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Abstract

The simultaneous production of heat and electricity onsite to serve residential loads
can potentially yield a reduction in operating costs, primary energy use and related
emissions over traditional technologies which meet these loads separately. Proper siz-
ing and operation of units along with their required buffering and auxiliary systems
are critical to the realization of both economical and environmental performance
objectives. Further research is required to develop strategies to integrate micro-
cogeneration technologies into Canadian residences as issues related to device type,
capacity, design of balance of plant components, and controls remain largely unre-
solved.

Building performance simulation is a highly flexible, and time-efficient method to
systematically explore and evaluate different design options; however, the validity of
the conclusions resulting from simulation based studies are dependent on the accuracy
and reliability of the models employed. In order to support ongoing research relat-
ing to micro-cogeneration technologies through simulation based activities, a facility
capable of subjecting units to controlled electrical and thermal loading was designed
and commissioned to collect performance data suitable for device-specific model cali-
bration. The facility can also be configured to provide realistic thermal and electrical
loading to complete micro-cogeneration systems including thermal storage and auxil-
iary heating to evaluate the performance of complete systems. It provides a platform
to experimentally investigate appropriate configurations to integrate units into resi-
dences through variations in the balance of plant components and control strategies.

This thesis describes the design of the facility including its hardware, instrumen-
tation, data acquisition and controls systems. Also described are experiments that
were conducted during the commissioning phase to assess system level performance,
to identify and correct hardware integration issues, and to determine the physical

limitations of the hydraulic test facility.
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Chapter 1

Introduction

1.1 Motivation

In Canada, in the year 2007, there were almost 13 million residences housing a popu-
lation of roughly 32 million people. The residential sector alone accounts for 17% of
all secondary energy consumed and produced roughly 15% of national greenhouse gas
(GHG) emissions [1]. Figure 1.1 shows the distribution of dwellings by type based on
data collected for the Survey on Household Energy Use [2]. The figure shows that the
majority of the housing stock fell within only two housing types. Slightly more than
half of the housing stock consists of single detached homes which consumed over 75%
of the energy used in the residential sector. When taken together, single detached
and double/row houses accounted for over 88% of all residential energy consumption.
This result is significant as it indicates that efforts to reduce energy demand and
emissions within this sector should target these dwelling types.

Since 1990, residential energy consumption has grown by almost 10.8% despite a
reduction in energy intensity of 25%/m? of occupied living space. The increase in
consumption has been driven primarily by population growth accompanied by reduced
occupancy per household resulting in a need to build more homes. An increase in
average occupied living space, a doubling of floor space being cooled and an increase in
the number of electrical appliances per home also contributed strongly [1]. Emissions
from the residential sector have decreased by approximately 5.8% between the years
1990 and 2010, however it is important to note that the demand for energy and the
resulting emissions are very sensitive to variations in weather fromyear to year. For

example, when the energy consumption trend is adjusted to account for the difference
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Figure 1.1: Canadian dwelling types

between the heating degree days to compensate for the yearly variations between
heating seasons, a net increase of 1.7% can be observed [3].

Energy consumption and related emissions originating from a home depend on a
large number of factors including: the size, age and type of residence, the number
of occupants, the regional availability of fuels and the local climate. The amount
of energy used to power electrical appliances and to provide space conditioning or
domestic hot water is dependent on household demand for these services and the
efficiency of the technologies used to deliver them. Figure 1.2 shows the distribution
of residential energy used in an average home. Together, space and water heating
are responsible for 80% of the total energy consumed within a home. The remaining
20% consists almost exclusively of electricity used for appliances, lighting and space
cooling.

Although electricity use only accounted for a small portion of the energy used
in most homes, its consumption often results in a disproportionate production of
GHG emissions. When electricity is produced by fossil fuel based generation and
transported to end users through a provincial distribution system, the GHG intensity

per unit of electrical energy consumed within the home is typically larger than that
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Figure 1.2: Residential energy use distribution

for the production of a unit of heat on-site. Although the emission intensity and
primary energy consumption for residential electricity depends to a large extent on
the provincial electricity mix and is known to vary over the course of a day and
seasonally, displacing a portion of this energy using other means such as distributed
generation may result in improved environmental performance.

The co-production of both heat and electricity from a single fuel source on-site,
often referred to as cogeneration, is an example of a distributed generation technology
which could potentially provide a meaningful reduction of energy use and related
emissions. Typically, only the emissions of carbon dioxide (COs) are considered
when comparing the environmental performance of congeneration systems to other
technologies, but a more complete analysis would have to consider the release of
unburned hydrocarbons, the production of nitrous oxides and particulate matter.
It is also notable that the production of electrical power on-site shifts the point of
emissions from centralised facilities which are typically built in remote areas to the
homes which consume this energy. Cogeneration technologies designed for operation
on a residential scale (micro-cogeneration) have yet to reach maturity and significant
research must be undertaken to determine the effect of widespread deployment within

the Canadian residential sector.
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1.2 Residential Micro-cogeneration Systems

The simultaneous production of heat and electricity at the residential scale can poten-
tiality yield a reduction in operating costs, primary energy use and related emissions
when compared to the typical arrangement where electricity is generated centrally
and heat is produced locally using a boiler or furnace. A number of technologies have
been developed for residential micro-generation systems including combustions-based
systems employing either internal combustion engines (ICE) or Stirling engines (SE)
and fuel cell (FC) based systems. The capacity of these devices is typically character-
ized by the net AC electrical output which can range between 1 kW -15 kW. Typical
electrical conversion efficiencies can vary widely between devices ranging from as little
as 5% to as high as 45% for some modern fuel cell systems. Electrical efficiency is typ-
ically quoted as the net AC power produced as a percentage of the source fuel’s lower
heating value (LHV). Total efficiencies greater than 90% are achievable in systems
where heat recovery permits the condensation of vapour in the exhaust gas stream
but average efficiencies over an entire year can often be significantly lower. The total
efficiency of micro-cogeneration devices is defined here as the sum of the net electrical
and thermal power as a percentage of the source fuel’s LHV.

Generally speaking, micro-cogeneration devices are operated in two ways: systems
can be controlled by means of a heat led strategy where the device is activated
based on a need for thermal energy (typically using a thermostat) or systems capable
of modulating their output can be controlled to meet the electrical demand of the
residence. Ultimately, configuring the device to follow a particular load type will
result in either an over or under production of the other form of energy being co-
produced. Electrically led systems typically employ some means of thermal storage
in order to accommodate the difference between production and household demand for
heat. Many of the devices currently available are designed to be grid-tied, providing
unlimited electrical buffering. Battery storage systems are also a possibility for stand-
alone systems or strategies to minimize grid interaction and reduce peak electrical
demand.

Systems can be sized to satisfy the entire yearly demand for both heat and elec-
tricity, the complete demand for one quantity and a portion of the other, or most
commonly, a portion of both loads. For the latter two configurations, auxiliary heat-
ing systems may be required to supplement the output from the micro-cogeneration

device in order to ensure thermal comfort. Thermally led systems which are oversized



CHAPTER 1. INTRODUCTION )

experience significant losses from repeated cycling while electrically led devices can
suffer from a linear decrease in efficiency when operating under part load.

Despite the fact that thermal efficiency of a micro-cogeneration device is often less
than that of a boiler or furnace providing heat locally, an overall increase in energy
efficiency often is possible when compared to the conventional methods of generating
heat and electricity separately. In order to fully realise this improvement, the system
must be properly configured to ensure maximum utilization of thermal energy. Opti-
mizing the configuration of a micro-cogeneration system for even a single home can
be challenging because the thermal loads exhibit both significant long term seasonal
variations and shorter diurnal cycles. The net benefit of micro-cogeneration systems
over that of conventional technologies is dependent to a large extent on geographical
conditions such as the local climate and electricity mix, occupancy driven loads for
electricity and hot water, and thermal characteristics of the home. Proper sizing and
operation of units along with the required buffering and auxiliary systems is criti-
cal to the realization of both economical and environmental performance objectives.
Given the complexity of micro-cogeneration systems and their sensitivity to a large
number of factors, a systematic approach to design, integration and control is needed
to adequately explore and evaluate suitable configurations.

The tools available to researchers and building scientists to study micro-
cogeneration include computer simulation, experimental testing and field trials. Each
of the aforementioned approaches has a unique set of merits and limitations mak-
ing them useful within a specific context. The concurrent use of more than a single
tool is often necessary to develop a realistic understanding of the problem and to
generate meaningful solutions. The following sections aim to summarize the rele-
vant work undertaken using each approach and discuss if and how these results can
be extended to make generalizations relating to the integration and performance of

micro-cogeneration within a Canadian context.

1.3 Literature Review

1.3.1 Experimental Work

Experimental investigation of micro-cogeneration devices is required to provide the
fundamental data needed to fully characterise the performance of units over the course

of their development from prototypes to mass production of commercially available
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devices. Testing of prototype devices allows designers to access the technical feasibil-
ity of different design options and provides valuable information relating to controls
and hardware integration. Experimental testing of commercially available devices is
essential because specification sheets rarely provide the level of detailed information
that is required to assess their performance over a broad range of operating condi-
tions. Typically, manufacturers provide specifications for capacity and efficiency of
units operating under steady state conditions at the point of highest electrical effi-
ciency. The operation under part load, during transient conditions such as start-up
and shut down, and operation under off-design conditions may differ considerably
from the point of best performance.

Some of the largest contributions to the research and development of residential
micro-cogeneration systems consisted of work undertaken by a multi-national research
project known as Annex 42 operating under the auspices of the International Energy
Agency Energy Conservation in Buildings and Community Systems Programme. The
Annex carried out specific research objectives related to the advancement of design,
operation and analysis of micro-cogeneration systems. One of the particular goals
was to determine the technical, environmental and economic performance of micro-
cogenerations systems using whole building simulation tools. A significant volume of
research was conducted over a 5 year period and is summarized in a final report [4].

A detailed review of micro-cogeneration models undertaken by the Annex found
that very few existing models treated systems with an appropriate level of detail and
were suitable for integration within whole building simulation programs. In light of
this, there was a need to develop, calibrate and validate device specific simulation
models which could be integrated in existing simulation tools. A grey box approach
was adopted to create flexible models for both fuel cell and combustion-based de-
vices. Because the models are semi-empirical, their calibration requires performance
data from real units operating under both steady state and dynamic conditions. A
standardized experimental protocol was developed and work to characterize 13 indi-
vidual micro-cogeneration devices was completed at 7 different facilities. A complete
description of the facilities, the devices tested and experimental work undertaken can
be found in [5].

A number of investigations did not adhere completely to the protocol as they were
carried out prior to its development, while a number of experiments could only collect

limited data due to physical limitations of the facilities. Furthermore, instrumentation
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bias on measured quantities and its propagation into derived performance metrics
was not rigorously documented. Although the functional from of the models can
capture the behaviour of a device over its entire range of operation, the accuracy
of their predictions is limited by the accuracy of the measurements taken during
calibration experiments. It’s important that efforts are made to quantify and reduce
the measurement uncertainty which is ultimately propagated into simulation results
in order ensure that predictions can be made with confidence.

In 2003, the Canadian Center for Housing Technology (CCHT) began modifica-
tions to its experimental facilities to examine the performance of emerging and market
ready residential cogeneration systems. The facility consists of two identical, heavily
instrumented research houses with realistic simulated occupancy [6]. The research
houses provide an opportunity to draw a direct comparison between the performance
of common residential technologies (installed in one of the homes) and novel ones such
as micro-cogeneration devices. The facility was designed to provide an intermediate
experimental environment between that of a typical laboratory test bench and a full
field trial.

The first micro-cogeneration device tested at the facility was a prototype natural
gas fired Stirling engine rated at 750 W, AC. The unit was operated over a period
of 3.5 months from March to mid-June and was configured to operate under a heat
lead regime. To complete the balance of plant components, a secondary 150 L hot
water storage tank was added which could be charged in series or in parallel with the
existing domestic hot water tank. A fan coil forced air system was used to provide
space heating. Both plant configurations considered were capable of meeting the
entire space and hot water heating loads. The difference in the average efficiencies
between both plant configurations calculated at either the device or system level
was less than 2%. The results show a significant reduction in performance when
comparing the efficiency of the unit alone to the efficiency of the entire system. The
mean efficiency (total) of the device over the entire test was 81.9% while the total
system efficiency was only 48.8%. The losses were attributed to the cycling of the
unit, standby losses from the thermal storages and sub-optimal control of the plant.
Heat lead operation of the unit also resulted in significant periods where electricity
was either imported or exported to the grid Stirling. Although the electrical use of
the pumps accounted for less than 1% of the total system output, their operation
further reduced the electrical output by 12.4%. Overall the results indicated that
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improved control and design of the balance of plant components could significantly
improve the system level performance. A detailed description of the instrumentation
was not provided, nor were uncertainty margins for reported quantities.

Since the initial installation in 2003, a number of other micro-cogeneration tech-
nologies have been installed and monitored at the CCHT twin house facility [7]. Over
a five year period, a fourth generation SE system [8], a solid oxide FC [9], a hybrid
ICE/ high-efficiency furnace system [10], and a larger ICE system coupled to a ground
loop and heat pumps were analyzed [11]. The Stirling engine system was installed
in the facility’s information center where it operated over the 2004-2005 heating sea-
son, while the fuel cell was installed in one of the twin houses where it provided a
continuous output of 2.2 kW, during the spring of 2005. The hybrid furnace system
which had a thermal output of either 3.25 kW or 18 kW was installed and operated
during the 2007 heating season. The performance of this system was compared to the
reference house based on energy consumption and operating costs over the testing
period.

Generalizations concerning the different installations are difficult to make because
of the fundamental differences among the device types and the relatively large range
of capacities. The systems tested were also in different stages of development favour-
ing those which are closer to maturity. Continued research regarding thermal storage,
heat utilization, supplementary heating systems, and controls suitable for forced air
systems must be undertaken to address integration of units into Canadian homes.
The large discrepancy between the heating loads observed during the winter and
summer season also poses a significant challenge in terms of design and operation.
Despite its technical feasibility, the integration of units designed for operation in
other countries often results in operation at lowered efficiency leading to poor per-
formance. Experimentation within the homes allows researchers and manufacturers
to develop an understanding of the practical barriers related to the integration and
operation of innovative technologies. An assessment of performance is possible using
this approach, but the results are specific to the configuration chosen, the length and
weather conditions during the monitoring period, and the characteristics of the test
home.

