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Abstract

Over 80% of residential secondary energy consumption in Canada and Ontario is used

for space and water heating. Peak electricity demands resulting from residential en-

ergy consumption increase the reliance on fossil-fuel generation stations. Distributed

energy resources can help to decrease the reliance on central generation stations.

Presently, distributed energy resources such as solar photovoltaic, wind and bio-mass

generation are subsidized in Ontario.

Micro-cogeneration is an emerging technology that can be implemented as a

distributed energy resource within residential or commercial buildings. Micro-

cogeneration has the potential to reduce a building’s energy consumption by simul-

taneously generating thermal and electrical power on-site. The coupling of a micro-

cogeneration device with electrical storage can improve the system’s ability to reduce

peak electricity demands. The performance potential of micro-cogeneration devices

has yet to be fully realized. This research addresses the performance of a residential

micro-cogeneration device and it’s ability to meet peak occupant electrical loads when

coupled with electrical storage.

An integrated building energy model was developed of a residential micro-

cogeneration system: the house, the micro-cogeneration device, all balance of plant

and space heating components, a thermal storage device, an electrical storage device,

as well as the occupant electrical and hot water demands. This model simulated the

performance of a micro-cogeneration device coupled to an electrical storage system

within a Canadian household.

A customized controller was created in ESP-r to examine the impact of various

system control strategies. The economic performance of the system was assessed

from the perspective of a local energy distribution company and an end-user under

hypothetical electricity export purchase price scenarios. It was found that with certain

control strategies the micro-cogeneration system was able to improve the economic

performance for both the end user and local distribution company.
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Chapter 1

Introduction and Research Objectives

1.1 Introduction

The total worldwide marketed energy consumption in 2007 was 540 EJ , one fifth

of which was consumed by residential and commercial buildings (14% residential,

7% commercial) (U.S. Energy Information Administration 2010). Residential and

commercial buildings accounted for 31% of the total Canadian secondary energy use

in 2008 (NRCan 2012), as shown in Figure 1.1.

Residential 
16.8% 

Commercial/ 
Institutional 

13.8% 

Industrial 
37.1% 

Transportation 
29.7% 

Agriculture 
2.5% 

Canada Energy-Use by End-Use, 2008 
(% of total 8720.2 PJ) 

Figure 1.1: Fractional secondary energy use based on end-use for Canada (2008).
Percentage of the total energy use (8720 PJ). Data from NRCan (2012).
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Over 80% of the residential sector secondary energy use and over 55% of the

commercial sector secondary energy use in Canada is used for space heating (SH)

and water heating (NRCan 2012). Some have likened the design shift towards energy

efficient residential and commercial buildings to the tapping of a new energy source,

suggesting that between new developments and retrofits energy use for space heating

and water heating could be cut by 50% (Capehart et al. 2011).

Cogeneration or combined heat and power (CHP) is the simultaneous production

of thermal and electric power in a single thermodynamic cycle (Pehnt et al. 2006;

Kolanowski 2011). There is a large amount of heat created in the thermodynamic

cycles used to convert fossil fuel, nuclear, geothermal, and solar energy into electricity.

Not all of this heat can be efficiently utilized for electricity production, thus heat from

these processes can be recovered and used to meet space heating and water heating

demands for a building.

Cogeneration has been utilized in power generation stations worldwide since the

early 1900’s (Hu 1985; Kolanowski 2011). However, the primary objective of power

generation stations is electricity production and consequently the majority of waste

heat from these plants is often under-utilized. Micro-cogeneration is a commer-

cially available technology that exploits the efficiency advantages of cogeneration on a

smaller scale than large power generation stations. A variety of devices and sizes are

currently available and are suitable for use in residential and commercial buildings.

Micro-cogeneration is an emerging technology with the potential to minimize peak

electricity demand (Beausoleil-Morrison 2008). Micro-cogeneration can be imple-

mented as a distributed energy resource by installing devices in residential and com-

mercial buildings, where they can be used to generate electricity and meet consumer

heating loads simultaneously. One advantage of micro-cogeneration devices is that

they can be modulated, as opposed to other distributed sources such as solar and

wind that are weather reliant. Also, because their useful heat output can be used in

situ (e.g. in the household), modern systems can have overall efficiencies of over 85%

(sum of electrical and thermal production).

The current performance of residential micro-cogeneration systems could poten-

tially be improved by coupling with electrical and thermal storage systems (Beausoleil-

Morrison 2008). Residential space heating and electrical demands show very little

coincidence, and so to fully exploit both the thermal and electrical power produced

by a cogeneration unit, some method of thermal storage and residential electrical
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storage (RES) is necessary.

To capture the combined interactions between a residential micro-cogeneration

device coupled to a RES system, as well as the interactions between these systems

and the containing building, it is ideal to model all three of these systems simulta-

neously in a single simulation tool. A number of building performance simulation

(BPS) software tools have been in constant development since the 1970’s, with over

400 tools available today (DOE 2011). Many of these are highly specialized and

geared towards specific purposes (e.g. psychometric analysis, daylighting, building

envelope, etc.). The ESP-r building simulation software (ESRU 2000) is well suited

for complex building systems and is capable of simulating integrated models of heat-

ing, ventilation, and air-conditioning (HVAC) and electrical systems contained within

a building envelope.

1.2 Research Objectives

Previous residential micro-cogeneration research has used building energy models to

assess the performance of various micro-cogeneration technologies and their potential

to reduce energy consumption and greenhouse gas emissions in Canada (Beausoleil-

Morrison 2008). A micro-cogeneration model for simulating the performance of fuel

cell devices was developed in Beausoleil-Morrison et al. (2007). This model has only

been well used to simulate the performance of solid oxide fuel cells, however is also

capable of modelling proton exchange membrane fuel cell devices. A RES model of a

lithium ion battery device was developed in Saldanha (2010), though only simulated

lithium ion cell data was previously available to calibrate this model.

The objectives of this research are to:

� model the performance of a residential micro-cogeneration device coupled with

a RES system;

� examine the economic potential of the system from the perspective of an end-

user and a local energy distribution company;

� assess the system feasibility in the current electricity market as well as in hypo-

thetical scenarios so as to advise on a potential future policy for this technology.

These objectives can only be realized by means of an integrated modelling ap-

proach. This research will be based on a dynamic building model of a typical Canadian
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residence containing a micro-cogeneration based HVAC system and a RES system.

In this way the building and plant interactions are captured (e.g. heat losses from

the hot water storage tank will enter the building, thus reducing the building’s heat

demand). This allows for a more accurate comparison to a typical Canadian house-

hold, where the conventional HVAC systems may contain very different components

compared to a micro-cogeneration + RES system. The ESP-r building energy simu-

lation tool will be used for developing this model and simulating the performance of

the micro-cogeneration device coupled to a RES system in a Canadian household.

An existing fuel cell micro-cogeneration model will be improved upon to facilitate

its use with proton exchange membrane fuel cell devices. This model will also be

calibrated with experimental data from a current state-of-the-art proton exchange

membrane fuel cell prototype device. An existing RES model of a lithium ion battery

device will be calibrated with recent experimental data for a lithium ion battery cell.

Previous residential micro-cogeneration research has relied on generated data for

incorporating non-HVAC occupant electrical loads, or has used monitored data with

a typical temporal resolution of 5-15 minutes. This treatment can often neglect the

magnitude of peak electrical power draws. A recent load monitoring project logged

annual residential occupant electrical loads at one minute intervals to provide realistic

profiles for use with building energy simulation (Saldanha and Beausoleil-Morrison

2012). The performance of the micro-cogeneration + RES system will be simulated

at a fine temporal resolution (one minute) to match the resolution of the electrical

load profiles. Thus, it will also be possible to examine the capability of the system

to meet peak electrical loads.

Coupling the building envelope, micro-cogeneration based HVAC system and RES

system in an integrated model also facilitates the development of combined system

control strategies. The effects of these various strategies on the overall system per-

formance can then be compared to a typical Canadian residence as well.

1.3 Thesis Outline

To meet these objectives the thesis is divided as follows:

Chapter 2 provides a summary of the literature reviewed for this research, including

Canadian energy use, the Ontario electricity market, micro-cogeneration devices,
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previous micro-cogeneration + RES system research, electrical energy storage, and

an introduction to building performance simulation.

Chapter 3 provides an introduction to the ESP-r simulation tool, including the

methods used to model the building envelope, plant and electrical systems.

Chapter 4 describes the models developed in this research to simulate the perfor-

mance of a Canadian household containing a residential micro-cogeneration + RES

system. The procedure used to couple these models and all model inputs are given

as well.

Chapter 5 describes a customized system controller developed in this research, as

well as the metrics used to measure the performance of a household containing a

micro-cogeneration + RES system compared to a conventional household.

Chapter 6 summarizes the results of the micro-cogeneration + RES system based on

the performance of the model and the metrics chosen.

Chapter 7 draws conclusions and provides recommendations for future work.



Chapter 2

Literature Review

The literature reviewed for this research is presented in five sections. Section 2.1

provides an overview of energy use in Canada and Ontario. Section 2.2 provides

a brief description of the Ontario electrical power grid. Section 2.3 discusses the

modelling of micro-cogeneration systems. Section 2.4 discusses electrical storage.

Finally, Section 2.5 introduces the topic of BPS as a tool useful for the analysis of

various facets of building systems. This leads into Chapter 3 which provides more

detail on the specific BPS tool used in this research.

2.1 Canadian Energy Use

Residential and commercial buildings accounted for 31% of the total secondary energy

consumption in Canada in 2008 (NRCan 2012). The residential secondary energy

consumption based on energy source for Canada and Ontario is shown in Figure 2.1.

Approximately 90% of residential energy consumption in Canada, and over 90% in

Ontario, was from natural gas and electricity. This value is similar for the commercial

sector, though electricity comprises a slightly larger fraction.

The secondary energy consumption based on end-use in the Ontario residential

sector is shown in Figure 2.2. Approximately 80% of the energy consumed by the

Ontario residential sector was used for space heating and water heating. This value

and the fractions for space heating and water heating are nearly identical for all of

Canada. These values are slightly lower in the commercial sector, where only 55% of

the energy consumed was for space heating and water heating.

6
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Canada

Electricity 
39.5% 

Natural Gas 
47.0% 

Heating Oil 
5.2% 

Other 
1.2% 

Wood 
7.2% 

Canada Residential Energy-Use by Source, 2008 
(% of Total: 1465.3 PJ) Ontario

Electricity 
29.8% 

Natural Gas 
62.1% 

Heating Oil 
2.5% 

Other 
1.6% 

Wood 
4.0% 

Ontario Residential Energy-Use by Source, 2008 
(% of Total: 576.5 PJ) 

Figure 2.1: Fractional residential energy consumption based on energy source for
Canada and Ontario (2008). Data from NRCan (2012).

Space Heating 
62.5% 

Water Heating 
18.4% 

Appliances 
12.4% 

Lighting 
3.9% 

Space Cooling 
2.8% 

Ontario Residential Energy-Use by End-Use, 2008 
(% of Total: 576.5 PJ) 

Figure 2.2: Fractional secondary energy consumption based on end-use for the
Ontario residential sector (2008). Data from NRCan (2012).



CHAPTER 2. LITERATURE REVIEW 8

2.2 The Ontario Electricity Grid

There are multiple power generation stations which are dispatched to meet electricity

demands in Ontario. Figure 2.3 shows the contrast between Ontario and Canadian

electric generation by source. Due to the different technologies installed, not all power

generation stations are cost-effective to run at all times. Nuclear and hydro-electric

power generation stations are not typically capable of varying their generation below

a certain minimum output. For this reason, most nuclear and hydro-electric suppliers

in Ontario have contracts with the Ontario Power Authority (OPA) to supply a fixed

minimum amount of electricity at all times. Fossil fuel power generation stations are

more expensive to operate than nuclear and hydro-electric, and are used primarily to

meet peak electricity demands.

Canada

Hydro & Tidal 
58.9% 

Nuclear 
15.5% 

Wind 
0.5% 

Coal 
16.6% 

Natural Gas 
5.4% 

Other (petroleum, 
wood, other) 

3.0% 

Canada Electricity Generation by Source, 2007 
(% of Total: 2047.0 PJ) Ontario

Hydro 
21.5% 

Nuclear 
51.3% 

Wind 
0.3% 

Coal 
18.0% 

Natural 
Gas 

7.6% 

Other (petroleum, 
wood, other) 

1.3% 

Ontario Electricity Generation by Source, 2007 
(% of Total: 559.4 PJ) 

Figure 2.3: Electric generation based on energy source in Canada and Ontario
(2008). Data from NRCan (2012).

The Independent Electricity System Operator (IESO) manages the supply and

demand of electricity in Ontario. An electrical demand forecast is drawn by the

IESO each day. Generators send their offers to supply electricity for one-hour time-

slots based on their operating costs. The offer contains information on how much

energy a generator can sell and what price they would like to receive for it (IESO

2011). More expensive fossil fuel power generation stations may be dispatched at
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hours of peak demand. The hourly fluctuation in generation sources for a typical

winter day in Ontario is shown in Figure 2.4. The difference shown between the

supply and demand of electric power is a result of grid losses and interjurisdictional

energy trading (i.e. imports and exports with neighbouring provinces and states).
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Figure 2.4: Ontario electricity demand and supply by generation source on a typical
winter weekday. Data from IESO (2012). “Other” indicates petroleum, wood
waste, and biomass generation.

Local distribution companies (LDCs) such as Hydro Ottawa pay the wholesale

market price as determined by the IESO at each hour. This wholesale market price is

known as the Hourly Ontario Energy Price (HOEP) and it varies throughout the day

as different generators are dispatched. The HOEP is a reflection of electricity demand

across Ontario, and has a strong correlation with the outdoor air temperature and the

day of the week. During hours of peak electrical demand this price can be over four

times greater than the purchase price of electricity for end-users (EUs). Examples of

the seasonal and diurnal variations of the HOEP are shown for a hot summer day

and a cold winter day in Figure 2.5.
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Summer Winter

Figure 2.5: Fluctuations in the HOEP for one summer day, July 8, 2008, and one
winter day, January 3, 2008.

The total annual electricity consumption based on sector use in Ontario is pre-

sented in Figure 2.6. Over 75% of the electricity consumed in Ontario is attributed

to residential and commercial buildings (IESO 2011).

Residential 
31.5% 

Agriculture 
1.8% 

Commercial 
43.7% 

Industrial 
23.1% 

Figure 2.6: Fractional electricity use sector on end use in Ontario (2008). Percentage
of total annual electricity consumption (546 PJ). Data from NRCan (2012).

