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Abstract

For the 2009 residential sector in Ontario, Canada, 81.5% of the secondary energy
consumed was for space heating and domestic hot water preparation. The majority
of domestic space heating and hot water systems in Ontario are natural gas—fired
systems, which generated 16.1 Mt of CO,, in 2009. Working towards reductions of
greenhouse gas emissions from this sector, there may be potential in alternative energy
technologies. One potential candidate is solar “combisystems”, which supply both
space heating and domestic hot water. This type of system has received considerable
attention recently as an alternative to conventional heating systems.

The challenge of using solar energy is the intermittence of the solar resource and
the mismatch between supply and demand of solar energy. Solar availability is typi-
cally highest at noon and during the summer months. For Canadian climates however,
thermal demands are normally highest during the winter. To address this seasonal
mismatch, past researchers have proposed the use of seasonal thermal energy storage
to carry over summer solar collection for winter use and dampen out periods of low
solar availability.

This work was carried out as part of the Carleton Research and Innovation in
Sustainable Energy (C-RISE) project at Carleton University. The C-RISE project
is a test facility for innovative residential technologies. The focus of this thesis was
the design and simulation of the seasonal solar thermal energy system for a single-
house scale application. To carry out the analysis, a numerical representation of the
C-RISE house was developed in the ESP-r simulation tool. A literature review and
“best practices” were used to develop a layout of a two-tank water-based seasonal
solar thermal energy system. A 300 L diurnal tank was specified to supply domestic
hot water and a buried concrete water tank seasonal storage with variable volume was
specified to supply space heating to the C-RISE house. To simulate the performance
of the solar thermal system, a model was created in the TRNSYS simulation tool.
Interaction between the ESP-r and TRNSYS models was then facilitated by the use
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of a co-simulation tool called the “Harmonizer.”

Several parametric and sensitivity analyses were carried out using co-simulation.
The annual performance of varying combinations of seasonal storage volumes, solar
collector areas, and seasonal storage insulation levels were examined. It was found
that when a fixed collector area was used, increases in seasonal storage volume ini-
tially improved annual performance up to a critical point. Beyond that point further
increases in storage volume decreased annual performance. It was also found that the
annual performance of the solar thermal system was sensitive to the level of stratifi-
cation in both the diurnal and seasonal tanks. Finally, to assess the two-tank system
configuration, a “selected case” was analyzed. This system contained 34.5 m? of col-
lector area and a 80 m® buried seasonal storage with 45 cm of extruded polystyrene
insulation. The results from the co-simulation found that this system could provide
89.2% of the space heating and domestic hot water thermal demands of the C-RISE
house.
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Chapter 1

Introduction

1.1 Background

In 2007, the Ontario provincial government announced its goal of a 15% reduction in
greenhouse gas (GHG) emissions by 2020 (compared to 1990 levels) [1]. To meet these
targets, the provincial government looked to phase—out coal-fired power generation
by 2014 and replace it with cleaner, renewable sources such as wind, solar, biomass,
and hydroelectric [1]. In 2009, the installed wind power capacity in the province had
grown to 1,162 MW [1] and by the end of 2010 Ontario had closed four coal-fired
plants [2]. Nonetheless, as of 2013 Ontario Power Generation [3] still operated four
coal-fired plants and one dual—fueled oil and natural gas plant. In 2010, these plants
generated 12.2 TWh of electricity [4] and emitted 13 Mt of CO; equivalent (COy,) [5].
Continuing to work towards GHG reductions, there is benefit in identifying which
sectors in the province represent a large portion of energy consumption. For Ontario
in 2009, the residential sector accounted for 20.2% of the province’s secondary energy
use [6], illustrated in Figure 1.1.

In 2009, the majority of residential energy consumption was attributed to space
heating and domestic hot water (DHW) preparation. These end—uses accounted for
67.4% and 18.3% of secondary energy! consumed in existing Ontario homes respec-
tively. This is shown graphically in Figure 1.2a. The space heating of dwellings in
Ontario was primarily accomplished using natural gas, illustrated in Figure 1.2b. The
use of natural gas for space heating resulted in 12.1 Mt of CO4, emissions in 2009 [6].

1Secondary energy can be considered as refined or processed energy such as electricity which is
derived from a primary source such as nuclear



Figure 1.1: 2009 secondary energy use in Ontario by sector, adapted from NRCan (6]

For residential DHW preparation in Ontario, 87.3% of secondary. energy consumed
was from natural gas resulting in 4.0 Mt of CO,, emissions in 2009 [6]. The Canada-
wide residential GHG emissions due to space and hot water heating in 2009 was 50.4
Mt of CO,, representing 81.7% of the total GHG emissions for the sector (including
electricity consumption) [6].