Although running experiments over a relatively short period of time can provide
valuable information to researchers and manufacturers, economic and environmental

performance is typically determined over a period of a single year or several years. For
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the most part, it is impractical to run experimental tests in a laboratory setting for
such lengthy periods. In light of this, an attempt has been made to project the results
from typical day types simulated on a test bench to annual values by correlating
annual heating loads to the outdoor temperature [12]. The three different devices
considered for the study were a variable power ICE device with a rated output of 1.3
kW, -4.7 kW,, an ICE device with a constant output of 5 kW, and an SE capable of
modulating its electrical production between 2 kW- 7.5 kW. Each unit was tested on
the bench using load profiles from a measuring campaign monitoring various types
of residences in Germany. Typical days for the summer, shoulder season, and winter
were reproduced on the rig to provide realistic dynamic loading. A description of the
facility and instrumentation can be found in [5], but no formal uncertainty analysis
regarding measured or derived quantities was provided. The buildings simulated
were sized so that the units provided roughly 25% of the peak heat load. The results
show that the units ran for 4000 - 5000 hours annually and were capable of providing
66%-85% of the annual heat demand. Total efficiencies ranged between 90.0% - 91.3%
based on the adopted load profile and buffering scheme chosen. Information regarding
the fraction of electricity imported/exported was not available.

Although a number of assumptions had to be made to extend the typical day type
analysis to yearly projections, the results indicate that high overall efficiencies are
possible when units had been sized to cover only a small portion of the peak heating
load. If the units were sized to cover a greater portion of the load, larger differences
would be likely observed due to cycling. This type of analysis is more suitable to
match particular units to buildings in the early stages of a field trial or to estimate

the impact of applying these technologies to a subset of the building stock.

1.3.2 Simulation Based Studies

Exploring the performance of residential cogeneration systems through computer-
based simulation holds many advantages over other means such as experimental
studies and field trials. Simulation based studies are a relatively inexpensive, highly-
flexible, and time efficient method to investigate strategies to successfully integrate
and operate micro-cogeneration technologies. Parametric studies can be used to iden-
tify and determine the sensitivity of any number of factors including the configuration
and control of the balance of plant components, the effects of occupant driven loads,

modifications made to the building envelope, and the effects of geographical/local
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conditions. Annual simulations are most often performed to determine how well
particular solutions perform against a well established baseline technology. Shorter
simulations are useful to access issues related to thermal comfort or the dynamic
behaviour at a system level.

The results from computer-based simulation studies must be carefully scrutinized
because they are sensitive to the quality of that data used to drive the simulation and
the assumptions used throughout the modelling. Models varying in complexity from
simple steady-state performance maps to detailed models capturing inertial effects or
electro-chemical and combustion reactions within sub-components have been created.
Some models must be driven exclusively by external load profiles and run indepen-
dently while others such as those developed as part of Annex 42, can be integrated
into the subroutines of existing whole building simulation tools [4]. The level of detail
that is appropriate depends to some extent on the objectives of the simulation and
the required accuracy of its results. In the case where coupling to a building and its
HVAC system is desired, the transient response of the device must be represented
and the time step selected should be relatively short. Varying the temporal precision
of the load demand data served by a micro-cogeneration device between 1 hour and
5 minutes can have a significant effect on performance. It was shown that the frac-
tion of the heat supplied by an auxiliary boiler varied by 40% and the reduction in
emissions observed could be overestimated by as much as 40%. The economics were
somewhat less sensitive but the results indicated an increase in cost of roughly 8%
over the life of a system [13].

A later study showed that environmental and economic performance of residential
cogeneration systems was sensitive to the amount of energy consumed during start-up
and shut down periods. A mixed integer linear programming approach was used to
minimize the annual cost of meeting specific residential electricity and heat demand
profiles. It is notable that much of that data used for start-up and shut down energy
consumption had to be assumed or scaled from units of other capacities. This serves
to illustrate the lack of reliable performance data available in the literature. To
account for this, start-up energy consumptions was varied widely to investigate the
sensitivity to this parameter. The results demonstrated that devices with higher heat
to power ratios such as SE and ICE experience a greater number of cycles resulting in
significant losses over an annual period. This provides an indication that start-up and

shut down behaviour should be treated by models especially if the device is expected



CHAPTER 1. INTRODUCTION 11

to operated intermittently [14].

As part of the Annex 42 initiative, a parametric study was conducted to analyze
the performance of a prototype SE and a solid oxide FC in Canada [15]. Both
models were calibrated and validated using data from experimental testing and were
simulated using the ESP-r whole building simulation program. A large number of
parameters were varied including control strategies, thermal buffering, building heat
load and electricity demand and geographical location. Environmental performance
was assessed by comparing primary energy use and emissions generated to that of a
reference system using location specific electricity data. The results pertaining to the
SE simulations indicate that heat led operation always resulted in better performance
then electrically led control. The results were most sensitive to the volume of the
thermal buffer as this component accounted for the largest losses in efficiency (10%)
calculated between the device and system level. Performance generally increased
with increasing heating loads. Parasitic losses represented almost 20% of the device
electrical output at full load, and in some cases where there was little demand for
heat; these losses were actually larger than the device’s electrical output. The annual
emissions from the SE ranged from a decrease of 1% to an increase of roughly 2%
depending on the case considered. Primary energy consumption increased between 5
- 10% for the cases that were heat led.

The FC system was simulated to run continuously at maximum capacity which
resulted in a need to dump as much as 60% of its thermal output. This is significant
considering the unit was not used during the summer months. Operation under this
regime greatly reduced the efficiency of the device and lead to significant electricity
exports. As with the SE system, the variation in tank size proved to be the most
sensitive parameter followed by the household demand for heat and electricity. Almost
all cases considered resulted in net reduction of emissions. The observed reductions
were between 5% and 22%. Annual natural gas consumption was increased between
50% and 150% for the cases considered mainly due to the need to dump heat. It
is clear from the simulation work that the efficiency of the devices (both SE and
FC) must be improved and the storage and balance of plant components must be
further optimized to yield both primary energy and emissions reductions. They also
indicate that micro-cogeneration systems may not be viable in low energy demand
residences and that environmental performance is sensitive to the choice of reference

technologies. Both system models were calibrated using performance data from early
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prototype devices. Lessons learned from simulation work can help inform the design
of new systems more suitable for operation in the Canadian setting. A simulation-
based assessment of their performance would require experimental calibration and
validation of the improved units.

The work previously described underestimates the performance that could be
achieved using a SE system, as the prototype unit considered had a significantly
lower efficiency than that expected from a mature market-ready technology. Another
simulation-based study was undertaken to estimate the performance of a mature SE
technology deployed in a single family home in Canada [16]. The unit simulated
for this study was assumed to have a maximum capacity of 1 kW, generated at
12.5% efficiency with respect to the fuel’s HHV. Power consumption of the device was
reduced to just 9 W during stand-by conditions and 100 W during operation. It was
also assumed that the heat recovery system was capable of condensing water vapour
in the exhaust stream increasing the unit’s total efficiency to 92%. The efficiency
of the thermal storage tank was improved by increasing the insulation level. The
system was simulated in a typical single family home having a heating load of 71 GJ
per year located in a city with a relatively high emission factor for electrical power.
The electricity produced was assumed to displace the emissions from a single-cycle
peaking gas-turbine generation station rated at 36% efficiency during the mid-peak
and on-peak periods while an on-the-margin approach was adopted for off-peak hours.
The results show that a mature device with improved storage can reduce emissions
by 17% and is capable of reducing primary energy demand (by 2.3%) when compared
to the most efficient fossil generation technologies.

The improvement over the base case would be less pronounced for buildings having
a smaller heat load and residences served by electricity generated using a larger pro-
portion of emission-free power. Nonetheless, the study demonstrates that significant
improvements are possible with modest improvements to SE devices and the use of
more common approaches such as improving insulation in tanks and using DC motors
to drive pumps or fans. Experimental testing of mature units would ultimately be
required to confirm the performance improvements assumed in the simulation.

The performance of electrically led ICE-based systems operating in single detached
homes has been simulated across a number of locations in Canada [17]. Three houses
each representing a particular vintage were chosen for each province to capture a

representative sample of the housing stock. Each house was simulated with two
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different units having a capacity of either 1 kW, or 2 kW, and a storage tank of
either 300 L or 400 L. The greenhouse gas emissions and energy costs were calculated
relative to a base case consisting of a forced air furnace, standard domestic hot water
tank, and grid electricity. Electricity profiles from a measuring campaign were roughly
matched to houses across the country based on the physical characteristic of the
buildings and their occupancy. The selected profiles were averaged and normalized
to be incorporated into the 15 minute time steps used in the study. Both flat-rate
and time-of- use costing was used for the price of electricity. A profile developed by
the Canadian Standards Association (CSA) for testing of solar domestic hot water
systems was adopted for the simulation. The electrically-led operation of the larger
unit suffered from reduced efficiency because large amounts of heat were rejected to
prevent overheating of the storage tank.

Although the efficiency of the smaller unit was higher due to better heat utilization
and reduced operation under part load, annual energy costs were higher than those
of the base case for all configurations. A reduction in emissions was observed only
when the emission intensity of the grid was above 400 g of COy/kWh. Electrically
led control of such units is not ideal and the results were largely sensitive to the
household energy demand and the grid electricity signature. Performance data from
a larger 6 kW engine was scaled down as calibration data was not available for the
chosen units. The total efficiency of the devices was held constant at 80% while the
fuel consumption and electrical efficiency were varied under part-load conditions using
second and third order polynomials. This simple treatment likely does not completely
capture performance degradation resulting from cycling. A heat led assessment using
calibrated models having the desired capacity would provide a more realistic estimate
of the possible reductions in cost and emissions.

The performance of a hybrid multifunctional heating system consisting of SE
cogeneration device coupled with a thermal storage tank, a backup burner, a forced
air furnace, and a solar thermal system has also been investigated [18]. The SE engine
model was calibrated using experimental data and the house model was calibrated to
match a research house and then modified to reflect the construction of an average
Canadian home. For this study, a system configuration without solar thermal heat
was chosen for the base case. The production of both heat and electricity from all
sources was assumed to come from natural gas with a single emissions factor allowing

reductions in natural gas or greenhouse gas emissions to be used interchangeably.
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Four separate configurations were evaluated to determine the possible reductions
resulting from the inclusion of solar heat. For the first two cases considered, the solar
energy only contributed to water heating while the third and fourth case allowed the
collectors to contribute to space heating as well. The systems where solar energy was
used for both heat loads incorporate 4 flat plate collectors while the others only had
2 collectors. The second and fourth cases also incorporated an additional solar buffer
tank.

The results from the first two cases show a decrease in consumption of 9.5% and
11.6% relative to the base case. Cases three and four resulted in slightly better
performance providing reductions of 10.8 and 10%. Two of the systems (2 and 3)
were simulated in 4 four different Canadian cities however only small changes were
observed as only the weather driven parameters were changed. A doubling of the
collector area was examined which resulted in significantly more thermal energy col-
lection but also increased storage losses and reduced SE performance. The net effect
was only a modest reduction in emissions of roughly 2%. When the storage volume
was doubled, a further reduction of only 0.5% was possible for the cases with solar
energy while the base case actually had an increase of 0.7%. Micro-cogeneration de-
vices, their associated balance of plant components and auxiliary heating units are
relatively complex systems which can be difficult to configure and operate optimally.
The inclusion of solar energy systems adds another level of complexity in terms of
integration and control. The results of this work suggest that that such systems may
be sensitive to a number of parameters, and that only a small subset of all design
configurations and control strategies have been evaluated as indicated by the authors.
Once suitable configurations have been identified through simulation work, they could

be reproduced experimentally in an effort to validate system level performance.

1.3.3 Field Trials

Field trials allow researchers and manufacturers to examine the performance of prod-
ucts operating under actual conditions rather than those approximated by a test
bench or a computer simulation. They often provide valuable information related to
product installation in retrofit applications and issues associated with grid connec-
tion. Most field tests are conducted over periods long enough to make an assessment
of the reliability of units and more importantly, discover failure mechanisms which

can be corrected before mass production. Field tests should be carefully designed to
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record not only performance based metrics but also other relevant parameters unique
to each installation in order to allow differences between individual cases to be under-
stood. Larger field trials can be relatively expensive compared to simulation based
studies and their execution requires significant planning and resources. Because of
this, field trials are typically conducted by a number of partners in countries having
policies supporting their adoption. To date, there has not been a large field trial for
micro-cogeneration systems in Canada and there is little financial support for those
wishing to develop or install such systems. Although results from field trials in other
countries can not be applied directly in other jurisdictions, practical lessons learned
can support research efforts or inform upon the design of a Canadian field trial.

A field trial carried out in Flanders was undertaken to examine the performance of
an ICE based cogeneration system installed in a multi family-home [19]. An existing
apartment block consisting of 12 units was renovated to perform above the building
code by increasing insulation, adding heat recovery to the ventilation system and
including a solar domestic hot water system. The 5.5 kW, unit was used with a
simple on/off control and was operated in parallel with a 100 kW condensing boiler.
Energy consumption and production from all the systems was measured at 15 minute
intervals for a period of two years. Relatively poor performance was observed during
the first year leading to modifications in the hydraulic layout and control strategies.
During the second trial run, the unit ran for 3645 hours producing 44% of the total
heat demand. The unit did not supply heat during the months of June - August. The
unit produced 18,554 kWh of electricity in addition to the 146 kWh consumed by the
HVAC system during the second trial. The annual average electrical and thermal
efficiencies were calculated to 24.3% and 58% relative to the lower heating value for
natural gas. The inclusion of the system reduced primary energy consumption by 19%
and had a simple payback period of 8 years or 3 years with the inclusion of government
subsidies. This type of installation could be used as a means of introducing the
technology into the residential sector because of its high efficiency and relatively
short payback period.