Distributed energy resources such as solar photovoltaic (PV) and wind have the

potential to reduce Ontario’s reliance on fossil fuel generation during times of peak
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electrical demands. The OPA has developed the Feed-in Tariff (FIT) and micro Feed-

in Tariff (microFIT) programs to encourage the use of renewable energy sources such

as PV and wind, as well as bio-gas, landfill gas, and waterpower (Ontario Power

Authority 2010).

In the FIT and microFIT programs, owners are paid a fixed price for the electricity

produced and in return are expected to incur connection, metering, and ongoing

maintenance costs. The FIT program applies to generating facilities of any size

greater than 10 kW , though waterpower and PV projects are subject to a maximum

of 50 MW and 10 MW , respectively (Ontario Power Authority 2011). The microFit

program is geared towards residential applications and applies to projects that are

10 kW or less. Generation sources such as PV and wind are weather dependent and

therefore can be variable, intermittent, and unreliable during times of peak demand.

Currently, there is no policy in place in Ontario for electricity exported from micro-

cogeneration and battery storage devices. These technologies are discussed in greater

detail in the following sections.

2.3 Micro-cogeneration

A variety of residential micro-cogeneration technologies are commercially available

(Knight et al. 2005; Onovwiona and Ugursal 2006). The most common are the Stir-

ling engine (SE), internal combustion engine (ICE), solid oxide fuel cell (SOFC) and

proton exchange membrane fuel cell (PEMFC). Some solar and wood-waste cogener-

ation devices are also available though are less popular.

The electrical conversion efficiencies of micro-cogeneration devices vary for each of

the technologies though for all technologies are low compared to modern central gen-

eration stations (Beausoleil-Morrison 2011). Current micro-cogeneration prototypes

have electrical conversion efficiencies of 5-30% in terms of the net alternating current

(AC) electrical output relative to the source fuel’s lower heating value (LHV) (Entchev

et al. 2004; Carbon Trust 2007; Beausoleil-Morrison 2008; Johnson and Beausoleil-

Morrison 2012). Thermal conversion efficiencies of micro-cogeneration devices range

from 30-80% in terms of net thermal output relative to the source fuel’s LHV. Due

to the on-site utilisation of the waste heat from this conversion process, the overall

conversion efficiency of current devices can be as high as 85-90% (Onovwiona and

Ugursal 2006; Beausoleil-Morrison 2008; Johnson and Beausoleil-Morrison 2012).
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The proper sizing of a residential micro-cogeneration device is crucial to its suc-

cessful application (Beausoleil-Morrison 2008). Sizing a device to supply all of a

building’s heating loads can lead to excessive electricity export at inopportune times.

Conversely, sizing a device to supply all of a building’s electrical loads will cause

excess heat to be generated at times of high electrical but low thermal demands,

necessitating some sort of heat rejection or storage. Devices are typically sized to

provide only part of a building’s electrical and heating demand (Knight et al. 2005).

Heat recovery in a micro-cogeneration device is accomplished either by an exhaust-

gas-to-water heat exchanger (EGHX) or by a stack heat exchanger within a PEMFC

stack cooling loop. Devices are typically coupled to a thermal storage tank to store the

useful heat output and provide low temperature cooling water to the device’s cooling

loop. These systems also typically contain a supplementary space heating burner to

ensure that the consumer heating loads are met when they exceed the capacity of the

micro-cogeneration unit and storage tank.

The performance of micro-cogeneration systems within residential or commercial

buildings has yet to be fully realized. It is still unclear how to optimally deploy

and dispatch micro-cogeneration devices as a distributed energy resource within a

centralized electricity grid. In relation to the deployment and dispatching, current

research is also examining methods to optimize the control of micro-cogeneration

devices from various perspectives (e.g. lowest cost, lowest energy consumption, lowest

GHG emissions) (Gähler et al. 2008; Matics and Krost 2008; Houwing et al. 2009). It

is important to know the current performance offered by prototype micro-cogeneration

devices in order to best optimize future control strategies.

The modelling of micro-cogeneration systems is becoming increasingly popular, as

it avoids the costs associated with experimental testing. Two models for simulating

micro-cogeneration devices were developed in Beausoleil-Morrison et al. (2007). One

of these models was integral to this research and will be discussed in the next section.

The treatment of other model inputs such as occupant electrical loads, DHW loads,

and any thermal and electrical storage devices, is also important in examining the

overall performance of a micro-cogeneration system. A residential electrical storage

(RES) model is introduced in Section 2.4, and the treatment of occupant electrical

and DHW loads is discussed in Chapter 4.
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2.3.1 Micro-cogeneration modelling

The goal of a micro-cogeneration model is to accurately predict the performance of a

residential micro-cogeneration device. A mathematical model is used to represent the

device’s thermal and electrical performance, as well as the performance of any embed-

ded components (e.g. air compressor, inverter, etc.). This model can be calibrated

with data from the experimental testing of a specific device.

It is ideal to allow the device model to be coupled to other BOP components (e.g.

pumps, fans, storage tanks), and to do so within an existing BPS tool so as to model

an entire micro-cogeneration based HVAC system within a residential building. This

means that models have to be capable of being implemented in a variety of situations,

as well as in a range of time-steps typical of building performance simulation (101 -

103 seconds).

It was found that past micro-cogeneration models were not well suited for BPS

applications (Beausoleil-Morrison et al. 2007). The majority of these models were

either simplified performance map models, or complex models focussing on the chem-

ical processes within fuel cell (FC) stacks or combustion engine fluid volumes. These

complex models do not adapt well into BPS tools, as their simulation time-steps

are usually much smaller than those encountered in BPS. Beausoleil-Morrison (2011)

provides an overview of previous performance map models.

Recently, micro-cogeneration models for use in BPS tools were developed in An-

nex 42, a research project undertaken by the International Energy Agency’s (IEA)

Energy Conservation in Buildings and Community Systems (ECBCS) Programme.

Two micro-cogeneration models were developed in the IEA/ECBCS Annex 42. One

of these models represents combustion-based micro-cogeneration such as SE and ICE

devices, while the other represents FCs such as SOFC and PEMFC devices. These

models have been adapted into publicly released versions of BPS tools such as ESP-r

and EnergyPlus. The following section describes the IEA/ECBCS Annex 42 FC

model in greater detail.

Annex 42 fuel cell model

The FC model developed in the IEA/ECBCS Annex 42 programme consists of a

group of models capable of representing the performance of a FC stack and its typical

subsystems. A total of twelve subsystems are available (Beausoleil-Morrison et al.

2007), these are:
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1. The fuel cell power module (FCPM);

2. The air supply blower;

3. The fuel supply compressor (if present);

4. A water pump (if required for steam reformation);

5. An auxiliary burner (if present, upstream of the EGHX);

6. An EGHX;

7. A battery system for electrical storage;

8. A power conditioning unit (PCU) for converting the fuel cell’s direct current

(DC) electrical output to alternating current (AC);

9. A dilution air system (if present, downstream of the EGHX) with optional heat

recovery ventilator (HRV);

10. A heat exchanger in the stack cooling system;

11. An air cooler in the stack cooling system;

12. A stack cooling circuit pump.

The energy flows between the twelve subsystems of the FC model are shown in

Figure 2.7. The FC model was drawn as shown in order to represent a number of

potential SOFC and PEMFC systems and configurations. Not all model subsystems

are required; components such as the blower, auxiliary burner, stack cooling system,

etc., can be omitted.

An energy balance can be written for the control volume containing the fuel cell

power module as:

Ḣfuel + Ḣair + Ḣliq−water + Ḣdilution−air−in + Pel,ancillaries−AC

= Pel + ḢFCPM−cg + qs−cool + qskin−loss + Ḣdilution−air−out (2.1)

Where Ḣfuel is the total enthalpy flow rate [W ] of fuel into the control volume

(downstream of the fuel compressor); Ḣair is the total enthalpy flow rate [W ] of air

into the control volume (downstream of the blower); Ḣliq−water is the total enthalpy

flow rate [W ] of the liquid water into the control volume (downstream of the water

pump, if required for steam reformation); and ḢFCPM−cg is the total enthalpy flow

rate [W ] of the product gases that exit the control volume and enter the auxiliary

burner.



CHAPTER 2. LITERATURE REVIEW 15

Figure 2.7: Topology of IEA/ECBCS Annex 42 fuel cell micro-cogeneration model.
Used with permission from Beausoleil-Morrison et al. (2007).

qs−cool is the heat to be extracted [W ] from the stack by the stack cooling system

in order to control the temperature in a PEMFC stack and qskin−loss are the parasitic

thermal losses from the control volume (convective and radiative).

Pel is the net DC electric power output and Pel,ancillaries−AC is the power draw of

the AC powered ancillary devices, both in [W ].

Ḣdilution−air−in and Ḣdilution−air−out are the total enthalpy flow rates [W ] of air

drawn through the FC cabinet for cooling purposes.

The electrochemical performance of the fuel cell stack is not explicitly modelled.

Instead, the electrical efficiency of the FCPM is modelled as a parametric function of

the electrical power output requested by the user. This is given as:
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εel =

[
ε0 +ε1 ·Pel +ε2 ·P 2

el

]
·
[
1−Nstops ·D

]
·
[
1−MAX

∣∣∣∣ ∫
0

dt− tthreshold, 0

∣∣∣∣ ·L]
(2.2)

Where the εi coefficients are calibration coefficients supplied by the user. Pel is

the power produced by the fuel cell stack, less any DC ancillary power draw. The

[1 − Nstops · D] term models the degradation associated with on/off cycling seen in

some FC devices, where the D term is a user input value representing the fractional

performance degradation associated with each start-stop cycle (can be omitted). The

[1−MAX|
∫

0
dt− tthreshold, 0| ·L] term represents the operational degradation some-

times associated with long run times, where the L term is a user input value repre-

senting the fractional performance degradation associated with operation time (can

be omitted).

When configured for use with a PEMFC device, the heat recovered from the fuel

cell stack is modelled as a parametric function of the electrical power output requested

by the user and the temperature of cooling water entering the heat recovery heat

exchanger, Tw−in. The heat recovered is given by:

qs−cool = r0 + r1 · Pα0
el + r2 · (Tw−in − T0)

α1 (2.3)

Where ri, αi, and T0 are calibration coefficients supplied by the user.

Equations 2.2 and 2.3 together govern the thermal and electrical outputs of the

fuel model when configured for a PEMFC device.

The DC power produced by the FCPM has to be converted to AC by the PCU.

The efficiency of the PCU is modelled as a quadratic fit of the PCU power input:

ηPCU = u0 + u1 · PPCU−in + u2 · P 2
PCU−in (2.4)

Where the ui coefficients are calibration coefficients supplied by the user, and

PPCU−in is the DC power input to the PCU from the FCPM [W ]. This is equal to

Pel if the internal battery storage system is not in use.

The specific model control volumes and calibration inputs used will be discussed in

greater detail in Chapter 4. A detailed description of the FC model and the treatment

of each control volume is given in Beausoleil-Morrison et al. (2007).
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2.3.2 Micro-cogeneration system studies

A number of modelling studies regarding various micro-cogeneration technologies have

been conducted. The findings of some selected studies are discussed below.

Beausoleil-Morrison and Ribberink (2008) used an integrated modelling approach

to examine the potential of a residential SOFC system to reduce energy consumption

and greenhouse gas (GHG) emissions. These metrics were measured by comparing

the natural gas use in a reference house with a conventional HVAC system to the

same house with a SOFC-based system, with grid supplied electricity assumed to be

supplied by a natural gas power generation station. The SOFC-based HVAC system

developed is shown in Figure 2.8. The total energy use was compared by converting

all grid electricity consumed to a volume of natural gas assuming a fossil-fuel powered

central generating station. The SOFC unit was unable to modulate its output due to

the high operating temperatures of SOFC devices. It was found that the experimental

SOFC used to calibrate the FC model was oversized for residential applications, and

that a large portion of the thermal energy was rejected. The household domestic hot

water (DHW) demands were also not served by the SOFC’s thermal output, which

could lead to a further improvement upon the results.

Figure 2.8: Example of a solid oxide fuel cell based HVAC system developed in
Beausoleil-Morrison and Ribberink (2008). Used with permission.
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Ribberink et al. (2007) also used BPS to model the performance of two different

cogeneration devices, a SE and a SOFC, in a Canadian household. In this study

the cogeneration unit provided thermal energy for both the space heating and DHW

demands. The same SOFC unit was used to calibrate the model in this research as

in Beausoleil-Morrison and Ribberink (2008). The energy consumption of the micro-

cogeneration based HVAC system was compared to a conventional HVAC system

by assuming all grid electricity was supplied by a natural gas fired combined cycle

power plant. The GHG emission reduction was calculated by considering the dis-

placed central power production for four different Canadian cities. It was found that

the SOFC system increased the natural gas consumption compared to the reference

house, though an improvement was seen in the GHG emissions for Ontario. The SE

device had a negligible emission reduction and also slightly increased the natural gas

consumption in comparison to the reference house.

Mottillo et al. (2006) simulated a complex residential hydrogen storage system

containing a PEMFC and battery storage, as well as a PV system tied to an elec-

trolyser and hydrogen storage cylinder. The electrolyser was used to convert excess

power from the PV system to hydrogen, which fuelled the PEMFC when the PV

output did not supply the occupant heating and electrical demands. The results of

such an integrated system are difficult to attribute to one technology. However, it was

found that a PV-battery system was more economical due to the renewable energy

incentive program which subsidises PV produced electricity.

Beausoleil-Morrison (2008) summarized the work of a number of residential co-

generation systems. It was found that micro-cogeneration devices coupled to HVAC

and DHW systems could reduce primary energy consumption by up to 33% and GHG

emissions by up to 23% when compared to conventional household HVAC and DHW

technologies. One of the suggestions from this work was the further investigation of

coupling with alternative electrical storage systems to maximize the use of energy

produced by cogeneration devices.

The modelling of an electrical storage device in BPS software is discussed in the

next section.
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2.4 Electrical Storage

Residential thermal and electrical demands vary from household to household and

typically display very little coincidence. The space heating and electrical demands

for a Canadian household over a typical winter day are illustrated in Figure 2.9.

The space heating demands shown were developed in this research, and the occupant

electrical demands are from a data collection project by Saldanha and Beausoleil-

Morrison (2012). As the figure shows, space heating loads tend to peak in the morning

and diminish throughout the day as solar gains heat the living space. It is also shown

that electrical demand generally peaks in the late-afternoon and through the evening,

with some small peaks in the morning. A sudden peak is seen in the space heating

demand around 06h00, which corresponds to the transition from the household’s

nighttime temperature set point to the daytime set point.

Figure 2.9: Space heating and electrical demands of a Canadian household over a
typical winter day.

Due to the non-coincidence of residential thermal and electrical demands there



CHAPTER 2. LITERATURE REVIEW 20

is a potential for RES to improve the overall performance of a micro-cogeneration

device. This was also one of the conclusions from the IEA/ECBCS Annex 42 final

report (Beausoleil-Morrison 2008).