Space

Lighting Cooling

Appliances 2.9% 1.6%

8%

(a) Residential secondary energy end-use (b) Residential secondary energy use for space heating
by energy source

Figure 1.2: 2009 residential sector secondary energy use, adapted from NRCan [6]



1.2 Solar Thermal Systems

There are many alternative technologies and strategies to reduce GHG emissions from
residential space heating and DHW preparation. Solar thermal systems are one option
for meeting these domestic demands. It has already seen a large adoption in regions
such as China, which had 60.1% of the global solar thermal operating capacity at the
end of 2010, and Europe which represented 18.4% of installed capacity [7]. According
to Weiss [8], the solar radiation incident on earth exceeds the global primary energy
demand by 10,000 times. Pinel et al. [9] noted that the solar radiation on a typical
home exceeds its energy consumption annually. The majority of solar thermal systems
operate at low to medium temperatures of approximately 40 to 120°C [10] which is
well matched to DHW and space heating needs.

The principle function of a solar thermal system is to convert incident solar radi-
ation into thermal energy that can than be used for a specific application {10]. Solar
thermal systems may be broadly divided into two categories: active and passive. All
solar thermal systems possess a form of “collector” to gather incident solar radiation
and a method to transport collected thermal energy to end-loads or processes. These
collectors may be thought of as a special type of heat exchanger that converts solar
radiation into thermal energy [11]. Systems classified as active or forced circulation
require additional energy input and controller intervention for operation. For exam-
ple, a pump is required in an active system to pass a working fluid through a collector
to be charged and transported to an end-load. In passive systems, solar collection
and transportation/storage is achieved without the intervention of external mecha-
nisms such as pumps or controllers. In warm climates, passive hot water systems are
sometimes used with a collector placed below a storage tank. As water temperature
in the collector increases, the fluid’s buoyancy increases and flows up into the storage
tank. Colder water at the bottom of tank is then able to flow into the collector. This
is an example of a “thermosyphon” system. Active and passive solar water heating

systems are shown conceptually in Figure 1.3.
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(a) Simple active solar thermal system (b) Simple passive solar thermal system

Figure 1.3: Examples of active and passive solar thermal systems, adapted from [11]

Both active and passive solar thermal systems may be further sub-categorized
as “direct” or “indirect” [10]. In direct systems, the fluid held in the tank is also
circulated through the collector. The systems shown in Figure 1.3 may both be
considered “direct”. If a heat exchanger was placed between the collector and the
storage tank, the systems would become indirect. An intermediate fluid transports
thermal energy from the collectors to the tank [10]. The benefit of this arrangement
is that an anti-freeze solution may be used in the collector loop in colder climates.
The majority of systems found in North America and Europe are indirect, active
systems [10]. Passive systems like the one shown above would not be suitable for
climates with potential for freezing temperatures. Such systems would also be subject
to considerable standby tank losses to the environment and require large amounts of
insulation.

Solar thermal technologies have been deployed on a global scale. In 2004, the total
global capacity for solar hot water and space heating was 77 GW [12]. By 2006 the
capacity had increased to 105 GW [12]. European Union (EU) countries and China
have seen a relatively large adoption of solar thermal technologies in recent years.
By the end of 2011, the EU 27 and Switzerland had a total installed glazed collector
area of 37 million m? with a capacity of 26 GWy;? [13]. China reportedly installed 57
million m? of collector area in 2011, representing a growth rate of 16% compared to

2Thermal power



2010 [13]. As of 2007 Canada there was 544 thousand m? of installed solar thermal
collectors. The majority (71%) of these collectors were unglazed plastic collectors
used for pool heating [14].

There is a large potential in Canada for solar thermal systems that provide space
heating and DHW preparation (commonly referred to as solar “combisystems”). The
latitude of major Canadian cities compares favourably to European cities where solar
combisystems are more common. Space heating demands in Canada are also generally

higher than in Europe.

1.3 Solar Availability

There are inherent complications with using solar energy to meet end loads. Solar
energy is a “cyclic and time-dependent energy source” [15] that is not always well
matched with energy needs. Becker and Stogsdill {16] surveyed published domestic
hot water use data for different locations in North America. They reported typical
peaks in DHW demand during the morning and evening, however solar availability
is maximum at noon (for clear, sunny days), representing a diurnal mismatch. In-
termittence due to cloud cover can also be problematic. These issues are illustrated
in Figure 1.4. In the short term, solar availability and demand-side offsets can be
addressed with the use of thermal energy storage (TES). Solar energy is collected
and stored during periods of high solar availability and then recovered from storage
during periods of demand. This bridges the gap between source and load.

At the annual scale, maximum solar production occurs during the summer
months. Domestic thermal energy requirements, however, are highest during the
winter months. This seasonal mismatch is illustrated in Figure 1.5.