The Institute of Energy Economy and Application Technology and a local gas
supplier in Germany jointly conducted a field trial to examine the performance of SE
systems operating in single family homes [20]. Four homes each having an average
annual electrical consumption of 5000 kWh and a combined heat load of 30,000 kWh,

were chosen to assess the performance of a 1 kW, electric SE system with an internal
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18 kW backup burner. Two of the homes were equipped with a 750 L tank providing
buffering for both hot water and space heating while the remaining two installations
employed a 200 L hot water tank heated with an internal heat exchanger with space
heat provided directly from the SE unit. Energetic flows were measured at 1 second
intervals for an entire year providing excellent resolution of performance data. Elec-
trical import/export was only measured for one installation and only the net power
from the SE could be measured. Two of the units had large annual runtimes of 4149
hours and 5118 hours but the other two installations had reduced operation due to
frequent breakdowns. The average electrical and thermal efficiencies over the trials
were calculated to be 12.2% and 79%. Total efficiency under full load was above 90%
which was consistent with the manufacturer’s claims. The more complex configu-
ration with the larger buffer tank resulted in longer runtimes allowing the units to
operate closer to peak efficiency.

The UK Carbon Trust’s Micro CHP Accelerator led a number of initiatives to
better understand the potential of micro-cogeneration technologies as a method to
reduce emissions in the residential and commercial sector. The final report describes
a large field trial where SE systems were installed and monitored in 72 homes for
3 years beginning in 2005 [21]. A representative sample of the housing stock was
chosen to investigate effects related to age, type and location. Relevant energetic
flows were measured and recorded at 5 minute intervals. To establish a baseline, 36
homes heated with high-efficiency boilers rated at or above 90% efficiency were also
monitored. The results show that boilers typically operated about 5% below their
rating due non-condensing conditions and over sizing.

The aggregate average carbon savings from the SE systems were close to 5% but
ranged between -4% and 12%, depending mostly on the heat demand of the home.
Homes having a heating load larger than 15,000 kWh per year experienced carbon
savings ranging between 4%-14%. Even with a generous feed-in tariff for electricity
exports, a payback period of roughly 16 years is expected based on an annual heat
demand of 20,000 kWh and €2,500 cost premium over a boiler system. Smaller
houses had payback periods of over 30 years which is longer than the expected life of
most systems. Increasing the average electrical efficiency from 6% to 9% was shown to
halve the payback period for most cases making the investment much more attractive.

Another interesting result was that differences in the carbon reduction ratio for

homes with similar heat loads and identical SE units were as large as 15%. This
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suggests that integration and control of the units plays an important role in opti-
mizing their performance. To put the field trial results into perspective, the average
heating load for a detached home in Canada is roughly 19,800 kWh indicating that
SE based cogeneration may provide significant savings. The trends observed in the
data reduction are consistent with those from simulation-based studies.

The potential reduction in primary energy use and emissions resulting from the
adoption of micro-cogeneration technologies within Canada has not been fully ex-
plored. Issues regarding the choice of device type, their capacity, control strategy
and configuration of auxiliary systems have yet to be resolved. Experimental in-
vestigation of the performance of micro-cogeneration units is required to continue
supporting simulation-based studies through calibration and validation of device spe-
cific models. Experimental-based studies subjecting units to realistic building loads
can also be used to identify suitable configurations for specific sectors of the building
stock. Together, simulation and experimental work can be used to illustrate the po-
tential of these technologies and provide motivation for large scale field trials. The
following section will describe the objectives of this research and how it can contribute

to the advancement of micro-cogeneration technologies.

1.4 Thesis Objectives

The overall objective of this research was to design, commission and test a facility to
experimentally study the performance of micro-cogeneration systems operating under
controlled conditions. The specific objectives driving the development of the facility

were the following:

e Commission a facility capable of providing controlled thermal and electrical
operating conditions required to generate and collect data suitable for model

calibration or performance mapping of micro-cogeneration devices

e Develop a hydraulic test bench to experimentally investigate appropriate config-
urations to integrate micro-cogeneration units into residences through variations

in the balance of plant components and control strategies

e Provide realistic controlled thermal or electrical loading to micro-cogeneration

devices, with variable thermal storage and auxiliary heating systems
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e Evaluate and compare the performance of single or two-tank variable volume
systems and develop strategies for charging /discharging that promote thermal

stratification

e Simulate the thermal output of micro-cogeneration devices of varying capacities
with novel control methods to better match thermal energy production with

seasonal energy demands of homes

1.5 Outline of Thesis

This thesis describes the experimental design and operation of a facility capable of
characterising the performance of micro-cogeneration devices and complete micro-
cogeneration systems used to serve residential loads. The next chapter provides an
overview of the facility, describes how it can be configured, and explains the hardware
selected for control and data acquisition. Following this, the instrumentation chosen
is described followed by an uncertainty analysis providing uncertainty margins for all
measured and derived quantities recorded in the facility. Finally, a number of experi-
ments conducted during the commissioning phase to assess the facility’s performance

and determine its limitations are presented.



Chapter 2

Description of the Experimental Set-up

This chapter contains a description of the experimental facility designed to test micro-
cogeneration systems. It will begin with an overview of the facility and will provide
the specifications of all the plant level hardware selected. The platform and strategies
chosen to integrate and control the facility’s hardware and data aquisition systems
will be explained. The chapter will close with a description of how the test bench can

be configured to meet the research objectives previously identified.

2.1 Facility Overview

This section will provide a broad overview of the testing facility and will present a
brief description of the components selected for each sub-system. The hydraulic test
bench consists of a number of fluid circuits allowing heat transfer between a cogen-
eration device, two variable volume thermal buffers, supplementary heating systems,
and thermal loads. The circuits consist of 0.75 inch copper tubing which has been
insulated to minimize heat loss to the ambient environment. Figure 2.1 shows a pho-
tograph of the test bench while Figure 2.4 illustrates the complete hydraulic layout
of the facility. The labels shown in this figure will be used to refer to specific com-
ponents and instrumentation throughout the remainder of this work. The relative
position of each component is shown in this schematic and individual circuits have
been identified using a color coding scheme. A large number of configurations are pos-
sible and can be selected by changing the position of the 11 electronically-actuated,
computer-controlled 3-way ball valves (S1-S11).

A total of 4 vertical multistage centrifugal pumps were needed to realize the heat

19
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Figure 2.1: Hydraulic test bench

20

transfer paths shown in Figure 2.2. The specifications of the pumps used to circulate

water between various components are listed in Table 2.1. Pumps 1 through 3 run

at a single speed but their capacities can be varied over a limited range with the use

of throttling valves. Heat transfer from one tank to the other can only be achieved

by circulating flow directly between the two vessels. The valves were necessary to

balance the flow rates between the two tanks in order to maintain a specific volume

in each tank during experiments.

Table 2.1: Selected pumps

Pump

Capacity (L/min)

Manufacturer/Model

Pump-1

36.6

36.6

36.6
3.8 —36.6

Grundfos/CR1-4
Grundfos/CR1-4
Grundfos/CR1-4
Grundfos/CR1-3
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Thermal storage is provided by two 1300 L open cylindrical tanks having a max-
imum working temperature of 80°C. A 10 c¢m thick layer of rigid glass fiber board
strips laminated to an aluminum foil backing serves to insulate each tank. A flexi-
ble insulated, inflatable cover was built to further reduce heat losses and evaporation
through the top of the tanks. Each tank was also fitted with 4 headers spaced radially
at 90° intervals. Each individual header allows for the addition or removal of fluid at
5 different points along the height of the tank. Figure 2.3 shows a schematic of the
tank and header system. The vertical spacing between inlets is roughly 0.20 m. The
selection of inlet and outlet heights must be done manually using ball valves located
between the tank and header outlet. The flexible top and header system allows the
capacity of the tanks to be varied between experiments. The relative impact of inlet
and outlet positions on thermal stratification can also be examined by varying their

geometry between experimental runs.
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Figure 2.2: Plant heat transfer paths

Each tank has also been equipped with a thermocouple rack used to determine
vertical temperature profiles during experiments. As many as 8 measurements can be
taken along the centerline of the tank. Due to the size of the tanks and the position
of the lowest outlet, a minimum volume of 100 L is required before fluid can be fed
to the hydraulic test bench. Flexible hoses with a maximum working temperature of
100°C are used to connect the tanks to the hydraulic test bench.
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Figure 2.3: Tank and header system

Flat plate heat exhangers were selected for heat recovery from the micro-
cogeneration unit to the thermal storage tanks and to dump heat from the tanks
in order to simulate thermal loading. The specifications of the heat exchangers in-
stalled on the test bench can be found in Table 2.2. The capacities listed are those

observed under typical operating conditions. Currently, water is used as both a heat

Table 2.2: Heat exchanger capacities

Heat Exchanger Capacity (kW) Manufacturer/Model

HX-1 40 SEC/M31B-50
HX-2 20 SEC/M11DC-50
HX-3 30 SEC/M31B-30

transfer fluid and for thermal storage for the components located indoors where there
is no risk of freezing. Heat can be transferred from the micro-cogeneration unit to
either one of the thermal storages through a single flat plate heat exchanger (HX-1
in Figure 2.2). Direct coupling was avoided to allow the use of a glycol anti-freeze
solution for heat recovery from units installed outdoors where the ambient tempera-
ture drops below freezing. The facility is currently being served by a dedicated chiller
unit providing cooled glycol to the heat exchangers used for thermal loading at a
temperature of 8°C and a flow rate of roughly 300 L/min. The heat transfer through
the exchangers is limited by the capacity of the pumps chosen and the maximum
operating temperature of a particular circuit.

The facility also includes two auxiliary heaters to supplement the thermal output
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from a micro-cogeneration device. A 20 kW in-line electric circulation heater was
installed on the flow circuit servicing the cogeneration unit and can be controlled
remotely to maintain a specific output temperature or its thermal output can be
directly modulated. A 57 kW condensing tankless natural gas water heater can be
placed in series with the thermal load to supplement the thermal output of the tank
or micro-cogeneration device. The unit was also fitted with circuitry allowing the
set-point temperature to be controlled remotely to a maximum temperature of 85 °C.

Controlled electrical loading of cogeneration units is possible using a pro-
grammable AC/DC load. The specifications of the load can be found in Table 2.3.
The load has been integrated with the data acquisition and control system (DAQ) to
subject units to user defined electrical load profiles realized at flexible time intervals.

The load also comes equipped with on-board instrumentation to measure current,

Table 2.3: Electric load specifications

Max. Load (W) 4500

Resolution (W) 1.125

Accuracy 0.2 % + 0.3% F.S.
Voltage Range (V) 50 — 350

Max. Current (A) 45

voltage and power. Measured or synthetic profiles can be developed to access the
performance of electrically led systems or the load can be used to create electrical
operating conditions such as steps and ramps needed to extract performance data
for model calibration. The following section will treat issues relating to hardware

integration, controls and data aquisition.
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2.2 Data Acquisition & Controls

The main objectives driving the design of the facility included the ability to easily
switch between configurations, to run extended multi-day experiments autonomously,
and to monitor and record measurements from a wide range of devices. To meet
these objectives, a suitable platform was chosen to allow the centralized control and
integration of all plant level components and data acquisition systems.

A real-time programmable automation controller built by National Instruments
was selected as it provided the required processing power and flexibility needed to
run the facility. The cFP-2220 controller was designed to accommodate a number
of modules for both analogue and digital input/output, thermocouple measurement
and measurement of pulse output devices. The controller comes with software that
allows each individual channel of each module to be configured and monitored.

Using the highly flexible and well supported Labview programming environment,
specific applications can be created to control components such as electronic valves,
pumps, and embedded controllers such as those in the plant’s auxiliary heaters. Once
completed, applications can be deployed to the real-time controller in order to provide
deterministic control of the hydraulic rig and measurement of system performance and
process variables. Applications can also be run using a personal computer where con-
nection to the DAQ is accomplished using an Ethernet cable. Although deterministic
control is lost using this method, the technical support staff at National Instruments
indicated that the delay associated with this method would be on the order of 100
ms which is small compared to the typical sampling intervals used for control and
measurement of building systems.

Control of the 4 pumps and 11 solenoid driven 3-way valves on the test bench was
achieved using a digital output module wired to a relay system capable of switch-
ing the electrical power to the devices. The 3-way valves come preconfigured with
limit switches which remove power to the DC motor drive to provide accurate selec-
tion of the valve ports. Double-pole double-throw relay switches were necessary to
allow bi-directional control of the valves. As only on/off control of the pumps was
required, latching relays were chosen. Electrical diagrams showing the system layout
and channel selection can be found in Appendix A.

Control of the two proportional valves (V-1 and V-2) on the test bench is achieved
using a current signal ranging from 0 - 21 mA provided by the analogue output mod-

ule. The valves have been configured to divert a portion of the flow around the heat
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exchangers used to simulate thermal loads. These valves are also fitted with switches
limiting maximum and minimum possible by-pass fractions. The relative position of
the valve between the chosen limits is proportional to the input signal provided. A
closed loop proportional-integral-derivative (PID) control strategy was adopted based
on either the temperature exiting the heat exchanger or the temperature difference
across it. The control of each valve was tuned separately to provide the desired re-
sponse. The ability to maintain a specific outlet temperature and the rate at which
the thermal load can be varied are limited by the speed of the motorized valves.

The controller for the electric circulation heater comes equipped with a remote
input allowing a current signal ranging between 4 - 21 mA provided by an analogue
module to be used to modulate its output. The controller scales the input signal
linearly to adjust the output temperature or the thermal power added to the flow. The
set point temperature is maintained by the controller using a PID strategy. Improved
performance can be achieved by tuning the controller around a particular set point.
The internal thermocouple shipped with the unit was disabled and replaced with a
calibrated Type T thermocouple placed directly at the heater outlet. The controller
can accommodate an external thermocouple and allows a voltage offset to be used in
order to better reflect the temperature voltage relationship of the calibrated sensor.
Modulation of the thermal output is realized by varying the length of time the heater
provides its maximum power over a given duty cycle. The length of the duty cycle
can be manually adjusted from 5 to 60 seconds. The selection for either temperature
or power control must also be configured manually.