There are a number of energy storage techniques which can absorb excess elec-

trical power and store it in various forms, to be converted back to electricity when

convenient. Some common forms of energy storage are potential (e.g. pumped hy-

dro), mechanical (e.g. compressed air), kinetic (e.g. flywheel), thermal (e.g. liquid

salt), chemical (e.g. electrolysis), electrochemical (e.g. lead-acid battery, lithium-ion

battery), and electrical (e.g. supercapacitors).

Ibrahim et al. (2008) shows that electrochemical batteries are the most practical

storage method for low to medium power applications, such as residential energy stor-

age. Specifically, lead-acid batteries are frequently used in residential and portable

applications due to the maturity of the technology. Lithium-ion (li-ion) batteries

have more favourable characteristics compared to other electrochemical storage tech-

niques. Saldanha (2010) provides an overview of electrochemical technologies and the

advantage of li-ion technology.

To predict the performance of a battery-based RES system, as well as capture the

interactions between the micro-cogeneration unit and RES, it is necessary to use a

battery model developed for use in BPS. This model should simulate losses associated

with the charge and discharge cycling and temperature-dependent performance of a

battery based RES system, among other characteristics specific to the chosen battery

type. Such a model was developed in ESP-r by Ribberink and Wang (2008), and

a li-ion version of this was implemented by Saldanha (2010). The li-ion model is

described in greater detail later in Section 4.3.1.

2.5 Building Performance Simulation

A BPS tool was used to develop the building energy model critical to this research.

This model was used to simulate the thermal and electrical performance of a residen-

tial building containing a micro-cogeneration and RES device.

The use of an existing BPS tool in this research was attractive because the mod-

elling of energy flows within the building envelope are already considered and have

been extensively validated. Some of the energy flows that are considered within BPS

tools include solar irradiaton, longwave radiation, thermal conduction through the
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building envelope, ground heat transfer through the basement, air infiltration, etc.

Most BPS tools are also capable of simulating the performance of the HVAC sys-

tem(s) supplying a building’s thermal demands. This is typically accomplished by the

sequential simulation of the building envelope and HVAC system performance, where

the building envelope thermal demands are solved and then used as input require-

ments for the HVAC system. Some tools also contain facilities that can explicitly

model specific plant (HVAC) network components and simultaneously simulate the

performance of the building envelope and plant system as well as any interactions

between the two. This type of explicit handling of the plant system is desirable when

developing less conventional micro-cogeneration based HVAC systems.

Many of the current tools contain databases of common user inputs such as con-

struction materials, weather data, existing plant and electrical component models,

etc. This also streamlines the design iterations that can occur in the development of

new and less conventional systems.

The BPS tool used to develop the building energy model for this research is

described in the following chapter.
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ESP-r Simulation Methods

The ESP-r building simulation software (ESRU 2000) was first developed in the 1970’s

and has been in constant development since. ESP-r is an open-source software which

developers worldwide are able to download and improve upon based on their knowl-

edge and expertise. It has mostly been used as a research tool in academia, though

simplified versions have stemmed from it and have been used for consulting (ESRU

2000).

ESP-r has various domains that are able to simulate different building processes

such as building thermal demands, internal air flow, building electrical flow and HVAC

plant systems. Finite difference (FD) schemes are used to simplify the non-linear

conservation equations that govern the heat (energy), mass and momentum flow in

the various building domains. A partitioned solution technique is employed where

customized solvers are used to handle different simulation domains. The solutions

of different domains are then compared and iterated upon if necessary. Using FD

schemes circumvents the errors associated with earlier response function methods

popular in early BPS programs. Response function methods depend on the principle

of superposition to sum the independent responses of various building system compo-

nents to a set of excitations, which means they neglect the coupled interactions that

occur between building system components.

There are three main steps to developing any FD model, which are as follows;

1. Discretize the domain with a set of nodes. The node spacing depends on the

model accuracy desired, as well as the placement of certain nodes at desired

points. In BPS, important nodal locations for the thermal domain include

the internal air volume, interior/exterior construction surfaces, air gaps, points

where heat injection may take place such as radiant floor heating, etc. HVAC

22
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and electrical flow domains are more straightforward, with nodes placed at each

plant or electrical component.

2. Form the relevant conservation equations (energy, mass, and/or momentum)

for each node in terms of the surrounding nodes.

3. Solve the equation set based on initial and boundary conditions. In BPS, bound-

ary conditions for the thermal domain are usually given for the external surface

as a set of known temperatures, humidities, wind velocities, etc., based on local

weather conditions and solar irradiance data. Boundary conditions for the in-

ternal building zone can be given as thermostat (temperature and humidity) set

points, with control logic initializing plant heat/cool injection when the internal

zone is outside of those set points.

The use of ESP-r was integral to the research conducted, and so understanding the

methods ESP-r uses to model building systems was necessary. Three main domains

were utilized in this work: the building thermal domain as described in Section 3.1, the

plant domain as described in Section 3.2, and the electrical flow domain as described

in Section 3.3. An overview of the solution technique employed by ESP-r to solve

these domains is provided in Section 3.4.

3.1 ESP-r Building Thermal Domain

This section describes the methods used by ESP-r to form the energy balance equa-

tions for the building thermal domain (e.g. thermal energy flow through wall con-

structions, foundation, windows, etc.) by addressing the first two steps listed above.

First, an introduction to the FD formulation of the basic heat equation is provided in

Section 3.1.1. A description of the system discretization method within ESP-r is then

provided in Section 3.1.2. A more detailed description of the heat balance equations

for various nodes within a building’s thermal domain is provided in Section 3.1.3.

3.1.1 Finite difference formulation

ESP-r uses FD schemes to simplify the non-linear partial differential equations that

govern the energy, mass and momentum flow in buildings, such as the Fourier heat
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equation or the Navier Stokes equations. Specifically, the Taylor series expansion is

used to approximate the derivatives of these equations.

The FD formulation for one-dimensional heat transfer using the Fourier heat con-

duction equation is illustrated in Appendix A. This energy balance represents the

heat transfer across solid building envelope components.

This basic theory can be extended to represent three-dimensional conduction in

a realistic construction if a three-dimensional volume is considered. However, as

discussed in Section 3.1.2, ESP-r assumes one-dimensional conduction through the

building envelope. Thus, the derivation shown in Appendix A is the foundation for

all of the equations used to model the heat transfer through solid building envelope

components. Assumptions such as a homogeneous, isotropic material with constant

thermo-physical properties can also be dropped for more complex building envelopes.

3.1.2 System discretization

The accuracy of any numerical model is largely dependent on the discretization

scheme used. Although rounding errors can arise and quickly compound as a re-

sult of the many equations comprising a FD scheme, modern computing power can

deem these negligible (Clarke 2001). In the previous section, FDs were used to re-

place derivatives in the Fourier heat equation. These FD formulations are then solved

at spatial increments across the building envelope and temporal intervals within the

desired time frame to be analyzed. In general, increasing the number of increments

(decreasing the increment size) improves accuracy, though it also increases the com-

putational time required to solve the FD equations. Figure 3.1 represents an example

of a discretized building wall section. ESP-r typically represents each homogeneous

construction layer with 3 nodes (this can be increased if desired); one node is placed

at each bounding surface and one in the middle of the construction layer. This gives a

total of 2m+1 nodes for each building envelope construction, where m is the number

of material layers that comprise a specific construction.

A single node is used to represent the internal air volume of a building zone.

However, a mass flow network can be defined to represent the flow through ducts and

throughout the zone. In the simplest formulation of a single zone construction, with

only a single construction material for each surface, the system discretization will

appear as in Figure 3.2. Note that Figure 3.2 is a two-dimensional cross-section of a
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Figure 3.1: Example of default nodal arrangement for wall constructions in ESP-r.
Adapted from Beausoleil-Morrison (2000).

basic building zone, therefore ceiling and floor constructions and discretizations are

not shown. Also, the inter-zone airflow is shown as a potential example of an energy

and mass transfer ESP-r is capable of modelling. However, this is only possible in

the case of a multi-zone building.

Once the building envelope is appropriately discretized, the heat balance equations

can then be written for each node type, as various nodes will experience different

boundary conditions and modes of heat transfer (e.g. intra-constructional nodes

only experience conduction, where surface nodes will also experience convection).

Examples of these are also shown in Figure 3.2, and are discussed in greater detail in

Section 3.1.3.

3.1.3 Heat balance formulation

The heat balance equation is formulated for a basic intra-constructional node and

examples are then given on how this theory is extended to more complicated nodes

with multiple modes of heat transfer.

Intra-construction nodes

ESP-r treats heat transfer through building envelope construction materials as one-

dimensional with conductive heat transfer only (Clarke 2001). Figure 3.3 shows a
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Figure 3.2: Example of a typical nodal arrangement for a building zone with a single
wall construction material in ESP-r.

building construction element node I and its neighbouring nodes, with the greyed

area of width ∆x representing the control volume (CV) for node I. Note that each

node has a depth ∆y and height ∆z associated with it, which corresponds to the total

width and height of a particular wall section by default.

A heat balance can then be written for node I as follows:

{
Storage of heat

within CV

}
=

{
Net conduction

into CV

}
+

{
Heat generation

within CV

}
(3.1)

where the storage of heat, heat generated within the CV and the net conduction

into the CV can be computed as:
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Figure 3.3: Nodal geometry for a building envelope control volume in ESP-r.
Adapted from Beausoleil-Morrison (2000).

{
Storage of heat

within CV

}
= ρCp

∂T

∂t
(3.2){

Net conduction
into CV

}
= − ∂q′′x

∂x
= −

(
∂q′′I−1

∂x
+

∂q′′I+1

∂x

)
(3.3){

Heat generation
within CV

}
= q′′′plant =

qplant

∆x∆y∆z
(3.4)

Integrating over the entire control volume dV yields:

∫
δV

ρCp
∂T

∂t
dV = −

∫
δV

(
∂q′′I−1

∂x
+

∂q′′I+1

∂x

)
dV +

∫
δV

qplant

∆x∆y∆z
dV (3.5)

The net heat flux by conduction into the CV can be represented by one backwards

and one forwards difference, respectively:

q′′I−1 = −kI−1
TI − TI−1

∆xI−1

(3.6)

q′′I+1 = −kI+1
TI − TI+1

∆xI+1

(3.7)

Similarly, the temperature derivative in the storage term can also be expressed as

a backwards difference:
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(ρCp∆x∆y∆z)

δt
(T t+δt

I − T t
I ) =

kI−1∆y∆z

∆xI−1

(T t
I − T t

I−1) +
kI+1∆y∆z

∆xI+1

(T t
I − T t

I+1) + qt
plant

(3.8)

This is the fully explicit scheme similar to Equation A.4 developed in Appendix A.

ESP-r uses the Crank-Nicolson method, which is a combination of the fully explicit

scheme above, and the fully implicit scheme (not shown). Combining these two

schemes and collecting terms gives:

[
2(ρCp)

δt
+

kI−1

∆x∆xI−1

+
kI+1

∆x∆xI+1

]
T t+δt

I (3.9)

−
[

kI−1

∆x∆xI−1

]
T t+δt

I−1 −
[

kI+1

∆x∆xI+1

]
T t+δt

I+1 −
qt+δt
plant

∆x∆y∆z

=

[
2(ρCp)

δt
− kI−1

∆x∆xI−1

− kI+1

∆x∆xI+1

]
T t

I

+

[
kI−1

∆x∆xI−1

]
T t

I−1 +

[
kI+1

∆x∆xI+1

]
T t

I+1 +
qt
plant

∆x∆y∆z

Note that in Figure 3.1 it can be seen that many intra-constructional nodes fall

on the boundaries between two different construction materials. In these cases it

is necessary to take a volumetric weighted average of thermo-physical properties for

neighbouring construction materials (Clarke 2001).

This energy balance forms the basis of the equations used by ESP-r for interior

nodes within opaque construction components. Internal and external surface nodes

require special treatment as convective and radiative heat transfer modes must be

considered.

Internal and external surface nodes

For an interior surface node, such as the rightmost node in Figure 3.1, convection and

radiation must also be considered. Similar to the intra-constructional node formula-

tion above, this node will receive conductive heat transfer, though from the left node

only. It will interact convectively with the internal air volume node to the right, and

may also experience radiant heat transfer from solar irradiance, plant components, or

casual gains. This node will also be subject to longwave radiation from surrounding
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internal construction surfaces. All of these can be added to the right side of the orig-

inal heat balance equation (3.1) as source terms. ESP-r uses a default correlation for

convective heat transfer (buoyancy-driven), with options to use other correlations.

A default correlation is also for exterior surface nodes based on prevailing wind

conditions. ESP-r assigns an area-weighting for longwave radiation exchange to inter-

nal surface nodes based on building geometry (exact view factors can be calculated

if desired), and to external surface nodes based on ground and sky obstructions.

Air volume nodes

The heat balance equation for an internal air volume node consists of convective heat

transfer terms with each bounding surface (i.e. the internal surface node of each wall

construction bounding the air volume). Convective sources such as casual gains and

plant injection interact directly with the air node. The energy balance also accounts

for inter-zone airflow from neighbouring building zones and intra-zone air flow due

to air infiltration through the building envelope. Constant or scheduled mass flow

rates can be assigned to these air flows. A more detailed approach can be applied by

including an air flow network to calculate infiltration rates and mass flow rates based

on prevailing wind conditions and the thermal condition within each room.

3.1.4 Heat balance matrix

The heat balance (energy conservation) equations presented in Section 3.1.3 can be

expressed in matrix notation for an entire building system as

Aθt+δt = Bθt + C = Z (3.10)

A and B are matrices of coefficients for temperatures or heat injection terms at the

future and present time-steps, respectively. θt+δt and θt are column vectors of nodal

temperatures and plant injections at the future and present time-steps, respectively.

C is a column matrix of known excitations for both the present and future time

row (casual gains, etc.). When solving these matrix equations, discussed further in

Section 3.4, the current nodal temperatures and heat injections will all be known,

and so B and C can be combined into a single column matrix Z.

A detailed description of the building envelope energy balances and equations for

each node type are provided in Clarke (2001) and Beausoleil-Morrison (2000).
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3.2 ESP-r Plant Network Domain

The previous sections described ESP-r’s treatment of building thermal modelling

without regarding the means by which heat is injected or extracted from the building

zone. The temperature within a building zone can be left to free float or a desired

temperature range may be specified within the building control, in which case the re-

quired heating and cooling loads will be an output of the building thermal simulation.

These heating and cooling requirements can then be used in a separate simulation to

predict the performance of a building HVAC system. However, to fully capture the

control logic between building and plant, as well as the coupled interactions between

the two systems, it is beneficial to model the building and plant systems simultane-

ously.

