential scale ICE cogeneration system as part of
IEA/ECBCS Annex 42. The model was implemented into a series of whole building
simulation programs including EnergyPlus, ESP-r and TRNSYS. Measured data were used
for the model calibration and validation of the predicted results. Rosato and Sibilio (2012)
used the test results of a natural gas fired ICE cogeneration system to calibrate and validate
the IEA/ECBCS Annex 42 model. The results of the study showed a good agreement in the
predictions of net electricity and heat generation as well as fuel consumption of the micro
cogeneration unit. Entchev ef al. (2013) studied an ICE cogeneration system performance
in a typical grid connected Canadian detached house at the Canadian Centre for Housing
Technology (CCHT, 2013). The cogeneration system was coupled with a high efficiency
furnace to supply heat when the thermal energy requirement of the house exceeded the
thermal capacity of the cogeneration system. Measurements showed that close to 65% of
electrical load was supplied by the cogeneration unit while the remainder was imported
from the grid. The results confirmed the energy savings during the heating season for the
cogeneration system integrated with a high efficiency furnace in comparison to a
conventional furnace system. It was concluded that a well sized ICE cogeneration system
can reliably meet thermal and electrical energy requirements of the house even in Canada's

extremely cold climate.

A series of studies were focused on the impact of implementing cogeneration systems on
both gas and electricity grid as well as home owners. For example, Peacock and
Newborough (2006) studied the effects of micro cogeneration retrofit into both single and
group of dwellings in the UK. The data of gas and electricity consumption on a 1-min time

base over a full year was used in calculations. The results indicate that a micro cogeneration
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system with a thermal load following scenario reduced the daily load factor for electricity
network, while increasing prime mover capacity, efficiency and daily run time yielded
lower load factor. It was concluded that the highly efficient large cogeneration systems with
a low penetration level might have the similar effect on the daily grid electricity
requirement as high penetration deployment of small low efficient systems. Boait et al.
(2006) used a simple computer model to integrate the time distribution and use of the
electricity generation of micro cogeneration system with a stochastic model of the
electricity demand in a UK dwelling. The study was conducted for six scenarios including
three different house types and two levels of occupancy and appliance use. The results
showed that based on the thermal characteristics of the house and occupant behaviour, up
to 62% of generated electricity by the cogeneration system might be exported to the grid.
It was concluded that the economic feasibility of micro cogeneration systems was affected
by the thermal characteristics of the building, as well as occupant behaviour, including
heating time and thermostat settings. Costa and Matos (2009) used an analytical model to
assess the impact of micro cogeneration on the avoided electrical losses in the grid. The
results showed that implementation of micro cogeneration systems may significantly avoid
electricity losses in the grid. Vandewalle and D’haeseleer (2014) studied the effects of high
penetration levels of micro cogeneration systems on the gas supply system. It was shown
that using generic heat demand profiles yields overestimated results. Also, the results
indicated that increasing the size of thermal storage tank may reduce the gas demand at
peak periods. It was concluded that large scale implementation of micro cogeneration
systems might not cause any problems in the gas network, even at a massive penetration

levels.

Energy saving and high efficiency energy technology retrofits if implemented in large scale
may yield reduction of energy consumption and greenhouse gas (GHG) emissions in the
residential sector. Accurate housing stock models are likely required to assess any potential
scenarios. Nikoofard et al. (2013, 2014b, 2014c, 2014d) studied the impact of retrofitting
a series of solar technologies including window and windows shading upgrade as well as
solar domestic hot water (SDHW) heating and manipulation of phase change materials
(PCM) on energy consumption and GHG emissions of CHS. These studies show that such

retrofits have the potential to significantly reduce the energy consumption and GHG
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emissions of the Canadian residential sector. Firth et al. (2010) developed the Community
Domestic Energy Model (CDEM) to estimate the GHG emissions of English housing stock
and studied the potential methods to reduce the GHG emissions. The results showed the
significant impact of underperformance of energy-efficiency measures on the GHG
emissions. Ren et al. (2012) developed a bottom-up model to estimate annual energy
consumption (with an hourly resolution) of a housing stock at a local community level in
New South Wales, Australia. The model predicted hourly electricity consumption and peak
demand which can be used for grid planning and local energy efficiency strategies. Ampatzi
et al. (2013) studied the opportunities to supply the space and DHW heating using active
hydronic solar technologies in houses in Northern Europe. A model including twelve
typical dwelling representative of half of the Welsh housing stock was developed. It was
shown that high solar fraction might be achieved using large collector area and storage

capacities.

As discussed earlier, a potential scenario to a NZEB might be achieved by a combination
of energy demand reduction options through energy efficiency measures as well as
electricity and thermal energy generation by means of on-site and off-site energy supply
options (Sartori ef al., 2012). Thus as part of the research efforts of the SNEBRN, Asaee et
al. (2015c; 2014) recently conducted a series of case studies to evaluate the impact of solar
combisystem and residential internal combustion (IC) engine based cogeneration system
retrofits on energy consumption and GHG emissions of existing houses in major climatic
regions of Canada. The latter study showed that ICE cogeneration systems provide a
promising option to approach or achieve NZE rating. While this favourable finding is
encouraging, due to the substantial differences in climate, primary fuel availability, fuels
used in electrical generation, as well as the differences in construction, heating/cooling
equipment and appliance characteristics in the different regions of Canada, a
comprehensive evaluation is required to determine with confidence the techno-economic
impact of large scale implementation of ICE cogeneration system retrofits in the CHS. This
study was therefore conducted using the Canadian Hybrid Residential End-Use Energy and
Emissions Model (Swan, 2010; Swan et al., 2013).
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3.3. Methodology

Due to the wide range of climatic, geographical and economic conditions as well as the
availability and price of fuels and energy sources in different regions, the CHS exhibits a
high diversity in geometry and construction materials as well as heating, cooling and
ventilation systems. Thus, this study was conducted using CHREM (Swan, 2010; Swan et
al., 2013), which is based on the Canadian Single-Detached Double/Row Database
(CSDDRD) (Swan et al., 2009) and is statistically representative of the CHS. CHREM
utilizes the high-resolution building energy simulation program ESP-r (ESRU, 2015) as its
simulation engine, an integrated modeling tool for evaluation of the thermal, visual and
acoustic performance as well as energy consumption and GHG emissions of buildings.
ESP-r has been validated through a vast amount of research results (Strachan ef al., 2008).
CSDDRD was developed using the latest data available from the EnerGuide for Houses
database, Statistics Canada housing surveys and other available housing databases, and
consists of close to 17,000 unique houses representative of the CHS. CHREM consists of
six components that work together to provide predictions of the end-use energy

consumption and GHG emission of the CHS. These components are:

— The Canadian Single-Detached & Double/Row Housing Database (Swan et al.,
2009),

— A neural network model of the appliances and lighting (AL) and DHW energy
consumption of Canadian households (Swan et al., 2011),

— A set of AL and DHW load profiles representing the usage profiles in Canadian
households,

— A high-resolution building energy simulation software (ESP-r) that is capable of
accurately predicting the energy consumption of each house file in CSDDRD,

— A model to estimate GHG emissions from marginal electricity generation in each
provin