The tankless natural gas heater was fitted with circuitry allowing its outlet tem-
perature to be set using the DAQ. Under the typical mode of operation, the outlet
temperature can be fixed by varying the position of a number of dip switches or
by pushing the keys on a wired remote controller. In order to integrate the heater
with the DAQ, reed relay switches were placed in parallel with the keys on the wired
remote in order to simulate a human operator. A number of keys can be actuated
using relays triggered by the digital output module. The unit can also be turned on
or off remotely for the configurations where it is not physically possible to by-pass
the heater but flow must run through it to dump heat to the load.

Remote control of the programmable electric load is possible through the RS-232
serial interface. A driver programmed in the Labview software is available but it

only permits limited functionality. The driver is essentially a graphical user interface
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requiring a human operator to choose the desired load settings which are also control-
lable using the front panel of the device. It was assumed that the load would mainly
be operated under a variable power mode where the primary parameter of interest
was the magnitude of the power being drawn by the unit. In this mode of operation,
the load senses the line voltage supplied and varies the amount of current being con-
sumed to produce a specified load. Working under this assumption, an application
was created allowing the power setting to be read from a file and set at a user-defined
time interval. The on-board instrumentation can also be queried at flexible time
steps and the results written to file with an appropriate time stamp. The application
allows the load to be used more autonomously for multi-day experiments that would
otherwise require a constant operator. Currently the load is connected to the host PC
using a peripheral component interconnect (PCI) serial card. Running the hydraulic
test bench controls and the electric load using the PC allows the synchronization of
thermal and electrical loading and monitoring of system level performance.

The voltage signal created by the thermocouples and thermopiles embeded into
the test bench (TP1-TP11 in Figure 2.4) is acquired using a number of thermocouple
modules. The modules contain an internal thermistor used to measure the temper-
ature of the junctions where the sensor leads are connected. The modules can be
configured to provide software-based cold-junction compensation based on the curves
developed by the National Institute of Standards and Technology (NIST) or the mea-
sured value can be used to implement a compensation method using calibration data.

The volumetric flow rate for both water and natural gas and electrical power are
measured using pulse output devices. The oval gear flow meter placed on the line
having the largest flow rate produces pulses having a frequency of approximately 60
Hz. This measurement represents the largest pulse rate of all the instrumentation
in the facility. The counter modules selected are capable of operating reliably at
frequencies up to 50 kHz allowing the instrumentation to be read with confidence. The
modules also have 200 Hz and 50 kHz low-pass filter settings to eliminate the effects
from reed switch bouncing. The lower filter setting was sufficient for all measurements.

Finally, the current signal produced by the pressure transducer on the natural gas
line is acquired and scaled using an analogue input module.

The following section will aim to describe some of the possible configurations suit-
able for characterising the performance of micro-cogenernation devices and complete

micro-cogeneration systems.
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2.3 Test Bench Configurations and Loading

The testing facility can be broadly split into two sections each providing a different
form of controlled loading. The first configuration allows the facility to create the
controlled thermal and electrical operating loading required to generate data suitable
for model calibration or performance mapping. This includes both steady-state load-
ing at a number of fixed operating points and dynamic tests. The second portion of
the facility was designed to explore suitable balance of plant configurations, control
strategies and to provide realistic, controlled loading to micro-cogeneration systems.
In this mode of operation, the facility has the ability to reproduce typical house
space heating loads, domestic hot water demands, and electrical loading suitable to
investigate the performance of units under realistic operating conditions.

The fluid circuit used to load the micro-cogeneration device was designed to op-
erate independently from the remainder of the test bench. The line was fitted with
a variable capacity pump to accommodate units of different sizes and to investigate
the effect of flow rate on heat recovery. An inline electric circulation heater and a
heat exchanger (HX-3 see Figure 2.4) with a controllable by-pass were built into the
fluid circuit to modulate the return temperature to the micro-cogeneration unit. The
DAQ-controlled proportional valve can be used to dynamically vary the fraction of
the flow passing through the heat exchanger to produce a constant return tempera-
ture or to create time varying residential thermal loads to simulate performance of
systems without thermal buffering. An upper limit of 40 kW can be removed from
the flow stream exiting the cogeneration device. By varying the mass flow rate and
fluid temperature through the micro-cogeneration unit, a complete performance map
of thermal efficiency can be produced.

The hydraulic test bench is well-suited to studying the performance of both single
and two tank systems. A large number of configurations are possible which are easily
selected, controlled and monitored through the DAQ. Figure 2.5 shows the layout of
a typical single tank system where heat can be recovered from a micro-cogeneration
unit to be stored or sent directly to the residential load. The set-point of the tank can
be maintained using either the cogeneration device or the natural gas heater. More
flexible controls having two dead-bands allowing both heat sources to be used can
also be implemented. Thermal loading is provided through another heat exchanger

using the same strategy employed on the loop servicing the micro-cogeneration unit.
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Figure 2.5: Single tank system

The output of the electric circulation heater can also be varied under a one-minute
duty cycle in order to simulate the thermal output of a cogeneration device or a
secondary heat source such as a solar thermal system. In the case where units are
run continuously or are electrically led, excess heat can be dumped through HX-3 to
prevent overheating. Continuous monitoring of flow rates and temperatures allows
heat balances to be determined across each component.

A number of two-tank configurations are also possible allowing the thermal stor-
ages to be charged or discharged in series or in parallel. Figure 2.6 shows the series
arrangement where one tank is used as a buffer for a second tank serving the residen-

tial loads. In the case where the tanks are used in parallel, different set points can be

HX-3 | | | Load
Electric Heater | Pump
HX-1 Tank B Tank A
_ ) De I S | —’é 5
Micro-Cogeneration = Pump
Device Pump Purtip Natural Gas

Heater

Figure 2.6: Two-tank series system
maintained for separate domestic hot water production and for space heating. In the

configuration shown below in Figure 2.7, Tank B can be charged by the cogeneration

unit and can dump heat to the load. Tank A can be charged by both the cogeneration
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device and by the natural gas heater and can also dump heat to the load. A number
of other configurations are also possible by making the appropriate valve selections.
The test bench essentially provides an independent path between the tanks, indi-
vidual circuits connecting each tank to the micro-cogeneration heat exchanger, the
natural gas heater, and the thermal load. Custom controls can be created to manage

the buffering system and auxiliary heat sources. User defined load profiles generated

Load
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| Pump

TR

Tank A Tank B

Micro-Cogeneration

Device
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—Q_(_l Natural Gas Heater

Pump _Q
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Figure 2.7: Two-tank parrallel system

from building simulations and actual measurements can be reproduced using time
intervals as little as 5 minutes. Representative profiles for typical days throughout
the year can be created and reproduced to assess seasonal performance of units. The
test bench can be used to explore and evaluate charging and discharging strategies
to determine how best to control the units to minimize cycling or stand-by losses.
Experiments ranging in length from several hours to several weeks are possible and
can be run almost autonomously.

Figure 2.8 shows the electrical line diagram for the proposed installation of a 6
kW, micro-cogeneration unit. As the electrical output of the device is larger than
the capacity of the load, three electric base-board heaters were added to allow the
device’s complete range to be tested. The unit chosen for this installation can be
controlled in a number of ways but a grid connection must be established before the

unit is operable.
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Figure 2.8: Electrical line diagram

The output from the inverter provides power suitable for 200V split-phase systems
which are common in Japan. In order to integrate the unit with the facility’s electrical
service, a voltage transformer was placed between the loads and the distribution panel.
Electrical load following is realized using directionally sensitive current transducers.
The unit can modulate its output to maintain a maximum power export of roughly
200 W. It can also be heat led using either a thermostat with a relay switch or the unit
can operate using a timer. Under heat led control, the unit can only run at maximum
capacity. The load bank can be disconnected when the unit is operating using a heat
led strategy allowing the electricity produced to be used to power equipment in the
facility and the adjacent lab space. Additional power produced is exported in the
remainder of the building.

The facility can be used to drive micro-cogeneration units using realistic thermal
and electrical load profiles reproduced at variable time steps. The flexibility of the
hydraulic test bench and user defined control allows an almost unlimited number
of configurations to be explored and evaluated. In order to take advantage of the
flexibility of the facility, a significant amount of instrumentation has been embedded
into the hydraulic test bench. The following chapter will describe the instrumentation

selected, its calibration and the resulting measurement accuracy.



Chapter 3

Instrumentation and Sensor Calibration

This chapter provides a description of the instrumentation embedded into the hy-
draulic test bench to measure thermal power, the instrumentation employed to mea-
sure natural gas properties, and the metering system for the proposed electrical in-
stallation of a 6 kW micro-cogeneration device. The specifications and justification
of each sensor will be explained. A detailed description of the thermocouples and
thermopiles installed on the test bench is also provided. Details relating to their

construction, assembly, calibration and resulting measurement uncertainty will be

addressed.

3.1 Instrumentation

In order to take advantage of the flexibility of the hydraulic test bench, a large
amount of instrumentation was added at critical locations. Positive displacement
oval gear flow meters were selected to measure the flow rate through each of the
pumps. The meters are factory calibrated to produce a train of pulses proportional
to the measured flow rate. The meters were flexible enough to cover the range of flow
rates expected and their rotors have an upper operating temperature limit of 80°C
which was consistent with other components on the test bench. An estimate of the
flow can be obtained by reading the number of pulses registered over a given sampling
interval. The specifications of each meter can be found in Table 3.1.

The natural gas line used to fuel the instantaneous water heater and cogenera-
tion unit has been instrumented to measure temperature, pressure and volumetric

flow. The gas temperature is measured upstream of each flow meter using calibrated

32
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Table 3.1: Flow meter specifications

Flow Meter FlowRate Pulse Rate Accuracy Model
(L/min)  (Pulse/L)
F-1 3—25 112 1% of reading Brooks /BM-04
F-2 3—25 112 1% of reading Brooks /BM-04
F-3 8 — 170 52 1% of reading Brooks /BM-07
F-4 3—25 112 1% of reading Brooks /BM-04

thermocouples inserted into wells which are directly exposed to the flow. Natural gas
pressure is monitored at the inlet of the facility with an accuracy of 0.25% of reading.
The volumetric flow to the water heater and cogeneration device are measured sepa-
rately using revenue grade diaphragm meters. Table 3.2 describes the meters chosen.
Under typical operating conditions, the warranted accuracy for this type of meter is
1% of reading. The primary dial on the meter travels one full rotation per 0.0283 m?
of flow through the meter. In order to measure the gas flow with the DAQ, a rotary
encoder with a pulse rate of 1000 pulses per revolution was mounted to the dial of

the meter. The combination of the dry test meter and encoder provides excellent

Table 3.2: Natural gas meter specifications

FlowRate(L/min) Accuracy Manufacturer/Model

95 1% of reading Elster / DTM 200-A

resolution of natural gas volumetric flow. Estimates of the molar flow rate of natural
gas can be derived using the measured temperature, pressure, and flow rates observed
on the line. An estimate of the heating value of the fuel is needed to compute the
molar heat rate into a particular device.

A third branch was included on the line to accommodate more equipment such as
a gas chromatograph or to allow gas samples to be taken for laboratory analysis to
determine heating value of the fuel. Figure 3.1 shows the layout of the natural gas line
and instrumentation. Currently, the natural gas supply to the building services the
testing facility exclusively and is independently metered by a third meter installed

outdoors. The volume of gas consumed by both the heater and the cogeneration
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Figure 3.1: Natural gas system

device over a testing period can be compared to that recorded by the third meter in
order to provide some measurement redundancy.

Electrical power was assumed to be measured using bi-directional revenue grade
energy meters having a pulse output and split core current transducers. The energy
meters can be configured to produce a separate pulse train proportional to the power
measured in both directions. Figure 3.2 shows the layout of the proposed electrical
measurement system. The flow of electrical power can be measured across 3 locations
providing an assessment of transformer losses, electricity imported and exported, and
power consumed by the loads. The losses across the transformer can be measured
by taking the difference between E1 and E2 while the power consumed by the pro-
grammable load and the heaters can be resolved between points E1 and E3. The
choice of bi-directional meters also allows an assessment of the unit’s load following
capabilities by measuring the amount of power exported /imported to the distribution
panel during periods of controlled variable loading.

The specifications for the energy meters and the current transducers can be found
in Tables 3.3 and 3.4. The energy meters require current transducers having an
output ranging from 0 - 0.333 VAC which is proportional to the instantaneous line
current. Most commercially available current transducers typically have a leading
phase angle error ranging from 0.2 degrees to 2.5 degrees. The energy meters are
normally programmed to correct for a 1.0 degree phase lead to improve accuracy.

They can be configured to sense the voltage between the live and neutral phases or
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Figure 3.2: Electrical power measurement system

the two live phases in a split phase system using voltage taps. The meters integrate
the instantaneous current and voltage to produce a pulse train having a frequency of 4
Hz at their maximum power rating. Although models capable of producing pulses at
a rate of up to 600 Hz were available, the chosen meters provide adequate resolution
given the capacity of the micro-cogeneration unit and the likely measuring interval.
The meters draw power directly from the voltage taps for internal consumption, but
the power used is on the order of 10 mW which is negligible compared to the power

being measured.

Table 3.3: Energy meter specifications

Manufacturer WattNode

Model WNB-3Y-208-P 120
Nominal line voltage 120

Frequency 48 - 62 Hz

Ouput (pulse/kWh)  1333.33

Accuracy 0.5% of reading

Based on the maximum electrical power of the generating unit, 30 A current trans-

ducers were selected to measure each of the live phases from the generator and the
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power drawn by the load. A 70 A transducer was selected for measuring power ex-
ported to the distribution panel. Proper sizing of the transducers was important to
ensure the energy meters operate at their highest point of accuracy. Additional mea-
surement error must be included for off-design conditions including high /low current
or low power factors. The electric load can be configured to have a power factor of
unity, while the baseboard system results in purely resistive loading providing better
accuracy of measured energy. Custom split core units were chosen to further reduce
the bias on the current measurement. The quoted linearity error for the selected
transducers is warranted between 10% - 130% of rated current, and the phase shift
introduced was measured at 50% of the rated capacity (15 or 35 A). The custom
designed split core transducers offer a similar accuracy as the solid core sensors but
can be installed or reconfigured after the initial electrical installation. The split core

system provides a good compromise between cost, accuracy and flexibility.