The following is a brief introduction into the methods used by ESP-r to model the

plant network within a building system. Consistent with its treatment of the building

thermal domain, ESP-r uses a simultaneous solution technique to solve the energy

balance equations within the plant network domain. This differs from many of the

popular sequential modelling software tools used for simulating plant networks such

as TRNSYS (TRNSYS 2000). A finite difference control volume approach similar to

that developed in the building thermal domain is used to solve the heat and mass

balance equations that govern the energy transfers within the plant network. Nodes

in the plant network represent specific plant components, as shown in Figure 3.4. A

single component may be defined by multiple nodes depending on its complexity.

Figure 3.4: Example of basic plant network schematic in ESP-r.
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The basic form of the energy (heat) and mass balance equations solved by ESP-r

for each plant node are given as:

{
Net heat flow

into CV

}
+

{
Heat generation

within CV

}
=

{
Storage of heat

within CV

}
(3.11)

{
Total mass flow rate
entering the system

}
=

{
Total mass flow rate
exiting the system

}
(3.12)

The energy balance in equation (3.11) above can be written for the discretized

plant system in Figure 3.4 as follows:

For node 1: ṁ0Cp0(T0 − T1) + ṁrCpr(Tr − T1) + qe1 =
C̄1m1∂T1

∂t
(3.13a)

For node 2: ṁ1Cp1(T1 − T2) + qe2 + φ2 =
C̄2m2∂T2

∂t
(3.13b)

For node 3: ṁ2Cp2(T2 − T3) + qe3 =
C̄3m3∂T3

∂t
(3.13c)

where mi is the mass flow rate of the air/vapour mixture coming from node i

[kg/s]; Cpi is the fluid specific heat capacity at node i [J/kgK]; qei is the heat ex-

change between the surroundings and node i [W ]; c̄i is the mass averaged specific

heat capacity of node i [J/kgK]; φi is the heat injection at node i [W ] and mi is the

total mass for node i [kg] including contained air and water (may also be shown as a

volume multiplied by a volume averaged density).

The heat loss qei can be represented by each node’s heat loss coefficient as:

qei = UA(Te − Ti) (3.14)

where U is the node’s total heat loss coefficient [W/m2K]; A is component’s total

surface area [m2] and Te is the temperature of the environment [K].

Equation (3.12) can be written to represent the air and water vapour mass balances

for the plant system of Figure 3.4 as follows:
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For node 1: ṁa,0 + ṁa,r − ṁa,1 = 0 (3.15a)

ṁv,0 + ṁv,r − ṁv,1 = 0 (3.15b)

For node 2: ṁa,1 − ṁa,2 = 0 (3.15c)

ṁv,1 − ṁv,2 = 0 (3.15d)

For node 3: ṁa,2 − ṁa,3 = 0 (3.15e)

ṁv,2 − ṁv,3 = 0 (3.15f)

For humidifiers, dehumidifiers, and other components where vapour addition or

extraction may occur, the mass balance would instead equal the rate of vapour addi-

tion or extraction.

Similar to the treatment of the building thermal energy balance, the Crank-

Nicolson semi-explicit, semi-implicit forms of the equations can be written to form

three matrix equations; one for energy balances; one for air mass flow balances and

one for vapour mass flow balances. The general form of the plant system energy

balance matrix will be:

Aθt+δt = Bθt + C (3.16)

Analogous to the building thermal energy balance, the matrix equations B and

C can be combined into a single matrix, as values for the previous time-step will be

known. Similarly, the general form of the plant system mass balance will be:

Dϕt+δt = Eϕt + F (3.17)

where the right hand side of the equation again can be combined into a single row

matrix. In the case of two phase flow of an air/water vapour mixture there will be

two mass balances, one for air and one for water vapour, as shown in Equations 3.15

for the system shown in Figure 3.4.

A variety of plant component models are available in ESP-r. Each component has

its own coefficient generator which forms the energy and mass balance equations for

all of the nodes that represent the component. Most component models require user

input for components parameters. For example, a centrifugal fan or pump may require

a rated flow rate and the power consumed at rated conditions. A more complicated
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model, such as the fuel cell model described in Section 2.3.1, may require dozens

of calibration coefficients. The order in which the equations for each component

are placed in the plant matrix equations is determined by how the components are

connected within the plant network.

Plant variables may also be controlled via user-defined control functions. There

are a number of plant variables that can be modulated via a plant or building control

function. A control function in ESP-r is defined by: sensor location, actuator location,

controller type and control law (Hensen 1991). Details on available plant components,

control types and laws are given in Hensen (1991). The control functions available in

ESP-r were not used to control the plant network components in this research and

are not elaborated upon further. The control functions developed are described in

Chapter 5.

3.3 ESP-r Electrical Flow Network Domain

This section describes the methods used by ESP-r to solve the energy balance equa-

tions for the electrical flow network. In order to properly analyze the performance of

a micro-cogeneration unit and RES system within the building being modelled, it is

necessary to couple the electrical output of the cogeneration unit to the time-varying

electrical draws within the building.

The modelling technique used for the building thermal and plant domains de-

scribed in Section 3.1 and Section 3.2 respectively is extended to the modelling of an

electrical system in ESP-r. The electrical network is discretized by a series of nodes

and conservation equations are then applied between nodes. These equations are then

solved by a similar finite difference control volume approach as seen previously. In

the case of the electrical flow network, nodes are placed at current junctions between

electrical loads and sources. The conservation equation applied is Kirchhoff’s current

law, which is given for node i in a system of n nodes as:

n∑
j=1

Ĩi,j = 0 (3.18)

Here Ĩ is the complex quantity given by Ĩ = I ·(cos θ+j sin θ), as both alternating

current (AC) and direct current (DC) may need to be expressed in a building electrical

flow network. Kirchhoff’s law can be expressed for generation (G), transmission (T),
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and load (L) currents as:

n∑
j=1

ĨGi,j +
n∑

j=1

ĨTi,j −
n∑

j=1

ĨLi,j = 0 (3.19)

For the simplified household electrical system shown in Figure 3.5 nodes would

correspond to the two branching points of the system shown.

Figure 3.5: Example of a basic electrical network schematic in ESP-r.

Writing Kirchhoff’s Law for this system gives:

For junction a: ĨG,grid + ĨG,CHP + ĨTa,b = 0 (3.20a)

For junction b: ĨTb,a − ĨL,HV AC − ĨL,non−HV AC = 0 (3.20b)

Gathering all generation and load terms to one side and using Ohm’s law to represent

the transmitting currents gives

For junction a: ĨG,grid + ĨG,CHP = (Ṽa − Ṽb)Ỹa,b (3.21a)

For junction b: ĨL,HV AC − ĨL,non−HV AC = (Ṽb − Ṽa)Ỹb,a (3.21b)

where Ỹa,b is the inverse of impedance [S or 1/Ω]. Although a matrix equation

set can be developed similar to the building and plant networks with the current

equations shown, boundary conditions for loads and generation from the cogeneration

unit would have to be given in terms of current flows. However, these conditions are

typically given in terms of power flow.
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Multiplying all terms by voltage (to give power flow instead of current flow), the

equations are then manipulated to gather generation and load power flows on each

side to give a solvable equation set. For an AC network of n nodes there are 2n

equations, an equation set for both real and reactive power, and 2n unknowns, the

voltage magnitudes and phase angles at each node.

Further details regarding the electrical flow network are given in Kelly (1998) and

Clarke (2001).

3.4 ESP-r Partitioned Solution Technique

The building heat balance matrix shown in Section 3.1.4 can be solved without further

manipulation. However, due to the sparse nature of this matrix it is advantageous

to employ matrix partitioning to reduce solution time (Clarke 2001). A partition-

ing technique is used to divide the overall thermal balance into separate matrices

representing each surface.

The matrix equations for plant and electrical networks, given in sections 3.2 and

3.3 respectively, are formed in a similar way to the building heat balance equations.

However the overall size of these matrices will be small in comparison to the building

thermal equations, and so no partitioning technique is employed.

For the plant network, the energy and mass balance matrix equations are solved

separately to reduce the overall matrix size as well as sparsity (Hensen 1991). The

first phase (air) and second phase (water vapour, if defined) mass flows are solved

prior to the plant energy balance, and an iteration process is invoked to ensure that

strongly coupled variables match (e.g. the amount of water vapour added during a

humidification process, and the heat transfer due to the vapour addition). If an air

(mass) flow network is also defined for one or more building zones, this is solved prior

to the plant network first phase mass flow.

Further information on specific solution techniques employed by ESP-r in each of

these domains can be found in Clarke (2001). Specific information for the plant and

electrical flow network solutions can be found in Hensen (1991) and Kelly (1998),

respectively.



Chapter 4

Modelling Methodology

The performance of a micro-cogeneration device coupled with a residential electrical

storage (RES) system was assessed using an integrated building model developed in

ESP-r. The building envelope model was developed in the ESP-r building thermal

domain described in Section 3.1. Contained within the building envelope were the

plant and electrical models of the micro-cogeneration + RES system. These mod-

els were developed in the plant and electrical domains described in Section 3.2 and

Section 3.3, respectively.

As mentioned in Section 3.4, the energy balances for each of the models are solved

separately in each domain. This is due to the fact that the boundary conditions from

one domain are often the results from another domain’s solution (e.g. the casual

gains due to the heat loss from HVAC components depend on the current HVAC

operating point). In this way, Sections 4.1, 4.2, and 4.3 describe the building, plant

and electrical models, respectively. The necessary boundary conditions and energy

profiles used are described in Section 4.4.

4.1 Building Envelope Model

A building model of a typical Canadian household was necessary to examine the im-

pact of the micro-cogeneration + RES system in a Canadian setting. Single detached

homes account for almost 60% of Canada’s residential housing stock, with an aver-

age floor area of 154 m2 (NRCan 2012). Most houses in Canada have a lightweight

wood-based construction built on top of a cast-in-place concrete basement.

A building envelope model of a typical Canadian single detached home was de-

veloped in ESP-r (see Fig. 4.1). The modelled house has a two-storey wood-frame

36
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construction; a liveable area of 210 m2; a cast-in-place concrete basement; and is

built to the R-2000 energy efficiency standard (NRCan 1994). Four thermal zones

were used to represent the house, each containing a single air volume node represent-

ing the entire air volume for that zone (assumed to be at the same thermal state).

The attic, attached garage, and basement were represented as individual thermal

zones, while the two storeys of the living space were combined into a single zone. The

main living space is the only zone conditioned by the HVAC system. The basement

would typically receive some conditioning though it was found that the heat loss from

the micro-cogeneration unit provided sufficient heating. Some of the building model

characteristics are given in Table 4.1.

Figure 4.1: Wire-frame of the house model developed in ESP-r.

4.2 Plant Network Model

A plant network model was required to accurately predict the performance of a micro-

cogeneration device and all balance of plant (BOP) components serving the device. A
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House model property Value Units

Conditioned floor area 210 m2

Wall U-value 0.24 W/m2K

Basement wall U-value 0.34 W/m2K

Ceiling U-value 0.15 W/m2K

Window U-value 1.90 W/m2K

Window area 35.0 m2

Airtightness1 1.50 ach

1 Measured at 50 Pa depressurization

Table 4.1: Selected characteristics of the house model developed.

number of micro-cogeneration device models are available for use in ESP-r. The mod-

els all require inlet/outlet connections to model the cooling water and heat recovery

loops present in real devices.

A thermal storage device was also necessary to store the heat recovered from the

micro-cogeneration unit. This was to account for the non-coincidence of residential

thermal and electrical demands. The goal of the plant network was to efficiently

utilize the thermal energy generated by a micro-cogeneration unit while illustrating a

practical HVAC system that is feasible with current technologies. The plant network

was required to serve four main purposes:

1. Provide cooling water to a micro-cogeneration unit.

2. Store the thermal output of a micro-cogeneration unit.

3. Provide a household with DHW at an adequate temperature.

4. Maintain thermal comfort of a living space via a space heating system.

A plant network model of a micro-cogeneration device, thermal storage tank and

all BOP components was developed in the plant domain of ESP-r and is illustrated

in Figure 4.2. The main features of the plant network are a component model for a

micro-cogeneration unit and a large thermal storage tank model. A proton exchange

membrane fuel cell (PEMFC) was chosen as the micro-cogeneration unit for this work.

This was due to the favourable electric-to-thermal power ratio, high overall efficiency,
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and modulating capabilities of PEMFCs (Knight et al. 2005). The PEMFC model

used in this research is discussed further in Section 4.2.1.

Figure 4.2: Plant model with micro-cogeneration device and thermal storage.

The thermal storage (tank) component model chosen is capable of modelling up

to three sets of inlets/outlets, two of which are immersed-coil heat exchangers. The

tank model used and the selection of inlet/outlet placement (see Fig. 4.2) is discussed

in greater detail in Section 4.2.2.

The DHW draw was modelled using a flow source component that is capable of

reading DHW flow rates from an external file at any time-step (this does not have

to match the simulation time-step). The DHW draw profiles are discussed later in

Section 4.4.2.

The SH loop follows a typical configuration and is not elaborated upon further.

Flow rates and power draws for the SH components were adapted from Ribberink et al.

(2007) and Beausoleil-Morrison and Ribberink (2008) and are shown in Table 4.4. A

heat rejection device was also required upstream of the PEMFC component and is

elaborated upon in the next section.

4.2.1 Proton exchange membrane fuel cell model

The main component of the plant system developed is the PEMFC cogeneration

model. The Annex 42 fuel cell model discussed in Section 2.3.1 was used to model the

performance of a commercial FC cogeneration device. To simulate the performance of
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BOP component property Value Units

SH pump rated flow rate 9 L/min

SH pump power draw1 20 W

SH fan rated flow rate 600 L/s

SH fan power draw1 50 W

Supp. burner capacity 15.0 kW

Supp. burner efficiency2 85.0 -

DHW tank burner capacity 23.0 kW

DHW tank burner efficiency2 85.0 -

1 Power consumption at rated conditions.
2 Efficiencies for the supplementary burner

and DHW tank burner are in terms of ther-
mal energy output (MJ) relative to the input
fuel’s higher heating value (HHV).

Table 4.2: Plant network component data for balance of plant components.

a realistic PEMFC a number of calibration parameters are required for the model. The

data used to calibrate the PEMFC model in this work was obtained experimentally

by Johnson and Beausoleil-Morrison (2012).

The PEMFC unit to which the model was calibrated (see Fig. 4.3) has a maxi-

mum rated power output of 1 kWAC electric and 1.2 kW thermal. The actual thermal

output was found to be slightly greater with a maximum of 1.5 kW (Thorsteinson

et al. 2011). The PEMFC electrical output can also be modulated down to 270 W

when there is little or no thermal or electrical demand. The details of the calibration

can be found in Johnson and Beausoleil-Morrison (2012). The calibration was per-

formed according to the procedure described for the Annex 42 cogeneration models

in Beausoleil-Morrison (2007).