Pinel et al. [9] described different methods that could be used to compensate for
the seasonal offset in solar thermal systems. One strategy was to orient solar collectors
at a higher tilt angle to promote higher collection during the winter months at the
expense of summer production. Another strategy was to design a combisystem for
winter operation and use the excess summer production to drive sorption chillers or
desiccant systems to cool or dehumidify dwellings [17]. A final strategy was to use
a large seasonal TES to store the high summer production and carry it over to the

winter months when it is needed. This concept of seasonal storage has potential for
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Figure 1.4: Cycle and intermittence of solar energy availability
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Figure 1.5: Seasonal offset of solar availability and space heating in Northern
climates

Canadian climates, and was the focus of this study.

Braun et al. [18] considered space heating with seasonal solar thermal systems
(SSTS) in northern latitudes using TRNSYS [19]. They found that in these climates
significant reductions in collector area can be achieved if DHW loads are a small
fraction compared to space heating. Hooper [20] stated that for Canadian homes with
a SSTS capable of supplying 100% of the thermal demands would require 25% of the
collector area compared to a system with short-term storage. Pinel et al. [9] noted
that solar collectors tend to be expensive and that there is potential in developing
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economical SSTS systems that have high contributions to domestic thermal demands.
Seasonal TES is discussed further in Chapter 2.

The use of TES in solar thermal systems represents the strength of the technology
compared to photovoltaic (PV) systems. Potentially, a PV system may be used to
power a reversible heat pump to provide both heating and cooling to a dwelling.
Similar to solar thermal systems however, the intermittence and mismatch of solar
availability and end-load demands present a challenge for PV system design and
control. The electrical energy from a PV system during periods of solar collection
would require storage or export to the grid if there is not a sufficient demand on-site.
Electrical storage can be complex compared to TES, and electrical grid systems may
not always be capable of carrying excess PV production.

1.4 C-RISE Project

The Carleton Research and Innovation in Sustainable Energy (C-RISE) house project
is a new facility that will be constructed on Carleton University campus in Ottawa,
Ontario. This facility is meant to function as a test-bed for innovative technologies in
Canadian residential homes. In order to be representative of the residential building
stock in Canada, the layout of the C-RISE house was designed as a single-family
detached house (SFDH) using contruction material and techniques from a local con-
tractor [21]. As of 2010, 54.6% and 56.0% of dwellings were classified as SFDH in
Ontario and Canada respectively [6].

The C-RISE building envelope was also to be designed to meet the 2012 R-2000
Standard [22]. This is a voluntary Canadian standard that applies to residential
buildings with a focus on the “efficient use of energy, improved indoor air quality and
better environmental responsibility in the construction and operation of a house” [22].
From a space heating perspective, R-2000 sets building envelope requirements and

annual space heating targets based on climate and heated interior volume.

1.5 Research Objectives

One of the objectives of the C-RISE project was to investigate the potential for a
SSTS in a Canadian SFDH. The purpose of this study was to support the design of an
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SSTS for an Ottawa, Ontario climate. Key system parameters that were to be deter-
mined were appropriate seasonal storage volume, storage insulation levels, collector
array area, and collector orientation. The solar thermal system was to be designed
using “best-practices” determined from a literature review, shown in Chapter 2. This
research was also intended to guide designers on system performance sensitivity to
these key parameters. Often there are economic, aesthetic or architectural barriers
that prevent designers from using desired system specifications. It is important to
understand performance impacts when design compromises need to be made.

To accomplish these research objectives, the detailed simulation tools ESP-r [23]
and TRNSYS [19] were used. The ESP-r tool, described in Chapter 3, possessed
strengths in modelling building envelopes. TRNSYS, described in Chapter 4, con-
tained a large library of solar and heating, ventilation and air-conditioning (HVAC)
equipment models and was well suited to representing the solar thermal system to
be studied. A new co-simulation software, introduced in Chapter 4, was used for

runtime coupling to take advantage of both simulation tools.

1.6 Thesis Outline

The thesis is organized in the following manner:

e Chapter 2 discusses literature that is relevant to the research topic and forms
the basis of the work.

e Chapter 3 describes the building and energy systems modelling software ESP-r
used to represent the C-RISE house.

e Chapter 4 introduces the TRNSYS software used to represent the seasonal
solar thermal system and method for co-simulation between TRNSYS and
ESP-r.

e Chapter 5 outlines the development of the C-RISE house model in ESP-r

e Chapter 6 described the layout of the seasonal solar thermal system for the
C-RISE house and its thermal management strategy. The development of the
solar thermal plant system in TRNSYS is discussed as well as the strategy used
for co-simulation between ESP-r and TRNSYS.
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e Chapter 7 presents the results of the sensitivity analysis of the key parameters.

e Chapter 8 provides the conclusions of the research and recommendations.



































































































































































































































































































































































































































































































































































