Table 3.4: Current transducer specifications

Manufacturer Magnelab
Type Split core
Rated current (A)  30/70
Linearity error (%) 0.2

Phase error (%) <1

The programmable load also comes equipped with internal instrumentation to
measure current, voltage and power. The DAQ can query the device at user defined
intervals in order to generate an independent data set to compare with the instru-
mentation previously described. The specifications of the on-board instrumentation
are listed in Table 3.5.

A large number of thermocouples and thermopiles have been embedded into the
hydraulic test bench and storage tanks to measure both single point temperatures
and temperature differences between locations. Both thermocouples and thermopiles
were calibrated over the entire operating range of the test bench in order to reduce

measurement uncertainty. Table 3.6 shows the total uncertainty for a temperature
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Table 3.5: Programmable load instrumentation

Parameter = Range  Resolution Accuracy

Voltage 0-500 V 10mV 0.1% + 0.1% F.S.
Current 0-200 A 25 mA  0.1% + 0.2% F.S.
Power 0-4500 W 1.125 W 0.2% + 0.3% F.S.

measurement including error sources from both calibration and experimental mea-
surement. This includes sources such as voltage reading errors, reference temperature
bias, cold-junction compensation and calibration uncertainty. A detailed treatment of
the calibration process and the resulting uncertainty will be provided in the following

section. In order to evaluate the heat transfer between or across components, an esti-

Table 3.6: Temperature sensors specifications

Temperature Sensor Manufacturer — Accuracy (°C)

Type T Thermocouple Omega 0.5
5-junction Thermopile Built In-house 0.1

mate of the fluid flow rate and temperature change must be made. Compound sensors
comprised of a single 5-junction thermopile and 2 thermocouples were placed across
the inlets and outlets of each heat exchanger, both auxiliary heaters and the headers
of each tank. The location of the sensors can be found in Figure 2.4 and are labelled
TP-1 through TP-11. Only the hot side of HX-1 and HX-2 were instrumented as
only the heat loss from the warm flow is needed. The temperature difference across a
component can be read from the two independent thermocouple readings or directly
from the output from the thermopile.

It should be noted that the temperature reading using the thermocouples is soft-
ware compensated and measures the temperature either at the inlet or the outlet of
a component. Thermopiles are a temperature difference sensor by definition whose
output (emf) is proportional to the difference between the hot and cold-junctions em-
bedded across a particular component. The structure chosen allows for the duplication
of temperature measurement to improve confidence and to troubleshoot sensors. The

5-junction thermopile is constructed by creating 5 thermocouple junctions on both
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the supply and return sides of a component. The thermocouple junctions are wired
in series to produce a thermopile producing a voltage approximately 5 times as large
as that of a single thermocouple wired across the same temperature difference. Fig-
ure 3.3 is a schematic of the compound sensors embedded into the test bench while

Figure 3.4 illustrates their actual construction. Each half of the sensor is comprised

Soldered Tee Mechanical
Junction Fitting Spacer

Thermocouple
AEmf(mVv) /"

Heat
Addition/
Removal

Figure 3.3: Compound sensor schematic

of 3 brass Tee-fittings containing a total of 6 soldered thermocouple junctions. The
first 5 taken together form either the hot or cold junction of the thermopile while the
last one is simply used as a thermocouple. Four holes were drilled into the threaded
plugs of each tee-fitting to accommodate the wires forming the soldered junctions.
The length of the wires was chosen such that the soldered junctions were directly
immersed in the mid-pane of the flow through the sensor.

A water-proof, electrically isolative steel epoxy was used to seal the wire/plug
assembly. Plastic mechanical spacers were added to prevent the two junctions from
coming into contact with each other or the inner surface of the fitting. A small
amount of epoxy was also placed at the end of the wire sheath before the exposed
wire to prevent water from seeping out of the sensor. The modular construction of
the compound sensors allows the pairs of junctions to be tested or repaired without
the need to completely remove the sensor.

The following section will describe the experiments performed to calibrate the
thermocouples and 5-junction thermopiles. It will also explain and identify the various

sources of error that contribute to the total temperature bias error for each sensor.
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Figure 3.4: Temperature sensor assembly

3.2 Thermocouple Calibration and Uncertainty

As previously mentioned, a calibration experiment was undertaken to reduce the
uncertainty associated with temperature and temperature difference measurements.
Rather than implementing the coefficients from the NIST used in typical thermocou-
ple measurements, a unique calibration data set relating the thermocouple output
voltage to a temperature was experimentally derived. The calibration data was gen-
erated by immersing the measuring junction of the thermocouple into a constant
temperature bath and logging the emf (mV signal) produced. The cold-junction tem-
perature was recorded using a thermistor built into the DAQ while the measuring
junction temperature was recorded using a platinum resistance thermometer with a
resolution of 0.020°C. Calibration data expressing the platinum probe’s resistance
as a function of temperature provided by the manufacture was fit to a second order
polynomial found below. The error resulting from the regressions was small enough
that it could be neglected as it was an order of magnitude smaller than that of the

thermometer reading the resistance.

T(°C) = 0.001R? 4 2.309R — 240.843 (3.1)
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Measurements of both voltage and temperature were recorded at roughly 5°C intervals
between 2 - 85°C. The temperature of the bath was allowed to reach a state of
equilibrium before the measurements were taken. In order to eliminate the precision
error from the calibration, measurements were recorded every second over a period
of 4 minutes and a data point was repeated if the standard deviation of the bath
temperature was larger than a fraction of a percent of the mean value. An ordered
pair was created by averaging the emf and temperature measured over the logging
period. A second order polynomial was also fitted to this data set.

The calibration procedure employed assumes that the voltage-temperature rela-
tionship of the test thermocouple is representative of the entire 100 m spool of wire
used to build the sensors. Initially, a single spool was used for the construction of
all thermocouples and thermopiles; however, more wire was required to complete the
instrumentation. A second spool of Omega type T wire having the special limits of
error (SLE) tolerance was purchased and was also calibrated. The instrumentation
directly embedded in the hydraulic test bench was built using the first spool (T'Cpy.)
while the instrumentation in the tanks, heaters and natural gas lines used the second
spool (T'Cpgg). Table 3.7 shows the polynomial fits obtained for each wire spool and
the maximum regression error resulting from their use. The regression error accounts
for maximum difference between a temperature-voltage ordered pair from the calibra-
tion experiment and the values predicted by the curve fit used to represent the data.
The temperature response of both spools over the range of interest is very similar

indicating a good consistency of wire composition between production batches. The

Table 3.7: Thermocouple regression equations

Thermocouple Regression Equation Regression Error (°C)
TCpp T(°C) = -0.5194emf? + 24.683em f + 21.159 0.157
TCpr T(°C) = -0.5231emf? + 24.748em f + 21.159 0.230

error resulting from interpolation within the data set is significantly smaller than that
from the generic curves because the temperature range considered is relatively small
and only the bias errors of the calibration system contributed to the total error. The
correlations developed were used to convert the output voltage to a temperature and

to implement a software compensation to account for the cold-junction temperature.
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The data used to calibrate both thermocouple wires can be found in Appendix B.

The individual bias sources contributing to the total measurement uncertainty
can be found in Table 3.8. The total bias was calculated by taking the summation
of the root mean square of each bias source. All bias sources identified were taken
as being independent. The largest source of error results from the thermistor used
to determine the cold-junction temperature. The manufacturer of the DAQ system
warrants a resolution of 0.250°C for the thermistor and recommends an additional
bias of 0.200°C to account for its location within the module rather than directly on
the cold junction.

A reference junction error was introduced during the calibration because an av-
erage cold-junction temperature was used to develop the curve fit while this value
actually varied throughout the calibration experiment. The temperature recorded by
the thermistor varies with the ambient temperature of room. The average tempera-
ture over the entire calibration experiment was taken as the point around which the
software compensation was based. The value presented in the table is the maximum
difference between the average cold-junction temperature of an ordered pair and the
average over the entire experiment. This observation is significant as this parameter
introduces a bias source into the calibrations which could not be controlled directly.
The calibration was repeated a number of times in order to reduce this error as room
temperature fluctuations over a 4-hour period can vary much more than the total
uncertainty desired for thermocouple.

The second largest source of bias results from the regression prediction error used
to account for the maximum possible variation between the calibration data and the
polynomial fit used to represent the data set. The resolution of the instrumentation
used to read the thermocouple voltage also contributed strongly to the total bias.
The manufacturer of the modules used to measure thermocouple voltages reported a
bias of 0.008 mV. This source of bias occurs during both the calibration procedure
and during experimental measurements.

A sensitivity parameter was required to propagate the voltage reading bias into a
temperature measurement bias. The sensitivity factor was calculated by taking the
derivative of the regression equations with respect to emf for both curve fits. The
maximum voltage produced over the calibration was 2.938 mV yielding a sensitivity
factor of 21.55°C/mV. The product of the voltage error and its sensitivity factor

results in a temperature bias of approximately 0.200°C. A more detailed treatment
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Table 3.8: Thermocouple bias sources

Bias Source Bias (°C)

Reference junction 0.130

Voltage read error (experiment)  0.200

Platinum RTD 0.020
Thermistor 0.250
Thermistor location 0.200
Regression prediction error 0.230

Voltage read error (calibration) 0.200
Total Bias 0.500

of sensitivity factors and the propagation of measurement errors can be found in
Chapter 4. Finally, the bias of the platinum probe used to measure the calibration

bath temperature was included to complete the overall measurement uncertainty.

3.3 Thermopile Calibration and Uncertainty

A similar calibration exercise was conducted to calibrate the 5-junction thermopiles.
The cold and hot-junctions were placed in two separate baths to create a known
temperature difference across the thermopile and the voltage produced was measured
directly using the DAQ system. The bath temperatures were simultaneously measured
and logged using two platinum resistance thermometers. All data were logged at
one second intervals for a period of 4 minutes under steady state conditions. The
calibration data for the second platinum probe was also fitted to a polynomial (shown

below) producing a negligible error.

T(°C) = 0.001R? + 2.300R — 240.863 (3.2)

Because the output of the thermopile is sensitive to both the hot and cold-junction
temperatures, both of these parameters were systematically varied to produce a cal-

ibration map relating an output voltage to a temperature difference. For a given
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cold-junction temperature, a data set of voltages was created by increasing the hot-
junction temperature in increments of 5°C until the upper temperature of the test

bench was reached. This procedure was repeated for a large range of cold-junction

Coldune; Temperature Difference { °C)
Temp. (°C)
0 5 |10) 15| 20| 25| 30| 35| 40| 45( 50| 55| 60| 65| 70| 75| 80| 85
5 5 (10{ 15| 20| 25| 30| 35| 40| 45| 50| 55| 60| 65| 70| 75| 80
10 5 | 10]| 15| 20| 25| 30| 35| 40| 45| 50| 55| 60| 65| 70| 75
15 5 (10| 15| 20| 25| 30| 35| 40| 45| 50| 55| 60| 65| 70
20 5 | 10) 15| 20| 25| 30| 35| 40| 45| 50| 55| 60| 65
25 5 (10| 15| 20| 25| 30| 35| 40( 45(50( 55| 60
30 5 | 10| 15| 20| 25| 30| 35| 40| 45[ 50| 55
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40 5 | 10] 15| 20| 25| 30| 35| 40| 45
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Figure 3.5: Thermopile calibration map

temperatures to characterise the thermopile response. Figure 3.5 shows the matrix
chosen to calibrate the thermopiles. Multivariate regression was used to express the
hot-junction temperature as a function of cold-junction temperature and emf pro-
duced. A large number of functional forms were explored, but a 10-coefficient cubic
was ultimately chosen as it provided the best representation of the data. Rather than
taking a least squares approach, the fitting target chosen aimed to minimize the max-
imum value of the absolute error between the calibration data and the curve fit. It
was important to reduce this source of error as much as possible because the largest
regression error within the calibration data set is chosen to provide the confidence
interval for the temperature measurement. This particular source proved to be the
largest contributor to the overall uncertainty of the measurement. The coefficients re-
sulting from the regression can be found in Table 3.9. The maximum error introduced
by the regression equation was calculated to be 0.087 °C while the average error was

approximately 0.003°C. A sample of the data used to calibrate the thermopiles can
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Table 3.9: Thermopile regression coefficients

Coefficient Value

a -6.9185613467257445E-01
b 5.1683542486939711E+00

c 9.8133216067597717E-01
d 2.7883637404332424E-02
f 2.2893880402369271E-04
g 2.3694605271328006E-04
h -6.7512031136812368E-07
i -1.1230683426105850E-02
j 1.7460387464790389E-04
k 2.2951552440429009E-05

be found in Appendix C along with a summary of the errors resulting from the poly-
nomial curve fit. The complete data set can be found online on a repository hosted

by the Carleton University Faculty of Mechanical and Aerospace Engineering [22].