The power conditioning unit (PCU) for the experimental PEMFC device was

found to have a relatively constant efficiency at all power settings. Selected per-

formance characteristics at the minimum and maximum power operating points are

shown in Table 4.3. At the maximum power setting (1 kWAC) the power draw of the

PEMFC AC ancillary devices was 31 W . One of these devices was the cogeneration
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Figure 4.3: HYTEON 1 kWAC proton exchange membrane fuel cell experimental
rig. Used with permission from Thorsteinson et al. (2011).

pump pictured separately in the plant system (pump upstream of FC unit, Fig. 4.2).

For this reason the electrical draw of this component is not included in the electrical

network discussed in Section 4.3, as the PEMFC had already accounted for it.

Information regarding the PEMFC performance is presented in Thorsteinson et al.

(2011). The experimental set-up, procedure and specific calibration parameters for

the PEMFC are described in Johnson and Beausoleil-Morrison (2012).

4.2.2 Thermal storage model

The majority of thermal storage (tank) models available in ESP-r are well-mixed

models. These assume that the entire water volume within the tank is at the same

thermal state. Recently, a few tank models capable of modelling stratification have

been implemented into ESP-r, aided by the development and modelling of solar ther-

mal systems.

A tank model capable of simulating stratification between water layers inside the

tank volume was developed for the transient system simulation (TRNSYS) program

(TRNSYS 2000). This model, known as the Type 60 model, was developed by Newton
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PEMFC property Value at min. Value at max. Units

set-point set-point

DC power production 314 1113 W

Net AC power production 270 980 W

Net thermal production 387 1590 W

Fuel flow 0.089 0.299 m3/hr

PCU efficiency 0.93 0.91 -

AC Ancillary draw 21 31 W

Room heat loss 303 421 W

Electrical efficiency1 0.30 0.32 -

Thermal efficiency2 0.43 0.53 -

1 Electrical efficiency is in terms of net AC electrical output (MJ)
relative to the input fuel’s lower heating value (LHV).

2 Thermal efficiency is in terms of thermal output relative to the
input fuel’s lower heating value (LHV).

Table 4.3: HYTEON proton exchange membrane fuel cell performance data from
Johnson and Beausoleil-Morrison (2012).

(1995) and was selected as the tank model for this work. The ESP-r version of Type

60 was implemented by Thevenard and Haddad (2010) and is capable of modelling

up to three sets of open inlets/outlets or immersed coil heat exchangers.

The Type 60 model simulates stratification by dividing the tank’s water volume

into separate nodes (up to 100) and solving the energy balances between these nodes

within an internal simulation. This internal simulation can occur several times within

each plant domain time-step. The TRNSYS implementation was validated in Cruick-

shank and Harrison (2004), among many others, and the later ESP-r implementation

was tested and validated in Thevenard (2007, 2009). A detailed description of the

Type 60 model is provided in Newton (1995).

It was not certain prior to the development of the plant network whether the

system flow rates would result in stratification. Various inlet/outlet and immersed

coil heat exchanger combinations were explored before settling on the final plant

network shown in Figure 4.2. The final layout was selected for the following reasons:

1. Immersed coil heat exchanger selected for SH loop to minimize heat loss to the
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BOP component property Value Units

SH pump rated flow rate 9 L/min

SH pump power draw1 20 W

SH fan rated flow rate 600 L/s

SH fan power draw1 50 W

Supp. burner capacity 15.0 kW

Supp. burner efficiency2 85.0 -

DHW tank burner capacity 23.0 kW

DHW tank burner efficiency2 85.0 -

1 Power consumption at rated conditions.
2 Efficiencies for the supplementary burner

and DHW tank burner are in terms of ther-
mal energy output (MJ) relative to the input
fuel’s higher heating value (HHV).

Table 4.4: Plant network component data for balance of plant components.

tank when the backup SH burner is fired.

2. Immersed coil heat exchanger selected for DHW loop to avoid having to main-

tain the large thermal storage tank at the recommended 60oC temperature

(ASHRAE 2011). This would have also interfered with the cooling water re-

quirement of the cogeneration unit.

3. Open inlet/outlet selected for cogeneration loop to maximize the amount of

heat which can be recovered from the PEMFC. This also improved the overall

system performance by drawing cooling water for the cogeneration unit from

the coldest (bottom) section of the storage tank.

A cylindrical tank was used for this work. Some of the basic model inputs are

shown in Table 4.5. The model required a tank heat loss coefficient (UA), which was

calculated to correspond to 10 cm of fibreglass insulation. Model defaults were ac-

cepted for the pitch and diameter of the immersed heat exchangers, as an optimization

of these was not feasible within the scope of this work.
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Tank Property Value Units

Height 1.0 m

Volume 500 L

Heat loss coeff. 0.38 W/m2K

Number of nodes 10 -

Internal time-steps 2 -

Table 4.5: Stratified tank model characteristics.

4.3 Electric Flow Model

An electrical flow model was necessary to predict the electric power transfer from

the PEMFC to the RES system and the power loss associated with this process. The

model was also used to sum all building electrical flows within the integrated building

model. For this research the electrical flows include the PEMFC generation, HVAC

and BOP loads, non-HVAC occupant loads (fridge, stove, dryer, etc.) and any grid

interactions.

The solution of the electrical domain within ESP-r occurs after the solution of the

building and plant domains at each simulation time-step to ensure the system is fully

bound. For example, the electrical loads of the PEMFC and BOP components will

be the result of the solution in the building and plant domains.

The electrical network developed in this work is shown in Figure 4.4. Two nodes

are used to model the network: one representing the AC bus and one representing DC

bus. The AC bus connects all standard household electrical flows (non-HVAC loads,

BOP loads, grid interaction), while the DC bus serves the battery only. Electrical

component models of a rectifier and inverter are used to transfer power to and from

the DC bus, respectively. A lithium-ion (li-ion) battery model was used to model the

electrical storage in this work. The battery model is described in greater detail in

Section 4.3.1.

The BOP loads within the electrical network are a result of the plant domain

solution. The PEMFC electric generation and the battery charge/discharge power

are passed from the system controller described in Chapter 5. The non-HVAC occu-

pant loads are read from an external file containing annual electricity demand data.
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Figure 4.4: Electrical network model with lithium-ion battery storage.

These loads were taken from a data collection project and are elaborated upon in

Section 4.4.3. Constant efficiencies were used for both the rectifier and inverter com-

ponents.

4.3.1 Lithium-Ion battery model

The li-ion battery model used in this research was developed by Saldanha (2010). This

model uses a resistor-capacitor network to represent the open circuit voltage (OCV)

of a single cell, as proposed by Gao et al. (2002). The model has been implemented

in the electrical domain of ESP-r (Section 3.3) for use with modelling RES systems.

The number of individual battery cells connected in series and parallel is speci-

fied as a model input. At each time-step the final voltage, temperature and depth

of discharge (DOD) is calculated for an individual cell given the initial DOD and

temperature. The single cell result is then multiplied by the number of cells in series

and parallel to give the overall system voltage and current, respectively.

The model accounts for the losses due to cycling, and also includes a battery

management system routine that is called at each simulation time-step. This mimics

a realistic battery storage system, ensuring that at each time-step every cell within
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the battery is within its specified operating temperature, voltage, and power limits.

Experimental li-ion cell data from Darcovich and Kenney (2012) was used to

calibrate the battery model. Some of the model inputs for the li-ion battery are

shown in Table 4.6. A detailed description of the li-ion model and the required

calibration inputs is provided in Saldanha (2010).

Battery property Value Units

Capacity (single cell) 37.7 A · h

DOD=0% (V) (single cell) 4.17 V

DOD=100% (V) (single cell) 3.00 V

Max. discharge current (cell) 150.8 A

Max. discharge voltage (cell) 4.17 V

Number of cells in series 14 -

Number of cells in parallel 4 -

Total battery capacity 8.80 kW · h

Maximum allowable DOD 0.0 %

Minimum allowable DOD 100.0 %

Maximum temperature 60.0 oC

Minimum temperature -40.0 oC

Table 4.6: Lithium-ion battery model characteristics.

4.4 Boundary Conditions and Energy Use Profiles

The boundary conditions used to solve the energy and mass balance equations for

the PEMFC + RES system are described in this section. These are required prior

to the simulation of the building thermal, plant, and electrical domains used in this

research. All simulations conducted in this research were for an annual time frame,

and so a set of complete annual data was required for the conditions on each of these

domains.

ESP-r assumes an initial thermal state of each building, plant and electrical node

within the model (usually 20oC). The models are then simulated for a specified
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number of ‘start-up’ days prior to the simulation time frame to obtain a realistic

temperature distribution.

4.4.1 Building thermal domain conditions

To solve the building heat balance equations (Section 3.1) boundary conditions are

required at internal air volume nodes in the form of casual gains data (i.e. internal

heat gains from equipment and occupancy) and at external building nodes in the form

of weather data. Annual weather data from 2008 for Ottawa, Canada, was used for

this research as this is the most current complete weather data available for Ottawa

(Environment Canada 2008).

Internal heat gains from HVAC equipment (e.g. PEMFC, thermal storage tank,

DHW tank) are a result of the plant domain solution. Internal heat gains from non-

HVAC equipment (e.g. fridge, stove, dryer) are inferred from the electrical consump-

tion of this equipment, as described in Section 4.4.3. This is the most accurate way

to model these gains, as the majority of all electricity used in non-HVAC equipment

will end up as thermal energy within the building.

In most Canadian residences the HVAC equipment is located in the basement and

non-HVAC equipment is located in the main living space. For this reason, the internal

heat gains from HVAC and non-HVAC equipment were added to the basement and

main living space air volumes, respectively.

4.4.2 Plant domain conditions

The boundary condition requirements for the plant network are in the form of energy

and mass flow set points of the various plant components (e.g. pump/fan flow rates,

burner heat injection). The operating points for the PEMFC unit and all BOP

components are required at each plant time-step. These are all passed from the system

controller developed specifically for this work, which is described in Chapter 5.

The demand on the SH loop of the plant system (Fig. 4.2) is a result of the thermal

energy requirements of the building thermal domain solution. The thermal demand

on the DHW loop requires a method to treat residential DHW demand flow rates.

ESP-r has available plant components capable of modelling constant or stochastic

DHW draws. A more accurate way of treating the DHW draws is to read monitored

or generated annual DHW demand profiles from an external file, ideally at the same
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temporal resolution as the simulation. The latter method was selected for this work,

and is described in the following section.

Domestic hot water draws

DHW consumption for Canadian residences was monitored in Perlman and Mills

(1984) and Wiehagen and Sikora (2002). Both found the average daily consumption

to be approximately 235 L/day. More recently it was suggested that the consumption

for the average Canadian residence is closer to 300 L/day (Knight et al. 2007).

Monitored annual DHW data is scarce (Knight et al. 2007) and so a generated

DHW demand profile was used. A set of generated profiles based on a probabilistic

model was developed in the IEA Solar Heating and Cooling Programme (SHC) Task

26 by Jordan and Vajen (2001). These profiles have since been compared to a number

of monitored profiles in Knight et al. (2007) and found to be representative of realistic

demands.

For this research a 300 L/day DHW demand profile with a one minute temporal

resolution was adapted from Jordan and Vajen (2001). A sample for one day of the

DHW demands is shown in Fig. 4.5.

4.4.3 Electric domain conditions

There are two boundary condition requirements for the electrical network devel-

oped in this work: the annual occupant non-HVAC electrical load and the battery

charge/discharge power.

The losses of the rectifier/inverter system are a function of the battery demand.

The BOP component loads and PEMFC electrical output at each electrical network

time-step are a result of the plant domain solution based on the current plant oper-

ating point.

The battery power demand is an output of the system controller developed, dis-

cussed in Chapter 5. The annual non-HVAC load profiles used were taken from a

monitoring project of twelve Ottawa area houses, and are discussed in the following

section.
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Figure 4.5: Residential domestic hot water demand profile for a typical day.

Occupant electrical loads

The household HVAC loads in the model are taken into consideration via the electrical

consumption of the plant network components. Non-HVAC occupant electrical loads

(e.g. fridge, stove, washer) must be taken into account to accurately assess the

performance of the PEMFC + RES system.

Similar to the DHW demand profiles, occupant electrical demand profiles are tra-

ditionally represented by two methods: empirical data collection or model generated

data. The models used to generate electrical data are becoming increasingly complex,

with some taking the desired livable area, number of occupants and various electrical

appliances as inputs. However, these models can lack the ability to represent varying

occupant behaviour and peak demands (Saldanha 2010).

A comparison by Saldanha (2010) found that synthetically generated profiles can

under-predict the magnitude of peak electrical loads by as much as half in compar-

ison to monitored loads. It was also shown that previous data collection projects,
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the majority of which had temporal resolutions of 5-15 minutes, fail to capture the

amplitude of peak electrical loads as well. A sample of monitored one-minute data

from Saldanha (2010) and the effect of averaging the data over 15 minutes is shown

in Figure 4.6.

Figure 4.6: Monitored household non-HVAC electrical data for a typical day.

The occupant load profiles used in this research were from Saldanha and

Beausoleil-Morrison (2012); a data collection project where the non-HVAC electrical

loads were monitored in twelve Ottawa-area houses at one-minute time increments.

The houses monitored were selected to represent various house types, vintages, and

sizes. Four of the twelve annual load profiles were used for this work. The information

on the four profiles used is shown in Table 4.7.
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House Size Number of Total Non-HVAC

label (m2) occupants load (GJ) load (GJ)

H4 170 4 21.9 18.2

H6 130 3 25.3 23.4

H11 100 3 33.5 30.1

H12 140 4 42.6 39.5

Table 4.7: Annual electricity consumption in four Ottawa-area houses (Saldanha
and Beausoleil-Morrison 2012)



Chapter 5

Controls and Performance Metrics

Having selected component models and configured a plant system capable of mod-

elling the performance of a residential PEMFC + RES system, a set of controls

governing the system operation was required. A customized controller was developed

within ESP-r to interact with the plant and electrical networks, providing control

signals to many components simultaneously.

A set of metrics by which to gauge the performance of the PEMFC + RES system

was also required. The performance metrics influenced which operation strategies

were explored for the system, and are described in this chapter. The metrics chosen

compared the performance of the developed system to a household with a conventional

HVAC system and with electricity supplied by the central electrical grid.

The custom controller developed for this work is described in Section 5.1. The

performance metrics used are discussed in Section 5.2.

5.1 Custom Plant and Electrical Network Con-

troller

Both the plant and electrical networks developed in this research require control

inputs for their various components at each simulation time-step.

The only electrical network components in ESP-r which require control inputs are

battery models. No control functions are currently offered in ESP-r for providing

control inputs to the batteries, as the models are relatively new. This was done in

Beausoleil-Morrison et al. (2006) and Saldanha (2010) by developing custom control

functions within the ESP-r source code.

52
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Many plant components in ESP-r require at least one control signal (e.g. On/Off

signal, flow rate for a variable pump or fan, flux for a heat injection device). A

number of plant control options, known as control functions, are available in ESP-r.

The control functions are called at each time-step before the solution of the plant

domain energy balances.

All plant control functions in ESP-r have the same requirements:

1. Sensor location: This can be any plant component or building domain node,

and can also sense external weather conditions (e.g. wind speed, humidity, etc.).

2. Actuator location: For plant controls, this must be a node within a plant

component.

3. Control type and law: The controller type defines what nodal variables are

sensed and actuated (e.g. temperature, mass flow, flux, enthalpy, etc.). The

control law defines the sensor-actuator interaction (e.g. On/Off, P, PI, PID,

etc.).

The current control laws and sensor/actuator combinations in ESP-r are not well

suited for controlling a complex plant systems. Time delayed controls or multiple

conditions for an actuator are currently impossible. Current sensor/actuator op-

tions are limited to sensing and actuating single nodal variables (e.g. sense the inlet

temperature at a burner connection node, actuate the flux at the burner combustor

node). Each sensor/actuator pair can also only have a single control law defining

their operation.

A custom controller component which manages both plant and electrical network

components was developed in ESP-r, similar to the controllers developed in Beausoleil-

Morrison et al. (2006) and Edwards (2011). The controller provides control signals

at each time-step to a number of plant components (PEMFC, pumps, fans, burners)

as well as the li-ion battery component within the electrical network.

The control strategies implemented for the PEMFC + RES system are described

below. The control of the DHW components is described in Section 5.1.1. The control

of the SH components is described in Section 5.1.2. The control of the PEMFC and

components serving the PEMFC is described in Section 5.1.3. Finally, the control of

the RES system is described in Section 5.1.4.
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5.1.1 Domestic hot water heating control

The control logic of the DHW loop in the plant network developed is similar to that of

conventional systems. The DHW control logic within the custom controller is shown

in Figure 5.1. The mass flow rates for the loop are set by the DHW demand profile, so

no control signal for the flow rate is required. The DHW storage tank was maintained

at 60oC ± 2oC (e.g. tank temperature is allowed to drop to 58oC, at which point the

burner heats the tank to 62oC) to mimic the sensor lag in household DHW systems.

Figure 5.1: Control logic for the plant network domestic hot water loop.

5.1.2 Space heating control

The control method developed for the SH loop of the plant network worked to max-

imize the use of stored thermal energy recovered from the PEMFC unit. A time-

delayed SH control was implemented. Thus, the plant system attempted to provide

zone heating primarily from stored thermal energy and minimize the use of the sup-

plementary burner.
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The sensor and actuator locations within the SH loop are shown in Figure 5.2.

The sensors are located at the main living space node (return air temperature) and

at the heating coil outlet node (return water temperature). Actuators are located at

the SH pump and fan nodes (flow rates) as well as the supplementary burner node

(heat injection).

Figure 5.2: Actuated and sensed components within the plant network space heating
loop.

The control logic for the SH loop components is shown in Figure 5.3. The winter

heating set-point for the main living space is 21.5oC±1.0oC during the daytime, with

an overnight setback to 19.5oC ± 1.0oC.

When the main living space temperature falls below 20.5oC the SH pump and fan

are cycled on at their rated flow rates until the zone temperature increases to 22.5oC.

If after 15 minutes the zone temperature has not increased to its upper set-point the

supplementary burner is cycled on at full capacity for the remainder of the heating

cycle.

5.1.3 Fuel cell control

The control of the PEMFC loop of the plant network was determined by the current

PEMFC output power. All the BOP components within the loop are reactionary

to the PEMFC’s current thermal output, as well as the thermal state of the supply
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Figure 5.3: Control logic for the plant network space heating loop.

water to the unit.

The sensor and actuator locations for the PEMFC loop are shown in Figure 5.4.

Temperature sensors are located at the inlet to the PEMFC and heat dump compo-

nents. Actuators are located at the PEMFC FCPM (power output), heat dump (heat

rejection), and pump components (flow rate).

The control logic for components within the PEMFC loop is shown in Figure 5.5.

The experimental PEMFC unit contained an internal pump which maintained the

outlet water temperature (TFC out) close to 70oC. Similarly, the flow rate of the

PEMFC external pump in the plant network model was varied in order to maintain
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Figure 5.4: Actuated and sensed components within the plant network PEMFC
loop.

Figure 5.5: Control logic for the plant network PEMFC loop.

the PEMFC outlet temperature at 70oC. The maximum PEMFC inlet temperature

was limited to 55oC in order to mimic experimental conditions and manufacturer
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suggestions. If the heat dump inlet temperature (THX in)was greater than 55oC a

variable heat rejection occurred to maintain a PEMFC inlet temperature of 55oC.

The most important controlled variable in the PEMFC loop was the PEMFC

power output. The power output of the PEMFC was low compared to the average

electricity demand of Canadian households (Saldanha and Beausoleil-Morrison 2012).

Therefore, the power output of the PEMFC was not varied; a constant power output

of the maximum 980 W was used for the winter heating season, which was throttled

down to the minimum 270 W output during the summer cooling season.

5.1.4 Battery control

The li-ion battery model within the electrical network also required an external control

signal. The custom controller provided the battery charge/discharge power (or set

the power output to zero for idle).

A number of different battery control strategies were examined. Both constant

discharge and electrical load following strategies were examined for their potential

to reduce on-peak electricity demand. A summary of the different control strategies

implemented is shown in Table 5.1. These strategies will be referred to as their names

seen in the leftmost column.

5.1.5 Controller implementation

The control functions described for the four main subsystems (DHW, SH, PEMFC,

RES) were developed in a customized controller. The controller was implemented

using a Fortran subroutine within the ESP-r source code. The Fortran source code of

the customized controller can be found at the online ESP-r source code repository.1

5.2 Performance Metrics

Having developed a model to simulate a PEMFC + RES system and a custom con-

troller with strategies to reduce the on-peak energy consumption, a set of metrics was

necessary to compare performance of the developed system to conventional residential

HVAC systems.

1http://espr.svn.cvsdude.com/esp-r/branches/John Kopf/src/esruplt/COGEN CTL.F.
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Battery
Description

control law

B1 No battery use

B2
Constant 1.25 kW discharge on-peak,

immediate 1.0 kW charge off-peak1

B3
Constant 1.25 kW discharge on-peak,

delayed 2.0 kW charge off-peak2

B4
Electric load-following on-peak, excess

electricity is exported 3

B5
Electric load-following on-peak and mid-peak,

excess electricity is exported 3

B6
Electric load-following on-peak and mid-peak,

excess electricity charges RES system 3

B7 Load-following + 1 kW discharge on-peak

B8
Load-following + 1 kW discharge on-peak,

mid-peak charge during winter TOU periods

B9
7.5 kW charge during minimum off-peak HOEP,

7.5 kW discharge during maximum on-peak HOEP

1 Unless otherwise specified, the battery is idle during mid-peak
periods.

2 All control scenarios after this, with the exception of B9, make
use of the delayed charge.

3 If the electrical load is less than the PEMFC output.

Table 5.1: Battery control laws available within the customized controller.

A base case model with a conventional heating system was developed to provide a

performance baseline from which to make all comparisons. The same building model

was used for the base case, with the heating demands served by a condensing furnace

instead. The DHW tank and draw profiles were also used for the base case, though

there was no thermal storage tank to preheat the mains water prior to entering the

DHW tank. A summary of the energy flows for the base case and the PEMFC +
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Energy type Base case system PEMFC + RES system

Natural gas Condensing furnace PEMFC

DHW tank burner DHW tank burner

SH supplementary burner

Electricity Occupant loads Occupant loads

AC & circulation fan AC & BOP component loads

Grid import Grid import/export

PEMFC generation

Battery charge/discharge

Table 5.2: Building energy flows for the base case and PEMFC + RES system.

RES system is shown in table Table 5.2.

The purpose of the metrics used in this research was to provide a quantitative

comparison between the base case and the PEMFC + RES system, as well as each of

the variant occupant load profiles and control strategies. To better inform on energy

policies, such as a standard offer procedure for electricity exports from battery or

micro-cogeneration devices, the cost of energy was chosen as the main metric for this

research. An annual balance period was used to show the year-round performance of

the system.

The cost performance metrics from the perspective of the end-user (EU) and the

local energy distribution company are described in greater detail in sections 5.2.1 and

5.2.2, respectively.

The total annual electricity and natural gas consumptions were also examined.

However, as mentioned in Chapter 2 it is important to look not only at the total

energy production but also at the time of energy use offset.

5.2.1 Annual cost - End user

The economic performance of the residential PEMFC + RES system was examined

from the EU perspective. This included both electricity and natural gas costs. Nat-

ural gas pricing data for Ontario in 2012 was used to calculate the natural gas price

in this research (Enbridge 2012). The total natural gas price for Ontario in 2012,

including delivery and transportation charges, was 21.22 ¢/m3.
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The purchase price of grid electricity for a residential consumer varies in Ontario.

The time-of-use (TOU) rates and periods for 2012 are shown in Figure 5.6. The cost

of electricity for weekends and holidays is always the off-peak price. The electricity

cost for summer and winter weekdays varies with the time of day.

Summer 
(May 1 - October 31)

weekdays

Weekends and
Statutory Holidays

Winter 
(November 1 - April 30)

weekdays

¢
Off-peak Mid-peak On-peak

¢¢ ¢¢¢(6.2 c/kWh)l (9.2 c/kWh)l (10.8 c/kWh)l

Figure 5.6: Ottawa time-of-use electrical rates and periods. Used with permission
from Hydro Ottawa (2012)

This research examined the performance of the PEMFC + RES system with po-

tential export purchase price (EPP) scenarios while ignoring local issues, as there is

no way to quantify the cost performance of the system in the current market. EPP

rates in Ontario are not currently favourable for micro-cogeneration (i.e. no standard

offer in place), and electricity export from batteries is currently not allowed.

The scenarios explored varied the EPP which the consumer would receive for

electricity exported to the grid. Three scenarios were adapted from Douglas (2012)

and were explored for each of the control strategies described. These are shown in

Table 5.3.

The cost of electricity mentioned for these three scenarios corresponds to the total

cost, which includes the commodity price (see Fig. 5.6), the delivery price and other

charges.
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Scenario Description

EPP1 Purchase price equal to cost of electricity.

EPP2 Purchase price less than the cost of electricity (50% of cost)

EPP3
Purchase price equal to cost of electricity, with a premium of

5 ¢/kWh paid for exports during on-peak periods.

Table 5.3: Hypothetical export purchase price scenarios explored for the end-user
economic performance of the PEMFC + RES system.

5.2.2 Annual cost - Electric utility

The performance of the residential PEMFC + RES system was also examined from

the perspective of a local distribution company (LDC), such as Hydro Ottawa. LDCs

in Ontario (e.g. Hydro Ottawa) purchase electricity at the wholesale market price,

known as the hourly Ontario energy price (HOEP) (IESO 2011). This price is set

by the Independent Electricity System Operator (IESO) and is calculated as the

hourly average of the five minute prices during that hour. These variations reflect the

electricity supply and demand across Ontario.

It was assumed that from the LDC’s perspective the value of electricity at each

hour, whether consumed or generated by the household, would be equal to the current

market price of electricity. Therefore, the cost for electricity imports and the EPP

for electricity exports were both equal to the HOEP at each hour. In this way the

usefulness of control strategies that employed an electrical load following discharge of

the battery storage during peak hours could be examined.

5.2.3 Closing remarks

An integrated model of a Canadian household containing a residential PEMFC + RES

system was developed in Chapter 4. This model was used to predict the performance

of a PEMFC + RES system in a Canadian setting and under various levels of occupant

loads.

The development of a customized controller within ESP-r was described in Sec-

tion 5.1. This controller facilitated the testing of various control strategies and their

impact on the PEMFC + RES system performance.
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The methods to post-process ESP-r simulation results and metrics used to calcu-

late the system performance were outlined in Section 5.2.

The thermal and electrical performance of the PEMFC + RES system, as well as

the economic impact of each control strategy are given next in Chapter 6.



Chapter 6

Results

Chapter 4 described the development of an integrated model of a Canadian household

containing a residential PEMFC + RES system. Chapter 5 reviewed the development

of a customized controller for the PEMFC + RES system, and defined the metrics by

which the system’s performance was measured. With the completion of these research

objectives, this chapter discusses the performance of the modelled system compared

to a household with conventional HVAC and DHW systems.

Section 6.1 provides detailed results for the electrical performance of the PEMFC

+ RES system. Specifically, the function of the battery control scenarios is demon-

strated over a daily basis. Section 6.2 provides detailed results for the thermal perfor-

mance of the PEMFC + RES system. Finally, Section 6.3 summarizes the PEMFC

+ RES system performance for the metrics defined. This is done for all of the control

scenarios developed and for each of the occupant load profiles examined.

6.1 Electrical Performance

The detailed electrical performance of the PEMFC + RES system is illustrated for

each of the battery control scenarios developed in Section 5.1.4. The electrical bal-

ances are given for occupant load profile H11 over a typical day containing one charge-

discharge cycle.

The electrical balance over one winter day for battery control scenario B1 is given

in Figure 6.1. For the dotted line showing grid interaction, positive power values

correspond to electricity imported from the grid and negative values correspond to

electricity exported to the grid. As the figure shows, the generation throughout the

day is constant as B1 does not use the RES system. This value corresponds to the

64
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winter PEMFC electrical output of 980 W . It is also shown that for the plotted day

the occupant loads peak from 14h00 to 17h00 with some lesser peaks from 06h00 to

11h00. It should be noted that the on-peak TOU periods for winter are from 07h00

to 11h00 and from 17h00 to 19h00.
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Figure 6.1: Electrical balance for occupant load profile H11 and battery mode B1
for January 16, 2008.

The electrical balance over one winter day for battery control scenario B2 is given

in Figure 6.2. As the figure shows, the batteries are discharged during on-peak pe-

riods, which is seen as an increase in the total PEMFC + RES output during these

periods. The associated battery state of charge (SOC) is given on the right axis of

the figure. The RES system is charged once the off-peak period resumes at 19h00,

even though the HOEP may still be high at these times. Scenario B3 attempts to

avoid this.