Ty = at+bemf4cToy+demf>+ T2 ,+gemf>+hTp +iemfTo+jemf*To+kemfTa,
(3.3)

As with the thermocouples, a total bias error was obtained by taking the summa-
tion of the root mean square of each individual bias source. The sources contributing
to the total bias of the thermopile measurement can be found in Table 3.10. The re-
gression prediction error contributed the largest fraction of the uncertainty followed
by the read error from the voltage measurements occurring during both the calibration
and experiment. Although the use of the thermopiles requires that the cold-junction
temperature be measured using a thermocouple, the bias from this measurement need
not be included in the uncertainty for the temperature difference measurement. This
can be attributed to the fact that the relationship between the emf produced and the
temperature difference is nearly linear and that this slope remains virtually constant

over such a small change in the cold-junction temperature. Figure 3.6 showing the
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predicted hot-junction temperature as a function of the cold-junction temperature
and emf produced clearly illustrates this result. By taking the first derivative of the
regression equation with respect to emf, a sensitivity parameter was obtained which
could be used to propagate the error from the voltage measurement into the temper-
ature measurement. The sensitivity factor was calculated to be 4.5954°C/mV. The

product of this value and the voltage read error results in a bias of 0.036°C.
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Figure 3.6: Hot-junction temperatures

In order to make the connection with the DAQ, copper/nickel extension wires
were used. The construction of the thermopiles from Type T thermocouple allows
both lead wires leaving the sensor to be made from copper. The composition of
the extension wires was different from that of the leads from the sensor which acts
to produce another set of junctions. If the junctions were at different temperatures
during an experiment, this would act to reduce or increase the emf measured by the
DAQ. To assess the impact of the new junctions, another five-junction thermopile
was built this time using only the copper thermocouple wire and the wire selected for
the extensions to the DAQ. The new thermopile was placed in the calibration baths
to create a 50°C temperature difference and the resulting emf was logged. The five-
junction thermopile was chosen to amplify the potential error produced (by a factor

of 5) and the temperature difference was chosen to be much larger than would be
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observed in the lab during an experiment. Even under these exaggerated conditions,
the emf produced could not be resolved by the thermocouple module indicating that
the extension wires would not affect the measurement accuracy.

It is notable that the uncertainty for a temperature measurement difference made
by taking the difference between two thermocouple measurements is 7 times greater
than that of the calibrated thermopile. The difference between these methods can be
attributed to two main factors. Firstly, once calibrated, the output voltage from the
thermopile can be read without any need for cold- junction compensation. Secondly,
the increase in signal strength greatly reduces the relative error attributed to the
resolution limit on the hardware used to read the emf produced. The total uncertainty

and the sources contributing to this error are listed in Table 3.10.

Table 3.10: Thermopile bias sources

Bias Source Bias (°C)

Voltage read error (calibration) 0.036
Voltage read error (experiment) 0.036

RTD 1 Bias 0.020
RTD 2 Bias 0.020
Regression prediction error 0.087
Total Bias 0.100

The following chapter will discuss the methods chosen to calculate the uncertainty
margins for derived quantities such as thermal power, electrical power, and thermal
efficiency. The primary measurement bias described for each instrument will be prop-
agated into the derived quantities of interest for selected configurations and sampling

intervals.



Chapter 4

Uncertainty Analysis

This chapter will describe the methodology adopted to propagate the measurement
bias errors previously described in order to develop uncertainty margins for derived
quantities such as thermal power, thermal efficiency, electrical power, and total effi-

ciency of a micro-cogeneration device.

4.1 Propagation of Errors into Derived Quantities

Generally speaking, an uncertainty analysis should treat the two following types of
errors. The first is the precision error S; which aims to capture the random error
that is observed during an experiment while the second is the bias error B; which
corresponds to the repeatable uncertainty margin of a particular sensing element. An
individual sensor may be subject to a number of different bias sources which can be

combined into a total measurement bias using a root mean square approach shown

B = |3 B? (4.1)

Pulse output devices are a good example of sensors having a bias resulting from

below:

more than a single source. The accuracy of the pulse output measurement devices
described previously only accounts for the uncertainty between the actual measured
quantity and the number of pulses produced. Because the system used to record the

pulses can only register integer values, an additional source of error is created. When

47
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only a small number of pulses is registered over a particular sampling interval, the
error associated with missing a fraction of a pulse may be significant. In some cases,
this quantity may be larger than that of the error resulting from the accuracy of the
sensor. In order to treat this error, an additional independent bias error of one pulse
was added to every measurement. This source of error becomes less significant when
the pulse rate is high or the sampling interval is large.

Once the total bias for each primary measurement has been computed, a total bias
for the derived quantity of interest can be calculated by taking the summation of the
root mean square of each measurement bias source weighted by a sensitivity factor.
The required sensitivity factor can be obtained by taking the partial derivative of
the derived quantity with respect to the measured value of interests. This factor is a
function of the other parameters (P;) used to calculate the derived quantity as shown

below:

0; = f(P, P...P) (4.2)

The values of P; are specific to average value of the derived quantity(r) observed over

the sampling interval. The sensitivity factor can then be found using the following;:

B or
=35

0; (4.3)
The total bias for the derived quatity can be obtained by combining each individual

measurement bias weighted by the calculated sensitivity factors:

J
The precision error for average derived quantities (S) can be calculated using the stan-
dard deviation () and the number of instantaneously derived measurement quantities

(N) recorded over a sampling interval as follows:
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- S
S=— 4.5
VN (45)
Finally, an overall uncertainty margin for the average derived quantity can be found
by combining the total bias error and precision error weighted by a Student T statistic

(t) using the following equation:

U=+VBr*+1S (4.6)

The confidence interval for the calculated uncertainty margin will be dependent on the
confidence level selected for the Student T statistic. This method is consistent with
that developed by the American Society of Mechanical Engineers and was adopted
for calculation of experimental uncertainty for all derived quantities [23]. A 95%
confidence level was selected for the calculation of all derived uncertainty margins
presented in this work.

The following sections will employ the methodology described above to develop
bias errors for the measurement of thermal power, electrical power, thermal efficiency
and total efficiency of micro-cogeneration devices. A number of operating points and
sampling intervals will be considered to demonstrate the full range of bias errors

resulting from the instrumentation chosen.

4.2 Thermal Power Measurement Bias Error

The following analysis will treat only the bias errors to provide a relative comparison
of the uncertainty attainable for specific derived quantities resulting from likely oper-
ating conditions produced by the testing facility. The total uncertainty including the
precision error is dependent on the nature of the specific experiment being conducted
and the ability of the facility to maintain the required steady state conditions.

The bias error for thermal power (Qy,) measurement is sensitive to both the mass
flow rate of the heat recovery fluid and the temperature differnce across the measuring

points. Thermal power can be calculated using the following equation:
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ch = meAT (47)

where 7 and ¢, are the mass flow rate and heat capacity of water, and AT is the
change in temperature across a component as measured by the thermopiles. Although
the flow rate in each loop is constant, the bias for this parameter will change based
on the sampling interval. The meters used to measure volume flow were calibrated to
have an accuracy of 1% of reading (B,;,) while the bias error associated with reading

the pulse output can be calculated using the following:

By = 1/kt (4.8)

where k is the pulse rate in pulses per liter and ¢ is the sampling interval in seconds.

The total bias can be obtained by combining both sources of error:

Bm = \/ BTZ'rLa + Br2np (49)

In order to estimate the sensitivity factors, a number of typical operating points were
considered. The two flow circuits that were chosen as representative were the loop
directly connected to the cogeneration device and the loop used to impose a thermal
load on the tanks (refer to Figure 2.4 for a description of these circuits). Each loop
was characterised by a different flow rate and values were calculated over the entire
range of heat transfer expected. The exercise was repeated using different sampling
intervals in order to capture the added bias from the flow meter pulse output. The
sensitivity factors used to propagate the primary measurement errors were calculated

as follows:

_ 0Qu

0.
" om

=, AT (4.10)
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OQun

AT — me, (4.11)

Oar =

A constant value of 4.186 kJ/kgK was chosen for the heat capacity of water as this
value is know to change less then 0.3% over the entire range of temperatures observed
on the hydraulic test bench. The product of the uncertainty and the sensitivity
factor for this parameter is small compared to the other factors used to calculate
thermal power and was not included in the calculation for the bias error. Finally
the individual measurement bias sources and associated sensitivity factors can be

combined to produce the total bias for the derived value of thermal power:

Bq,, = |> _(6:B:)? (4.12)

J

Table 4.1: Thermal power bias

Flow Rate Thermal Power AT  1-s Sampling 60-s Sampling

(L/min) (kW) (°C) Bias(%) Bias(%)
Micro-cogeneration loop
30 2 0.95 12.3 12.0
30 5 2.38 5.5 4.92
30 10 4.78 3.0 2.61
30 20 9.55 3.0 1.6
30 40 19.11 2.8 1.2
Tank loading loop
18 2 1.59 8.2 7.3
18 5 3.98 4.9 3.1
18 10 7.96 4.2 1.8
18 20 15.92 4.0 1.2

The total bias errors for the cases considered are reported as a percentage of the
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thermal power being measured and are listed in Table 4.1. When the measured ther-
mal power is relatively small, the error from the temperature measurement (0.1°C)
dominated the uncertainty and very little difference between the sampling intervals
can be observed. Given the fact that the flow rate is held constant, the relative error
from the constant temperature bias is reduced as larger temperature differences are
encountered and the error on the mass flow rate becomes more significant. As the
measured thermal power is increased, the effect of sample interval length becomes
more apparent.

The following section will demonstrate how the thermal power bias is combined
with the error from the natural gas measurement to obtain an estimate of the error

for thermal efficiency calculations.

4.3 Thermal Efficiency Bias Error

An uncertainty analysis was repeated to determine the bias error on the calculation
for the thermal efficiency (7;,) of the natural gas heater over its complete operating
range. The efficiency of the natural gas heater is calculated as the ratio of thermal
power added to the fluid stream over the molar heat rate (nLHV,,) of energy used to

fuel the device as shown below:

Qun

= ALHV, (4.13)

Nth

The molar heat rate into the natural gas heater can be approximated using the
measured values of gas temperature (7,), pressure (P) and volume flow rate (V)

as follows:

_prv
~ RT,

n

(4.14)

Equation 4.13 can be expanded to include the individual measured quantities used to

derive the thermal efficiency.
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e, ATRT,

: (4.15)
PVLHV,,

Neh =

The sensitivity factors required to propagate the measurement errors into the thermal

efficiency are derived below:

_ 0Qum ¢, ATRT,

0 = ot — b 4.16

o — PVLHV,, (4.16)
0Qu, me, RT,

Ornr = = g 4.17

ST OAT T pvLHV,, (4.17)
e, AT

b, = Jm _ e ATR (4.18)

o 0T, PVLHV,,

0Qum 1, ATRT,
[ - - — . g 4.19
P ap P2VLHV,, (4.19)

_ IQun _ _ me, ATRT, (4.20)

0. .
Vo oav PV2LHV,,

o _ _0Qu_ _ i, ATRT,
MV = 9LHV,, —  PVLHV?

(4.21)

Using the sensitivity factors, the bias error was calculated and is reported as a per-
centage of thermal efficiency for different power levels and sampling intervals. The
results proved to be insensitive to the ¢, of water and its uncertainty. These values
can be found in Table 4.2. The maximum flow rate through the unit is restricted to
18 L/min due to the limitations of the pump. A lower heating value of 800 kJ/kmol

was chosen for natural gas and this value was assumed to be known within 2% of
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the chosen value. The resolution error from the pulse output on the natural gas me-

Table 4.2: Thermal efficiency bias errors

Flow Rate AT  1-s Sampling 15-s Sampling 60-s Sampling

(L/min)  (°C) Bias(%) Bias(%) Bias(%)
18 2 13.6 2.9 2.6
18 10 7.7 2.3 2.1
18 20 5.1 2.1 2.0
18 30 4.3 2.0 1.9
18 45 3.9 1.9 1.9

ters dominates the uncertainty for 1-second sampling intervals. For sample intervals
longer than 15 seconds the pulse resolution errors converge to an almost negligible
value. As the sampling interval is increased to 60 seconds, the errors attributed to
both gas and water flow is reduced and the error caused by the temperature difference
measurement, becomes more significant. The bias from the natural gas temperature
and pressure were also included in the calculations for completeness although their
contributions are small.

Figure 4.1 illustrates the distribution of the different sources of bias error con-
tributing to the total bias error for the calculation of thermal efficiency. It was
assumed that measurements were taken at 30 second intervals and that the HHV
of the fuel was known to within 2% of its true value. The values were calculated
by taking the product of the measurement bias error and their respective sensitivity
factor for each operating point. The contribution from the temperature difference
measurement varies strongly as a function of thermal power while the other quanti-
ties remain almost constant. The uncertainty of the fuel’s HHV dominates the error
for all operating points. Further reduction of the total bias error would require a re-
duction in the temperature difference measurement error (especially at lower thermal

power) and a lower uncertainty with respect to the heating value for natural gas.
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Figure 4.1: Temperature sensor differences

4.4 Electrical Power Measurement Bias Error

This section will aim to describe how electrical power is derived using the chosen
instrumentation and how its bias error is calculated. The instantaneous electrical
power (P,) produced or consumed by a device can be estimated using the measured
current(/) , voltage (1), and the phase angle (6) between the two quantities as shown

below:

P, =1V cosf (4.22)

Because the programmable load and the baseboard heaters used in the faclilty provide
purely resistive loading, the phase angle between voltage and current is zero allowing

the power calculation to be simplified to the following equation:

P=1V (4.23)

The expression shown above cannot be used directly for power measurement because

the energy transducers chosen measure the electrical energy consumption rather than
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power. An estimate of electrical power can only be made by counting the number
of pulses over a specific sampling interval. Under this measurement scheme, the two
sources contributing to the power measurement error are the total bias of the energy
meter (Bg) and the linearity error of the current transducers (B4 and B;p) used to
measure the current on both live phases. Although the use of current transducers also
introduces a phase shift error, this was not included as a source of bias because the
energy meter was specifically designed to compensate for this source. The bias errors
resulting from the meters and the current transducers can be combined to calculate

the total electrical power bias as shown below:

Bp. = \/B,%; + (014B1a)? + (018B1p)? (4.24)

The errors caused by the accuracy of the transducers placed on each of the live phases
were taken to be independent and the sensitivity factor required to propagate this

bias source into the electrical power measurement error is calculated as follows:

OP.
oI

Ora =01 = =V (4.25)

The bias from the energy meters can be further decomposed into an accuracy bias
(Bga) and a pulse resolution bias (Bg,). The total bias resulting from the energy
meter can obtained by combining the two values as shown below. Since its output is

proportional to the power being measured, a sensitivity factor is not required.

By = /B, + B2, (4.26)

Ultimately, the bias error on the power measurement was dominated by the resolution
of the energy meter. Although the units have good accuracy, they are built for long-
term measurements and lack the precision needed for very short sampling intervals.
Even at 10 second sampling intervals, the resolution error from the pulse output is
an order of magnitude larger than other sources of error. Despite this observation,

reasonable estimates of power can be made provided the sampling interval is greater
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then 10 seconds. The following section will describe how the electrical power bias
error is propagated into the electrical and total efficiencies for a micro-cogeneration

device.

4.5 Micro-cogeneration Efficiency Bias Error

An uncertainty analysis was performed to estimate the bias errors for the electrical,
thermal, and total efficiencies of a 6 kW, micro-cogeneration unit being loaded on the
hydraulic test bench. The LHV value and its bias used in this analysis were assumed
to be the same as the ones previously described for the natural gas heater efficiency
while the flow rate assumed for heat recovery was increased to 30 L/min in order to
reflect the performance of the pump on the line that would be used for heat recovery.
Only the electrical and total efficiency bias errors will be treated in this section as
the method developed for the natural gas heater thermal efficiency applies equally to
the micro-cogeneration device.

The electrical efficiency (7,) of the micro-cogeneration device is calculated as the
ratio of electrical power produced over the molar heat rate of energy used to fuel the

device as shown below:

P.RT,

PVLHV,,

Me

In order to propagate the measured average quantities and their bias errors into the

electrical efficiency the following sensitivity factors were developed:

one RT,

g, = e _ 4.8

" 9pP.  PVLHV, (4.28)
e P.R

O = = — 4.29

9T, PVLHV, (4.29)

gp= e _ LRI, (4.30)

OP  P2VLHV,
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P.RT,
g, = e _ __Lelly (4.31)
oV PV2LHV,

on.  P.RT,
OLHV,,  PVLHV?

Oruv,, = (4.32)
As with the thermal efficiency, the individual bias sources and their sensitivity fac-
tors are combined to obtain a total bias for the electrical efficiency for the micro-

cogeneration device.

Bp, = [>(6;B)) (4.33)

J

Finally, the total efficiency bias error for the cogeneration device can be found by
combining the bias errors from both the thermal and electrical efficiencies. These

sources of error were taken to be independent.

Bitotat = £/ My + 12 (4.34)

Tables 4.3 - 4.5 show the bias errors for the cogeneration device efficiency over its
operational range. The bias errors are listed as a percent of the efficiency at each
operating point. Because many of the measurement transducers produce a pulse
output, the efficiency bias errors were calculated at 10, 30 and 60-second sampling
intervals to determine the effect of this parameter. As the unit’s electrical /thermal
output and sampling interval is increased, the uncertainty for all measured and derived
quantities is reduced. The difference between the bias errors calculated at 10-second
and 30-second intervals is much more significant than the change observed when the
interval is further increased by an additional 30 seconds. The following chapter will
describe the experimental work undertaken during the commissioning phase to assess

the performance of the hydraulic test bench and to determine its limitations.
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Table 4.3: Micro-cogeneration efficiency errors 10-second sampling

P.(kW) Qu(kW) Biase(%) Biasy (%) Biasiea (%)

1 6.3 2.8 2.9 4.0
2 7.9 2.3 2.5 3.4
3 9.2 2.0 2.2 3.0
4 10.3 1.8 2.1 2.8
d 10.9 1.7 1.9 2.6
6 12.0 1.6 1.8 2.5

Table 4.4: Micro-cogeneration efficiency errors 30-second sampling

P.(EW) Qu(EW) Bias.(%) Biasy(%) Biasia(%)

1 6.3 1.3 2.7 3.0
2 7.9 1.2 2.3 2.7
3 9.2 1.20 2.1 2.4
4 10.3 1.2 2.9 2.3
d 10.9 1.2 1.8 2.2
6 12.0 1.2 1.7 2.10

Table 4.5: Micro-cogeneration efficiency errors 60-second sampling

P.(kW) Qu(EW) Biase.(%) Biasy (%) Biasira(%)

1 6.3 1.1 2.6 2.9
2 7.9 1.1 2.3 2.6
3 9.2 1.1 2.1 2.4
4 10.3 1.1 1.9 2.2
D 10.9 1.1 1.8 2.1
6 12.0 1.2 1.7 2.0




Chapter 5

Commissioning

5.1 Controlled Loading

This section will aim to describe the control strategies implemented and the testing
performed to commission the systems employed to provide thermal loading on the hy-
draulic test bench. The test bench can be configured to subject a micro-cogeneration
device to both steady-state and varying inlet conditions by varying the temperature
and flow rate of the coolant used for heat recovery. Heat can be directly added to
the flow stream through the inline electric resistance heater or rejected to a chiller
unit through a flat plate heat exchanger to fix the temperature returning to the
micro-cogeneration device. The temperature of the heat transfer fluid returning to
the micro-cogeneration device can be modulated by diverting a portion of the flow
around a heat exchanger. The hydrauylic layout of circuit is illustrated in Figure 2.4.

A closed loop PID control strategy was adopted where the process variables con-
sidered were either the temperature exiting the heat exchanger, or the thermal power
dissipated through it. Tuning of the system used to control the response of the pro-
portional valve (V-2) was required to achieve acceptable performance. A number of
load profiles were analyzed including steps, ramps and steady state runs, to select the
appropriate PID parameters, and control sampling frequency. Ultimately a compro-
mise was made between the response of the system and the relative overshoot that is
acceptable.

It is also notable that the maximum rotational speed of the actuator is fixed and
only its position can be varied over time. The drive system selected takes roughly
60 seconds to complete one full 90° rotation where the flow stream is completely

diverted around the exchanger. The maximum rate at which the by-pass fraction can

60
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be varied limits the ability of the test bench to vary the loading or to maintain a
specified return temperature.

In order to access the dynamic response of the system, the test bench was con-
figured to reproduce a sinusoidal temperature profile. The by-pass fraction around
HX-3 was continuously varied to control the temperature returning to the storage
tank. Figure 5.1 shows a comparison between the desired return temperature and
that measured in real time. The control system was able to maintain the tempera-

ture to within a couple degrees of the target value over the course of the test.

- ! ! ! !
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Figure 5.1: Tank return temperatures

The hydraulic test bench can also be configured to reproduce time-varying home
heating and domestic hot water loads in order to evaluate system level performance
under typical operation. Thermal loading of the storage tanks is simulated by varying
the volume of flow through HX-2. Another DAQ-controlled proportional valve (V-
1) placed upstream of the heat exchanger diverts a portion of the flow in order to
dynamically modulate the amount of thermal power dissipated (refer to Figure 2.4 for
an illustration of the system). Careful tuning of the control parameters was required

to ensure that the desired load profiles could be accurately reproduced. A number of
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load profiles were tested in order to select parameters that provided balanced control.
Figure 5.2 shows a plot comparing the target load profile with the one measured in
real time. Overall, the system responded rapidly and maintained good agreement

with the desired loading.
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Figure 5.2: Rate of heat tranfer to thermal load

The maximum thermal loading possible on this circuit is limited by the operating
temperature of the thermal storage and the capacity of the pump used to circulate
water through the exchanger. With the thermal storage tank charged to 80°C and
a flow rate of 0.3 L/s, the maximum thermal power dissipated through the heat
exchanger is 20 kW. Currently, both the space heating loads and the domestic hot
water loads are realized by dissipating heat through a single flat plate exchanger.
Under this scheme, residential loads must be simulated by imposing a combined load
profile executed at some predefine time interval. The rate at which this load can be
varied over time is restricted by the speed of the valve drive. Domestic hot water
draws are known to vary widely over time making them difficult or in many cases,
impossible to reproduce using the loading system. Synthetic combined load profiles
based on real loads would have to be created at time intervals that are sufficiently large
to be reproduced consistently. The parameters chosen for control of both variable
loads can be found in Table 5.1.
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Table 5.1: PID control parameters

Circuit P 1 D

Tank Loading Loop 0.97 0.30 0.07
Heat Recovery Loop 1.20 0.30 0.06

The following section will describe a commissioning exercise undertaken to mea-
sure the heat lost through the hydraulic test bench and to independently validate the

temperature measurements taken using the calibrated instruments.

5.2 Tank Heat Balance and Sensor Comparison

Testing was conducted during the commissioning phase to determine the magnitude
of the thermal losses from one of the circuits used to load the tank, and to com-
pare measurements of thermal power to verify the output from the thermopiles and
thermocouples. Figure 5.3 illustrates the configuration chosen for the experiment.
Thermal power was measured across the inlet and outlet of the storage tank and
across the heat exchanger used as the load. The heat loss from the remainder of the
circuit was calculated from the difference between these two values. Thermal power
provided from the storage tank and dissipated through the test bench was calculated
separately at each point using the output from the thermopiles (TP-3 & TP-1) and
the independent temperature measurements of the thermocouples placed across the
four points of interest (TC-1A and TC-1B & TC-3A and TC-3B).

Prior to the experiment, the storage tank was filled through the flow meter to a
known volume of 560 L. and a thermocouple rack was placed in the tank to record the
temperature at four different heights. Three separate steady state runs, each 10 min-
utes in length, were conducted to generate a suitable data set. The by-bass fraction
across the heat exchanger was varied between runs to access its effect on the heat
loss from the pipe network. Over the course of each run, the temperatures, tempera-
ture differences and flow rates were measured every second to produce an estimate of
instantaneous thermal power. In an effort to validate the power measurements, the
total heat removed from the tank over each run was also compared to the integrated

power measurements. The heat removed from the tank was calculated based on the
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Figure 5.3: Heat balance experiment configuration

differences in the average tank temperatures at the beginning and end of each run.
Table 5.2 shows the total heat loss for each of the runs calculated using the average
temperature change of the tank, the output from the thermopiles and the output from
the thermocouples. The pipe losses are listed as a fraction of the energy measured

across the inlet and outlet of the tank.

Table 5.2: Test bench losses

Heat Exchanger By-pass Fraction

Measurement Location 66 (%) 33 (%) 0 (%)

Tank Average Temperature (MJ) 6.4 £1.2 17.7 £1.2 242 £1.2
Tank Thermopile (MJ) 6.2 £0.2 17.3 £0.5 23.8 +£0.7
Tank Thermocouples(MJ) 6.1 £1.0 173 £1.1 235 +£1.2

Heat Exchanger Thermopiles (MJ) 54 £0.2 169 £0.5 23.3 £0.7
Heat Exchanger Thermocouples (MJ) 5.4 £1.0 17.1 £1.1 23.6 £1.2
Pipe Losses Thermopiles (%) 12.6 £4.0 23 £40 1.9 £4.0
Pipe Losses Thermocouples (%) 9.8 £23.0 1.0 +14.0 -0.20 £7.0

A number of trends can be observed when considering the results from the three
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trials. The energy removed from the tank calculated using the bulk properties cor-
responded well with those taken using either the thermopiles or the thermocouples
placed directly down-stream of the tank. As the by-pass fraction was reduced, a
greater portion of the heat being drawn from the tank was dumped through the ex-
changer and the fraction of the heat losses from the piping was greatly reduced. The
thermal power lost between the two measuring points ranged between 0.66 kW - 1.3
kW and decreased as a function of the power being consumed through the exchanger.
This may be partially attributed to a lower average difference between the fluid circuit
temperature and the ambient temperature. Although this trend can be observed, the
actual thermal power measured from the difference between the two sets of sensors
was smaller than the uncertainty of this measured quantity. The aggregate results
show that the losses occurring between the measurement points on the test bench are
relatively small and could be ignored for most experiments.

In order to addess the consistency of the temperature measurements, the temper-
ature differences measured by the thermopiles and the pairs of thermocouples were
compared for the three different runs. The thermocouple temperature measurements
were taken to be independent and the total bias for the temperature difference was
obtained by combining the two individual bias errors using a root mean square ap-
proach. Fach thermocouple has a bias error of 0.5°C resulting in a total bias error
of 0.7°C for a temperature difference measurement. The thermopiles measure a tem-
perature difference directly with a bias error of 0.1°C.

Figure 5.4 shows the frequency distribution of the difference between the tem-
perature differences calculated using the measurements from the thermopile and the
thermocouple pairs over the length of each run. It can be observed that the differences
between the temperature differences all fell within the possible bias error for the ther-
mocouples. This provides an indication that the sensors are functioning as expected
and that their measurements can be used with confidence. It is also notable that a
large majority of the difference measurements recorded using both sensor types fall
within the uncertainty margins of the thermopiles. The result suggests that the un-
certainty margins calculated for temperature measurement using the thermocouples
was conservative.

The following section will describe an experiment undertaken to characterise the
thermal efficiency of the instantaneous natural gas heater as a function of the inlet

water temperature.
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Figure 5.4: Temperature sensor differences

5.3 Natural Gas Heater Efficiency

The instantaneous natural gas heater used to supplement the thermal output from
the micro-cogeneration device has a rated thermal efficiency of 98% (HHV). The unit
has a secondary gas-to-water heat exchanger used to recover heat from the exhaust
stream when operated under condensing conditions. A number of tests were con-
ducted to determine the device’s actual thermal efficiency as a function of the inlet
water temperature. To calculate the thermal efficiency of the heater, an estimate of
the fuel’s heating value was required. As it was not possible to sample the composi-
tion of the gas used in the facility, an estimate was obtained from the local natural
gas provider. A heating value of 37.8 MJ/m? was provided based on the volumetric
composition of the gas measured daily at a site roughly 170 km east of Ottawa. The
value provided was an average for the entire month of February and was taken as the
HHYV for the fuel. A copy of the gas sampling report can be found in Appendix D.
In order to fix the inlet temperature into the gas heater, the storage tank was
filled to its maximum volume. Such a large volume was chosen to help reduce the
increase in inlet temperatures observed during the experiments. Once the tank was
heated to the desired set point, the flow was diverted through the heater and it
was run for a period of roughly 60 seconds allowing steady state conditions to be

reached. Once the temperature rise across the heater was constant, natural gas flow
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and water flow were measured and recorded at 10-second intervals for a period of 5
minutes. The temperature increase across the heater, and the natural gas properties
were sampled every second and averaged over 10-second intervals to coincide with the
flow measurements.