The electrical balance over one winter day for battery control scenario B3 is given

in Figure 6.3. This scenario is identical to B2, though the charging of the RES system

is postponed until after midnight. It can also be seen that a higher charge rate is

necessary as there is less available charge time before the end of the off-peak period.
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Figure 6.2: Electrical balance for occupant load profile H11 and battery mode B2
for January 16, 2008.
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Figure 6.3: Electrical balance for occupant load profile H11 and battery mode B3
for January 16, 2008.
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The electrical balance over one winter day for battery control scenario B4 is given

in Figure 6.4. As the figure shows, there is no electricity imported from the grid

during on-peak periods, which is the goal of a load-following control. Similar to B3,

the off-peak charge is postponed until after midnight. It should be noted that the

RES system demand for the given day is not sufficient to deplete the battery capacity.

This suggests that the RES system may be over-sized for the goal of eliminating grid

imports during on-peak periods only. The figure also shows that the battery SOC at

the beginning of the charge cycle at 00h00 is 80%, meaning that the load-following

operation during the previous day did not make full use of the battery’s capacity.
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Figure 6.4: Electrical balance for occupant load profile H11 and battery mode B4
for January 16, 2008.

The electrical balance over one winter day for battery control scenario B5 is given

in Figure 6.5. It can be seen that during on-peak and mid-peak periods no electricity

is imported from the grid until 15h00. Compared to Figure 6.4 it can be seen that the

load-following discharge during the mid-peak period is sufficient to fully deplete the

battery’s capacity. However, the battery SOC at the beginning of the charge cycle

at 00h00 is 60%, meaning that the load-following operation during the previous day

still did not make full use of the battery’s capacity.
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Figure 6.5: Electrical balance for occupant load profile H11 and battery mode B5
for January 16, 2008.

The electrical balance over one winter day for battery control scenario B6 is given

in Figure 6.6. As the figure shows, the RES system discharge follows the electrical

load during mid-peak and on-peak periods. The figure also shows that any excess

PEMFC electrical power during mid-peak and on-peak periods is used to charge the

RES system instead of being exported, which allows the PEMFC + RES system to

serve the residential electrical loads for a greater length of time. However, due to the

magnitude of peak electrical demands around 15h00 the result is not very different

than that shown in Figure 6.5.

The electrical balance over one winter day for battery control scenario B7 is given

in Figure 6.7. As the figure shows, the RES system discharge follows the electrical

load during the on-peak period while simultaneously exporting 1 kW to the grid. The

figure also shows that RES system is not able to sustain the load-following discharge

through the second on-peak period. This suggests that for profile H11, the current

RES system capacity may be slightly under-sized for scenario B7.

The electrical balance over one winter day for battery control scenario B8 is given

in Figure 6.8. As the figure shows, the RES system discharge follows the electrical
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Figure 6.6: Electrical balance for occupant load profile H11 and battery mode B6
for January 16, 2008.
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Figure 6.7: Electrical balance for occupant load profile H11 and battery mode B7
for January 16, 2008.
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load during the on-peak period while simultaneously exporting 1 kW to the grid,

identical to scenario B7. The figure also shows that the RES system is charged

during the mid-peak TOU period to ensure that there is sufficient capacity for the

second on-peak period. It can be seen that the RES system is over-charged during

the mid-peak period, and is not able to discharge its remaining capacity during the

second on-peak period. It is less economical to charge the battery in this way instead

of doing so overnight when electricity is cheap for both the EU and LDC.
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Figure 6.8: Electrical balance for occupant load profile H11 and battery mode B8
for January 16, 2008.

The electrical balance over one winter day for battery control scenario B9 is given

in Figure 6.9. As the figure shows, the grid import increases at 04h00 and grid export

increases at 08h00. This corresponds to the charging and discharging of the RES

system for the hour of minimum and maximum HOEP, respectively. As expected, B9

has little effect on minimising a consumer’s grid import/export, and instead focusses

on maximising the cost performance from the LDC’s point of view.
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Figure 6.9: Electrical balance for occupant load profile H11 and battery mode B9
for January 16, 2008.

6.2 Thermal Performance

The PEMFC electrical output was not modulated in this research (see Chapter 5)

and so the PEMFC thermal output remains constant as well. As a result of this, the

thermal performance of the PEMFC + RES system does not vary between control

scenarios. The thermal performance does however vary slightly with differing occu-

pant non-HVAC load profiles as the casual gains from non-HVAC loads will offset the

heating demands.

The household SH demands for a typical winter day are illustrated in Figure 6.10.

As the figure shows, the storage tank temperature is not sufficient to provide all of

the space heating to the main zone overnight and in the morning. There is little to

no space heating demand from 11h00 to 19h00 as a result of solar irradiation and

casual gains from non-HVAC loads. The storage tank temperature increases during

this time and is able to provide the household’s space heating demands from 19h00

to 20h00, after which the boiler is again fired regularly.

The household DHW demands for a typical winter day are illustrated in Fig-

ure 6.11. The DHW tank temperature is seen to be maintained around 60oC. The



CHAPTER 6. RESULTS 72

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

0 2 4 6 8 10 12 14 16 18 20 22 24 

Te
m

p
e

ra
tu

re
 (
°C

) 

Th
e

rm
al

 p
ro

d
u

ct
io

n
 /

 d
e

m
an

d
 (

kW
) 

Hour of day 

SH demand PEMFC output boiler output storage tank temperature 

Figure 6.10: Household space heating demand and thermal storage tank tempera-
ture for January 16, 2008.

sharp increases in the DHW tank temperature correspond to the DHW tank burner

firing to maintain the temperature set point. The DHW demand in Figure 6.11 is for

the same day as the SH demand in Figure 6.10 so the combined effect of the SH and

DHW demands can be seen by comparing the two figures.

6.3 House Variant Results

The simulation results are presented in two sections, one for each of the metrics

described in Chapter 5. The results demonstrate the effectiveness of various control

scenarios to minimize the annual household energy costs to the EU and the LDC. The

results also demonstrate the ability of the PEMFC + RES system to serve various

magnitudes of annual occupant non-HVAC loads. The nine battery control scenarios

described in Section 5.1.4 were examined for each of the occupant load profiles from

Section 4.4.3.

A comparison of the annual grid interaction of the PEMFC + RES system for

profile H11 and all nine battery control scenarios is presented in Figure 6.12. As
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Figure 6.11: Household domestic hot water demand and domestic hot water tank
temperature for January 16, 2008.

the figure shows, all nine control scenarios reduce the household’s grid interaction in

comparison to the base case. Scenario B1, with no RES system, is one of the cases

with the least grid interaction, whereas scenarios B2, B3, B7, B8, and B9 use the

RES system to export electricity during times of peak electrical demand. The annual

PEMFC electrical production for all profiles and simulation variants was 23.4 GJ .

Figures for the annual grid interaction for profiles H4, H6 and H12 can be found

in Appendix B. Comparing the annual grid interaction between these and profile H11

shown in Figure 6.12 it can be seen that for profiles with lower annual electricity

demands (H4 and H6) the PEMFC + RES system tends to export more electricity.

This is due to the greater number of occurrences where the PEMFC electrical output

is greater than the total occupant load. Profile H12 has very little grid export for

most control scenarios.

The economic performance of the PEMFC + RES system from the perspective of

an EU is described next in Section 6.3.1.
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Figure 6.12: Annual grid interaction using a residential PEMFC + RES system for
occupant load profile H11.

6.3.1 End-user economic performance

The annual EU economic performance of the PEMFC + RES system for profile

H11 is presented in Figure 6.13. As the figure shows, the annual EU cost for each

of the simulation variants is given as the sum of the natural gas cost and the net

electricity cost after exports are credited. The EU revenue from electricity exports

was calculated using the three hypothetical purchase price scenarios described in

Section 5.2.1. The net EU cost using these three electricity purchase prices is depicted

using three bars for each battery control scenario.

Looking at the net EU cost using EPP1 in Figure 6.13, all scenarios with the

PEMFC system reduce the annual EU energy costs compared to the base case. All

scenarios which use the PEMFC + RES system (B2-B9) further reduce the annual

EU energy costs compared to the PEMFC system alone (B1). This is also true of the

annual EU energy costs using EPP3.

EPP3 favours control scenarios which export electricity during on-peak TOU pe-

riods, as these exports receive a premium of 5 ¢/kWh. Control scenarios B2 and B3
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Figure 6.13: Annual end-user energy costs using a residential PEMFC + RES
system for occupant load profile H11.

result in the greatest reduction in annual EU energy costs. This is due to the lower

RES system rate of discharge which causes fewer internal resistance losses.

Even with an unfavourable purchase price (EPP2) all but one of the control sce-

narios provide a reduction in annual EU energy costs. The control scenarios which

minimize grid interaction (B4-B8) provide the greatest reduction under EPP2. This is

because with EPP2 it becomes more advantageous to use the excess electricity stored

in the RES system to offset peak electrical demands rather than to export electricity

to the grid. This is the basic aim of all of the load-following controllers.

Figures for the annual EU energy costs for profiles H4, H6 and H12 can be found

in Appendix C. Comparing these to profile H11 shown in Figure 6.12 it can be seen

that for profiles H4 and H6 the annual energy costs using EPP2 are often higher than

the base case. It is also shown that B2 and B3 offer the greatest cost reductions when

combined with either EPP1 or EPP3 for all occupant load profiles. Control scenario

B9 also provides similar cost reduction as these, though only when combined with

EPP3.

The economic performance of the PEMFC + RES system from the perspective of
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a LDC is described next in Section 6.3.2.

6.3.2 Local distribution company economic performance

The annual LDC economic performance of the PEMFC + RES system for profile

H11 is presented in Figure 6.14. As the figure shows, the use of the PEMFC system

alone has virtually no effect on the annual LDC energy cost for the assumed NG tariff

structure. However, most of the cases with the PEMFC + RES system show at least

a minor improvement upon the base case.
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Figure 6.14: Annual LDC energy costs using a residential PEMFC + RES system
for occupant load profile H11.

As expected, control scenario B9 provides the greatest reduction to the annual

LDC energy cost, as this controller was designed from the LDC’s perspective. In-

terestingly, scenario B3 exhibits a similar reduction to the LDC’s annual energy cost

despite its simple logic.

Figures for the annual LDC energy costs for profiles H4, H6 and H12 can be found

in Appendix D. Comparing these to profile H11 shown in Figure 6.12 it can be seen

that for all profiles the LDC control scenario (B9) provides the greatest cost reduction
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for the LDC, which is as expected. Similar to the results for H11, scenario B3 provides

the second greatest cost reduction for the LDC for all profiles. Scenario B3 was also

one of the most favourable scenarios from the EU perspective for all profiles as well.



Chapter 7

Conclusions and Recommendations

7.1 Conclusions

The stated objectives of this research were to:

� model the performance of a residential micro-cogeneration device coupled with

a residential electrical storage (RES) system;

� examine the economic potential of the system from the perspective of an end-

user and a local energy distribution company;

� assess the system feasibility in the current electricity market as well as in hypo-

thetical scenarios so as to advise on a potential future policy for this technology.

These objectives have been realized by the development of an integrated building

envelope, plant, and electrical model within a building performance simulation pro-

gram. The research conducted to meet these objectives is described in the following

sections.

Micro-cogeneration + RES system model

A model of a typical Canadian household containing a micro-cogeneration based heat-

ing, ventilation and air-conditioning (HVAC) system coupled to a RES system was

developed in the building performance simulation tool ESP-r. A proton exchange

membrane fuel cell (PEMFC) was selected as the micro-cogeneration device in this re-

search, and a lithium-ion battery was selected for the RES system. Both the PEMFC

and the lithium-ion battery were calibrated with experimental data from literature.

78
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The PEMFC’s electrical power output can be modulated between its minimum and

maximum settings of 270 W and 980 W , respectively. The lithium-ion battery has a

capacity of 8.8 kWh and was calibrated with experimental data from a single lithium-

ion cell. This data was applied to a matrix of 4 parallel rows of 14 series-connected

cells to provide the desired capacity.

One challenge encountered in the modelling process was the control of many cou-

pled plant and electrical components (e.g. battery storage, thermal storage, PEMFC

device, pumps, fans, backup burners).

PEMFC + RES system controller

A customized controller was developed to provide control signals to many plant and

electrical components simultaneously. The controller senses multiple simulation vari-

ables, such as component temperatures and flow rates, as well as externally read

variables such as future outdoor temperatures, domestic hot water (DHW) demands,

occupant non-HVAC electrical demands and the future Hourly Ontario Energy Price

(HOEP). The non-HVAC electrical demands and HOEP are strongly correlated to

the day of the week as well as the outdoor temperature. Caution was necessary in

ensuring that the building, plant, and electrical domains, as well as the customized

controller, were temporally aligned when referring to the external inputs, as many

of these are referred to from separate routines within these domains during each

simulation time-step.

The PEMFC electrical output was maintained constant at the maximum power

setting during the winter season, and at the minimum setting during the summer

season. Nine different control strategies for the RES system were developed in this

research, named B1-B9. These strategies demonstrated the potential of the PEMFC +

RES system to minimize costs to an end-user (EU) and a local distribution company

(LDC), as discussed in the next section. Each of the nine control strategies were

simulated for four different non-HVAC load profiles (named H4, H6, H11, H12) to

examine the performance of the PEMFC + RES system in residences with various

occupant load levels.

Performance metrics

The economic potential of a PEMFC + RES system was examined from the perspec-

tive of both an EU and a LDC. This was accomplished by comparing the performance
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of the developed system to that of the same household with conventional HVAC and

DHW systems.

For the LDC, the total annual cost resulting from a residence’s energy demands

was calculated as the sum of the natural gas cost and the net electricity cost to the

LDC. The cost of electricity for a LDC in Ontario fluctuates hourly and is known as

the HOEP. The total electricity costs to the LDC were calculated by summing the net

electricity consumption at each hour (e.g. total load less generation) and multiplying

this demand by the HOEP at that hour. The natural gas cost was calculated using

the current natural gas market price for residential consumers.

For the EU, the total annual cost was calculated as the sum of the natural gas cost

and the net EU electricity cost. The cost of electricity for a residential customer in

Ontario fluctuates based on a time-of-use (TOU) schedule with a set price for off-peak,

mid-peak, and on-peak periods. Three hypothetical export purchase price (EPP)

scenarios were examined (named EPP1, EPP2, and EPP3), as there is no current

policy in Ontario for electricity exports from micro-cogeneration or battery storage

devices. EPP1 represents a neutral scenario where the export price is equal to the cost

of electricity at each TOU period, whereas EPP2 represents an unfavourable scenario

where the purchase price is equal to half of the cost of electricity. EPP3 is identical to

EPP1 with a premium of 5 ¢/kWh paid for exports during on-peak periods. The net

EU electricity costs were calculated as the electricity imports multiplied by the TOU

price at each hour, less the total exports multiplied by the export purchase price for

that hour. The natural gas cost was calculated using the current natural gas market

price for residential consumers.