A total of 30 steady-state measurements were recorded during each trial and used
to calculate thermal efficiency. The standard deviation of the derived quantity was
recorded to calculate a precision error. An ordered pair of inlet temperature and
thermal efficiency was calculated based on the average of the 30 data points. This
procedure was repeated for a number of inlet temperatures spanning the range ex-
pected on the hydraulic test bench. Figure 5.5 shows how the thermal efficiency of

the heater varies as a function of inlet water temperature. The thermal efficiency
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Figure 5.5: Natural gas heater efficiency

of the heater decreases as the inlet temperature is increased because less energy is
recovered from the exhaust stream. A sharp decrease in efficiency is observed as the
inlet temperature approaches 50°C. Beyond this temperature the water vapour in the

exhaust stream does not condense reducing the heat that is recoverable. Table 5.3
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Table 5.3: Thermal efficiency uncertainty

Inlet Temp. Efficiency Bias Error Precession Error Uncertainty

(°C) (%) (%) (%) (%)
19.5 93.1 1.9 0.5 2.1
24.9 92.8 2.2 0.5 2.4
30.0 92.1 2.0 0.4 2.1
39.2 89.8 2.1 0.5 2.3
46.5 87.8 2.1 0.4 2.2
52.0 84.6 2.1 0.5 2.3
56.8 84.6 2.1 0.5 2.3
59.4 84.6 3.0 0.5 3.1
64.7 82.7 3.4 0.8 3.7
69.4 80.5 4.1 0.4 4.2

shows the average measured and derived quantities during each run and provides the
uncertainty for the calculated thermal efficiency. For all test runs, the uncertainty
was dominated by the bias error of the instrumentation. The precission error only
contributed modestly to the total uncertainty, suggesting that conditions remained
stable during the experiments. As the inlet temperature approached the maximum
outlet temperature of the heater, the uncertainty margins increased significantly. This
is largely due to the bias error associated with the measurement of the volumetric nat-

ural gas flow, and to a lesser extent, the bias error on the temperature measurement.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

Meeting residential loads using micro-cogeneration technologies as an alternative to
the separate production of heat and electricity can provide a meaningful reduction
in secondary energy use and related greenhouse gas emissions. The magnitude of the
reduction over a particular reference system is dependent on a number of building-
specific factors including the size, construction, and age of a residence, its location
and the occupant driven demand for energy services within the home. In order
to fully realize the potential savings, micro-cogeneration systems must be properly
sized, configured, and operated. More research is required to determine how best to
integrate micro-cogeneration technologies into Canadian residences as issues related to
device capacity, design of balance of plant components and control strategies remain
largely unresolved.

Tools such as building performance simulation are well suited to explore and eval-
uate different design options; however, the validity of results from simulation based
studies are dependent on the accuracy and reliability of the models employed. In
light of this, a facility capable of subjecting micro-cogeneration units to controlled
electrical and thermal loading was designed and commissioned in order to collect per-
formance data suitable for device-specific model calibration. In an effort to reduce
the uncertainty of temperature measurements, thermocouples and five-junction ther-
mopiles were calibrated over the range of temperatures expected on the hydraulic test
bench. Commissioning experiments were conducted to validate the temperature mea-
surements, and to configure the systems used to provide controlled thermal boundary

conditions.
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The design, construction and commissioning of the hydraulic test bench has been
completed. The calibrated instrumentation, auxiliary heating systems, and plant
level controls have been fully integrated with a central DAQ allowing for autonomous
operation of the facility. A number of experiments were conducted during the com-
missioning phase to assess system level performance, identify and correct hardware
integration issues, and determine the physical limitations of the facility. The test
bench can be used to characterize the performance of micro-cogeneration systems

and to investigate suitable balance of plant configurations, and control strategies.

6.2 Future Work

The conceptual design of an electrical loading and power measurement system was
completed to accommodate a 6 kW micro-cogeneration unit. An analysis was per-
formed to estimate the bias errors for electrical power measurement, and thermal and
electrical efficiency using the assumed electrical instrumentation and the measure-
ment devices embedded in the hydraulic test bench. To date, the micro-cogeneration
unit and electrical system has not been commissioned because the unit is not certified
for grid-connection in Ontario. Replacement or certification of the device’s electric
inverter would be required to gain approval for installation. Alternatively, the unit
could be installed and operated under the supervision of the Electrical Safety Au-
thority of Ontario to obtain a temporary operating licence. This would permit an
assessment of the performance of both the electrical and thermal loading systems.
Experimental testing could be undertaken to generate data suitable to calibrate a de-
tailed model of the unit or it could be loaded using realistic electrical /thermal loads
to determine its average efficiency for typical type days.

Currently, the domestic hot water and space heating loads must be combined into
a single time varying load profile. The maximum thermal load that can be placed
on the thermal storages is only 20 kW which is often smaller than the maximum
aggregate load for most residences. The pump used to circulate water through this
circuit is operating at its highest duty point due to losses through the pipe network.
Replacing it with a pump having a higher capacity would increase the flow through
the exchanger used for loading, and would increase the maximum thermal loading
possible.

The composition and the heating value of the natural gas supply servicing the
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facility are known to vary over the course of a year. Thermal efficiency calculations
are very sensitive to the heating value of the input fuel and its uncertainty. Sampling
of the gas supply during periods where experiments are being conducted would provide
better confidence in the derived efficiencies.

Electrical buffering in the form of a bank of lead-acid batteries or lithium-ion
storage would also be a valuable addition to the facility as many operational strategies

have been developed that employ electrical storage.
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Appendix A

Electrical Drawings

Table A.1 shows the circuit breakers used for each pump and lists the channels as-
signed on the digital module used for automated control (cFP-DO-400). Figure A.1
shows the electrical layout of the control and power system used to drive the pumps.
The pumps can be controlled digitally using latching relays to switch a 24 VAC con-
trol signal used to activate the pump motor starters. An external manual switch was

placed in series with each motor starter to allow the pumps to be operated manually.

Table A.1: Digital ouput channels

Pump  Breaker # Set Channel Reset Channel

Pump-1 B10-12 2 3
Pump-2 B14-16 6 7
Pump-3 B6-8 0 1
Pump-4 B2-4 4 )
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Figure A.1: Pump relay system
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Appendix B

Thermocouple Calibration Data

The data collected during the experiment used to calibrate both thermocouple wires
(TCpr, and TCppg) is presented in Table B.1. The voltage produced by both sensors,

and the temperature of the bath measured in units of resistance and °C are listed in

the table. The standard deviation of all three measured quantities is also shown to

demonstrate that the data were collected under steady state conditions.

Table B.1: Thermocouple calibration data

Resistance  Stdev  Temperature emfgr Stdev  emfp;,  Stdev
(€) (©) (°C) (mV)  (mV) (V) (mV)
100.83 0.00079 2.15 -0.754  0.00064 -0.756 0.00056
103.99 0.00100 10.10 -0.444  0.00050 -0.444 0.00064
107.94 0.00049 20.04 -0.047  0.00009 -0.047 0.00026
111.87 0.00094 29.97 0.357 0.00067 0.358 0.00076
115.78 0.00223 39.90 0.768 0.00076 0.771 0.00037
119.68 0.00261 49.83 1.189 0.00031 1.192 0.00030
123.57 0.00153 59.75 1.616  0.00052 1.620 0.00034
127.44 0.00153 69.67 2.051 0.00090 2.056 0.00077
131.27 0.00315 79.49 2.489 0.00122 2.495 0.00084
135.07 0.00432 89.23 2.931 0.00230 2.939 0.00130

The resistance values from the platinum thermometer were converted into °C using

a curve fit of the calibration data provided by the manufacturer. The quadratic fit

7
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can be found below:

T(°C) = 0.001R? + 2.309R — 240.843 (B.1)

Using a least squares regression approach, a polynomial relating the temperature
and measured emf was obtained for both thermocouple wire spools. Table B.2 lists
the actual bath temperatures measured along with the values predicted using the
curve fits. Also listed in the table are the temperature prediction errors resulting
from the use of the curve fits. The maximum error was chosen to compute the total

uncertainty for temperature measurement using the calibrated thermocouples. The

Table B.2: Thermocouple regression errors

Temperature Temperaturegr Temperatureg; Errorgr Errorgy

(°C) (°C) (°C) (°C) (°C
2.15 2.25 2.13 0.10 0.01
10.10 10.10 10.07 0.00 0.04
20.04 19.99 19.99 0.06 0.06
29.97 29.90 29.95 0.08 0.03
39.90 39.81 39.92 0.09 0.01
49.83 49.77 49.91 0.07 0.07
59.75 59.69 59.89 0.06 0.13
69.67 69.60 69.83 0.08 0.16
79.49 79.37 79.64 0.13 0.15
89.27 89.04 89.37 0.23 0.10
Max. Error 0.23 0.16

two polynomials resulting from the calibration experiment are shown below:

TCpr(°C) = —0.5231em f? + 24.748em f + 21.159 (B.2)

TCp(°C) = —0.5194em f? + 24.683emf + 21.159 (B.3)
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Thermopile Calibration Data

A sample of the data collected during the experiment conducted to calibrate the
5-junction thermopiles is presented in Table C.1. The voltage produced by the ther-
mopile, and the temperatures of each of the constant baths measured in units of
resistance and °C are listed in the table. The standard deviation of all measured
quantities is also shown to demonstrate that the data were collected under steady

state conditions. Figure C.1 shows the hot-junction temperatures as a function of

Table C.1: Thermopile calibration data

emf Stdev  Reoq Stdev  Tio4 Ry Stdev T
mV)  (mV) (@) (@) (¢ (@ (@ (0O
-0.0114 0.0010 119.68 0.0005 49.82 119.65 0.0010 48.65
1.0502 0.0009 119.68 0.0005 49.83 121.60 0.0006 53.61
2.1196 0.0017 119.68 0.0008 49.83 123.54 0.0026 58.54
3.1941  0.0010 119.69 0.0010 49.83 125.47 0.0012 63.45
4.2829 0.0013 119.70 0.0009 49.87 127.41 0.0012 68.41
5.3743 0.0019 119.70 0.0008 49.87 129.32 0.0021 73.31
6.4677 0.0024 119.70 0.0010 49.87 131.23 0.0024 78.18
7.5526 0.0038 119.70 0.0017 49.87 133.10 0.0035 82.99
8.6272 0.0080 119.70 0.0010 49.88 134.94 0.0096 87.71

the emf produced by the thermopile and the cold-junction temperature from the data

set collected for the calibration experiment. The resistance values from the platinum
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Figure C.1: Thermopile calibration data

thermometers were converted into °C using curve fits of the calibration data provided
by the manufacturer. Equation C.1 was used to convert the resistance values from the

cold temperature bath while Equation C.2 was used for the hot bath temperatures.

T(°C) = 0.001R? + 2.309R — 240.843 (C.1)

T(°C) = 0.001R? + 2.300R — 240.863 (C.2)

Multivariate regression was used to express the hot-junction temperatures as a func-
tion of cold-junction temperature and emf produced. A 10-coefficient cubic was ul-
timately chosen as it provided the best representation of the data. The polynomial

resulting from the calibration experiment is shown below and the coefficints are listed
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in Table C.2 The coefficients were weighted such that the maximum value of the ab-
solute error between the measured values and the ones predicted using the curve fit

was minimized.

Ty = atbemf+cTo+demf?+fTA +gemf>+hT3 +iemfTo+iem f2To+kemfTA,
(C.3)

Table C.2: Thermopile regression coefficients

Coefficient Value
a -6.9185613467257445E-01
b 5.1683542486939711E+00
c 9.8133216067597717E-01
d 2.7883637404332424F-02
f 2.2893880402369271E-04
g 2.3694605271328006E-04
h -6.7512031136812368E-07
i -1.1230683426105850E-02
j 1.7460387464790389E-04
k 2.2951552440429009E-05

The maximum error introduced by the regression equation was calculated to be
0.087°C which accounts for the largest source of error associated with temperature
measurement using the thermopiles. Figure C.2 shows the distribution of the regres-

sion prediction error resulting from the curve fit.
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Natural Gas Sampling
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GAS ANALYSIS
Sample Analyzed at: District 148, Les Cedres, PQ

The analysis given below is representative of the gas that was supplied from the above-
noted location, during the month of FEBRUARY 201 3"

CONSTITUENT VOLUME PERCENT (%)
Methane (CH.) 96,33
Ethane {CaHg) 1.86
Propane (CaHa) 0.12
MNormal Butane (CeHqg) 0.01
|so-Butane (C4Hqq) 0.01
Normal Pentane (CsHy2) 0.00
Iso-Pentans (CsHqz) 0.00
Hexanes Plus (CgHys") 0.00
Nitrogen (M) 0.a7
Carbon Dioxide (CO;) 0.70
Oxygen (O:) 0.00
Hydrogen (Hz) 0.00
TOTAL 100.00%
TOTAL SULPHUR: 0.18 gmsiCc™™

HEATING VALUE: 10136 BTU/c (30" Hg, 60°F, Dry)
37.8  MJim®(101.325 kPa, 15°C, Dry)
RELATIVE DENSITY (Air = 1.0): 0,575

*NOTES TO RECIPIENTS: (1) The above analysis is an average of the sampling analyses
conducted throughout the relevant manth and is not indicative of gas composition or heating
value at any particular point in time or location or representative of gas composition or heating
value in the futura. (2) While every reasonable effort has been made to ensure the accuracy of
this information, no representation or warranty is provided in relation to it for any purpose. (3)
For GHG reporting purposes, please refer ta www enbri as.com/cor environmental-
commitment'ghg-rpoting.aspx;

**0.14 gms/Ccf (3.2 mgim’) added by Enbridge Gas Distribution Inc. as odourant to gas
supplied by TransCanada.

Signed by Manager of /'/F'r
Engineering Materials Evaluation Centre: 5
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