Micro-cogeneration system performance

The annual performance of the PEMFC + RES system was simulated for nine control

strategies. This was done for each of the four occupant load profiles. The annual

LDC energy cost performance for each simulation variant was then compared to the

performance of the base case model. The annual EU cost performance was also

compared to the base case for each of the export price scenarios.

Strategy B1

Strategy B1 assessed the performance of the PEMFC device alone, with no RES

system use. It was found that for the assumed natural gas tariff structure the use
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of the PEMFC system alone had virtually no effect on the annual LDC energy cost.

However, it should be noted that this result is for a constant PEMFC output, which

can cause excess electricity to be exported when there is little grid demand and the

HOEP is low.

Strategy B1 provided an average 10% reduction in annual EU cost when using

EPP1 and EPP3. Using EPP2 the PEMFC had virtually no effect on the annual EU

cost for occupant load profiles with annual electricity consumptions less than 30 GJ .

For load profiles with relatively large base loads (close to PEMFC output power) B1

provided a 10% reduction for all export price scenarios. This is due to the fact that

even during off-peak times electricity will be used to offset the base load instead of

being exported.

Strategies B2 and B3

Strategies B2 and B3 discharged the RES system at a constant rate during the on-

peak period. The discharge rate, which was identical for both B2 and B3, was such

that the discharge would be maintained throughout the entire on-peak period (six

hours) and that the battery capacity would be fully depleted by the end of this

period. Strategy B2 began its charge cycle at the start of the off-peak TOU period

(19h00). B3 examined the effect of postponing the charge cycle until after midnight,

as the HOEP can still be high during the off-peak hours before midnight.

Strategy B2 provided a modest reduction in annual LDC cost for all occupant

load profiles (less than 2%). B3 provided the largest annual LDC cost reductions of

all other control strategies but one, with an average 6% reduction observed for all

load profiles.

Strategies B2 and B3 also provided the greatest reductions in annual EU cost

using EPP1 and EPP3 compared to all other strategies. The results from the EU

perspective were virtually identical, as the time of off-peak charge has no effect on

the EU cost. The results for B3 are discussed in greater detail in the closing remarks

below.

Strategies B4, B5, and B6

Strategies B4, B5 and B6 explored various configurations of an electric load-following

RES system discharge, such that the PEMFC electric output + RES output would
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supply the total household electrical load. Strategy B4 only incorporated the load-

following discharge during on-peak periods, while in B5 and B6 the discharge also

occurred during mid-peak periods. If the PEMFC electric output was greater than

the total household load during the on-peak and mid-peak periods strategies B4 and

B5 would export the excess electricity, while B6 would charge the RES system instead.

The results for strategies B4, B5 and B6 are virtually identical for both the an-

nual LDC cost and the annual EU cost. These strategies provided only modest

reductions in annual LDC cost for all occupant load profiles. However, they provided

the greatest reductions in annual EU cost when using EPP2. This is because under

an unfavourable EPP scenario it becomes more advantageous to use excess electricity

to offset the household’s peak electricity demands instead of exporting this electricity

to the grid. For occupant load profiles with annual electricity consumptions less than

30 GJ these strategies were the only ones to provide a reduction, though modest, in

annual EU cost using EPP2. 10-15% reductions in annual EU costs using EPP1 and

EPP3 are also seen for these strategies, though these represent the lowest level of EU

cost savings among the various control strategies.

It was also observed that the battery capacity was under-utilized with these control

strategies, especially in B4 where the RES system was only used during on-peak

periods. This suggests that B4 may be a more favourable operating strategy if the

RES system is constrained by system size or upfront cost, where a smaller system

would be more desirable.

Strategies B7 and B8

Strategies B7 and B8 used a load-following discharge during on-peak periods as well,

while simultaneously exporting 1 kW to the grid. From the LDC perspective this is

observed as a constant export rate, as opposed to strategies B2 and B3 where the

RES system discharge was constant, and the export varied based on the difference

between the discharge and total household electrical load. Strategy B8 also introduced

a second charge cycle during the winter season mid-peak period, which occurs between

two on-peak periods. This was done to provide extra capacity to the battery for the

second on-peak period, though it provided no improvement upon strategy B7.

Strategy B7 provided a greater reduction in annual LDC costs than the load

following strategies in B4, B5 and B6 due to the grid exports, though did not perform

as well as B3 or B9 described next.
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B8 may also become advantageous if the system was constrained by size or cost,

as the RES system was often under-utilized. Incorporating an extra charge cycle mid-

day would allow for a smaller capacity system, though this would only be effective

during the winter season.

Strategy B9

Strategy B9 charged and discharged the RES system once daily over one hour each.

These hours corresponded to the minimum and maximum HOEP price, respectively.

Large charge and discharge rates were used to accommodate this operation, which

may be unfeasible within a residential electrical grid, though the strategy represented

the most ideal case from a LDC cost perspective.

As expected, strategy B9 provided the greatest reduction in annual LDC cost. A

10-15% reduction in annual EU cost was also observed when using EPP1 or EPP3,

though B9 had the worst performance of all strategies when using EPP2. As a result

of the high charge-discharge rates, B9 also had the highest losses associated with

charge-discharge cycling.

Closing remarks

Strategies B3 (constant discharge) and B9 (HOEP following discharge) were of most

interest as they provided the greatest reduction in the annual LDC cost and the

annual EU cost (using EPP1 and EPP3). Strategies B3 and B9 offered a $350 and

$370 reduction in net LDC electricity costs, respectively, for all studied occupant load

profiles, which corresponded to a 50-90% savings in LDC electricity costs depending

on the magnitude of occupant non-HVAC loads. However, the natural gas costs for

the house are increased by 68-76% due to the PEMFC operation, and so the average

LDC cost savings were 6% and 8% for strategies B3 and B9, respectively.

The annual EU cost savings for strategy B3 ranged from 12-16% for EPP1 and

from 14-22% for EPP3, depending on the occupant annual electricity consumption.

Similarly for strategy B9, savings ranged from 10-14% for EPP1 and from 14-20% for

EPP3. For a non-favourable export price scenario (EPP2), where the purchase price

that the consumer receives for electricity exports is less than the cost of electricity, the

load-following scenarios B4, B5 and B6 provided the greatest reductions. Under such

a purchase price scenario it becomes more advantageous to use the excess electricity
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stored in the RES system to offset peak electrical demands rather than to export

electricity to the grid.

7.2 Recommendations for Future Work

This research represents only the first step in modelling and assessing the performance

of a PEMFC + RES system in a Canadian household. Much work still remains in

assessing the feasibility of micro-cogeneration and RES systems in Canada. Some

recommendations are provided in the following sections.

This research focused mainly on the electrical performance of a PEMFC + RES

system and the effect of various control scenarios. However, optimising the use of

the PEMFC thermal output will yield further improvements due to less reliance on

supplementary heating components (therefore less natural gas use). A stratified tank

model with two immersed-coil heat exchangers was used to store the PEMFC thermal

output. This model could be improved upon by optimising the tank and immersed-

coil heat exchanger sizing and geometry for application with a PEMFC.

It was also noticed that the DHW burner was often fired during the summer

season although the supply temperature from the storage tank often exceeded 45oC.

Future systems may benefit from the use of tankless (on-demand) hot water heaters,

which are not required to maintain such high temperatures as storage tanks. This

could easily be implemented in the developed system by replacing the DHW tank

component with a burner.

One plant component that was not addressed in this research is the realistic treat-

ment of a heat rejection device. On rare occasions a minimal amount of heat rejection

was required during the summer season to maintain the PEMFC inlet water tempera-

ture below the maximum allowable temperature. This heat rejection occurred ideally

without consideration of the individual components that would be required. These

components and their associated power draws could be included in future models.

This research assessed the performance of a residential PEMFC + RES system

under annual occupant electrical demands ranging from 20 GJ to 45 GJ . The de-

veloped system could also be implemented in different building models in order to

examine the system performance under various thermal demands. Future economic

analysis could examine the sensitivity to varying natural gas prices for both the EU

and the LDC.
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One interesting result from strategy B4 was that its economic performance was

comparable to other controllers even though with B4 the battery capacity was often

not fully utilized. This suggests that reducing the RES system capacity may not

negatively impact the system performance using strategy B4 as much as it would

using other control strategies. Future work could assess the capital cost and payback

period of various sizes of RES systems and the effect of the sizing on the overall

annual performance.

The custom controller developed in this research examined a number of control

strategies for the RES system, while the PEMFC output was maintained constant in

all of these. The next step would be to incorporate control strategies to modulate the

PEMFC thermal output as well. Similar to the current RES system control strategies,

some initial PEMFC strategies could modulate the PEMFC output according to a

schedule. These results could then be used to inform the development of further

PEMFC controls.

Much of the current research into micro-cogeneration system control is regarding

predictive control. Currently, only control strategy B9 is predictive, and only in the

sense that it uses values for the HOEP one day in advance. However, the framework

to import other future variables into the control routine has been implemented. It

remains to be seen whether there would be any benefit in applying predictive control

to the PEMFC used in this research due to its small thermal output. However, with

the improvement of the system thermal performance this could also be examined in

future systems.

The data used to calibrate the current lithium-ion battery model was obtained

from single-cell experiments of lithium-ion cell prototypes. The lithium-ion battery

model currently takes this single cell performance data and extrapolates the results

for a matrix of cells in series and parallel. This represents the most ideal scenario of a

larger RES system. A more appropriate treatment would be to calibrate the battery

model to a prototype residential lithium-ion battery.

These are just examples of some areas where future work is possible. The next

step should be to experimentally calibrate the battery model to an appropriately sized

RES device. The optimisation of the system’s thermal performance could be done

simultaneously, which would ensure that the system operates as efficiently as possible

to maximize the use of the PEMFC thermal output. A more realistic illustration of

the PEMFC + RES system performance could then be drawn.
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Appendix A

ESP-r finite difference formulation

ESP-r uses FD schemes to simplify the non-linear partial differential equations that

govern the energy, mass and momentum flow in buildings, such as the Fourier heat

equation or the Navier Stokes equations. Specifically, the Taylor series expansion

is used to approximate the derivatives of these equations. For example, the one-

dimensional transient Fourier heat conduction equation in the x-direction, which rep-

resents the heat transferred across the solid building envelope material, is given as;

ρCp
∂T (x, t)

∂t
= − ∂

∂x

(
− k

∂T (x, t)

∂x

)
+

qx

(δxδyδz)
(A.1)

where k is the thermal conductivity [W/mK], Cp the specific heat capacity

[J/kgK] and ρ the density [kg/m3] of the building material; T is temperature [K]; t

is time [s]; and qx is the heat injection in the x-direction [W ] such as that from an

embedded heating component. δx, δy and δz are small spatial increments in the x−,

y− and z−directions, respectively. Assuming constant thermo-physical properties

(material is homogeneous, so k is independent of x) this can be written as;

1

α

∂T

∂t
=

∂2T

∂x2
+

qx

k(δxδyδz)
where α =

k

ρCp

(A.2)

The α term is known as the thermal diffusivity [m2/s]. The following expression

can be written for a node I at time t using a central difference to approximate the

second derivative in x, and a first order forward difference to approximate the time

derivative;

1

α

T t+δt
I − T t

I

δt
=

T t
I+1 − 2T t

I + T t
I−1

(δx)2
+

qt
I

k(δxδyδz)
(A.3)
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where δt is a small time increment [s]. Equation A.3 can be re-arranged in terms

of the unknown future time-step as;

T t+δt
I =

(
αδt

(δx)2

)
T t

I+1 +

(
1− 2αδt

(δx)2

)
T t

I +

(
αδt

(δx)2

)
T t

I−1 +
qt+δt
I

ρCp(δxδyδz)
(A.4)

This is an explicit scheme, which means the unknown future temperature term

(T t+δt
I ) is a function of current temperature terms only. In an implicit scheme the

future temperature term is a function of both current and future terms. Explicit

schemes are generally easier to formulate and solve, though are unstable in certain

cases. It can be seen in the equation above that the coefficient in front of the tem-

perature term at node I at the present time-step can become negative if

2αδt

(δx)2
> 1 (A.5)

and so the following stability criterion is imposed:

2αδt

(δx)2
≤ 1 or δt ≤ 1

2α
(δx)2 (A.6)

Implicit schemes are generally more stable than explicit schemes, though are also

more complicated to solve. The implicit formulation of the Fourier heat equation A.1

can be developed similarly as;

1

α

T t+δt
I − T t

I

δt
=

T t+δt
I+1 − 2T t+δt

I + T t+δt
I−1

(δx)2
+

qt+δt
I

k(δxδyδz)
(A.7)

ESP-r uses a weighted average of the explicit and implicit schemes, known as the

Crank-Nicolson method, with an equal weighting for each scheme, given as;

(
1 +

αδt

(δx)2

)
T t+δt

I =

(
αδt

2(δx)2

)
(T t

I+1 + T t
I−1 + T t+δt

I+1 + T t+δt
I−1 )

+

(
1− αδt

(δx)2

)
T t

I +
δt

2ρCp

(qt+δt
I + qt

I)

(δxδyδz)
(A.8)

This formulation is the foundation for the equations used to model the heat trans-

fer through solid building envelope components in ESP-r.



Appendix B

Annual grid interaction

Results for annual grid interaction for houses H4, H6, and H12.
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Figure B.1: Annual grid interaction using a residential PEMFC + RES system for
occupant load profile H4.
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Figure B.2: Annual grid interaction using a residential PEMFC + RES system for
occupant load profile H6.

-10 

0 

10 

20 

30 

40 

50 

BASE B1 B2 B3 B4 B5 B6 B7 B8 B9 

G
ri

d
 im

p
o

rt
 o

r 
ex

p
o

rt
 (

G
J)

 

Simulation variant 

Import Export 

Figure B.3: Annual grid interaction using a residential PEMFC + RES system for
occupant load profile H12.



Appendix C

Annual End-user Cost

Results for annual EU cost for houses H4, H6, and H12.
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Figure C.1: Annual end-user energy costs using a residential PEMFC + RES system
for occupant load profile H4.
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Figure C.2: Annual end-user energy costs using a residential PEMFC + RES system
for occupant load profile H6.
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Figure C.3: Annual end-user energy costs using a residential PEMFC + RES system
for occupant load profile H12.



Appendix D

Annual Local Distribution Company Cost

Results for annual LDC cost for houses H4, H6, and H12.
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Figure D.1: Annual LDC energy costs using a residential PEMFC + RES system
for occupant load profile H4.
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Figure D.2: Annual LDC energy costs using a residential PEMFC + RES system
for occupant load profile H6.
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Figure D.3: Annual LDC energy costs using a residential PEMFC + RES system
for occupant load profile H12.
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